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Preface

For many years, tire engineersrelied on the monograph, “Mechanics of Pneumatic Tires’,
edited by S. K. Clark, for detailed information about the principles of tire design and use.
Published originally by the National Bureau of Standards, U.S. Department of Commerce
in 1971, and in a later (1981) edition by the National Highway Traffic Safety
Administration (NHTSA), U.S. Department of Transportation, it has long been out of
print. No textbook or monograph of comparable range and depth has appeared since.
While many chapters of the two editions contain authoritative reviews that are till rele-
vant today, they were prepared in an erawhen bias ply and belted-bias tires were in wide-
spread use in the U.S. and thus they did not deal in acomprehensive way with more recent
tire technol ogy, notably the radial constructions now adopted nearly universally. In 2002,
therefore, Dr. H.K. Brewer and Dr. R. Owings of NHTSA proposed that NHTSA should
sponsor and publish electronically a new book on passenger car tires, under our editor-
ship, to meet the needs of a new generation of tire scientists, engineers, designers and
users. The present text is the outcome.

Professor Clark agreed to serve as chair of an Editorial Board, composed of leading
executivesin thetire industry (listed on following page), which gave advice on the choice
of authors and subjects and provided detailed reviews of the manuscripts. We are greatly
indebted to Professor Clark and the other members of the Editorial Board for their expert
guidance and constructive criticisms during the long process of preparing and revising the
book. In particular, we would like to acknowledge the careful and thorough reviews
provided by Dr. D. R. Dryden and his colleagues at Cooper Tire & Rubber Company.
Nevertheless, final decisions about wording and content have been our responsibility.

The chapter authors are recognized authorities in tire science and technology. They have
prepared scholarly and up-to-date reviews of the various aspects of passenger car tire
design, construction and use, and included test questions in many instances, so that the
book can be used for self-study or as a teaching text by engineers and others entering the
tire industry.

Conversion of chapter manuscripts, prepared in different typestyles and formats, into a
consistent and attractive book manuscript was carried out by Ms. M. Caprez-Overholt.
We are indebted to her and her colleague, Mr. Don Smith, of Rubber World for their skill-
ful assistance.

Alan N. Gent and Joseph D. Walter
The University of Akron August 2005
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Chapter 1
An overview of tire technology
by B. E. Lindenmuth

1. Introductory comments

Tires ... round, black and expensive! That is the impression of most consumers who often
consider them a low-tech commodity and make purchasing decisions based solely on
price. Those with an opportunity to tour a tire production facility are surprised to learn that
there are 20 or more components, with 15 or more rubber compounds, assembled in a
typical radial passenger car tire and marvel at the massive amount of machinery and
processing involved to achieve the finished product. Tires are highly engineered
structural composites whose performance can be designed to meet the vehicle manufac-
turers’ ride, handling, and traction criteria, plus the quality and performance expectations
of the customer. The tires of a mid-sized car roll about 800 revolutions for every mile.
Hence, in 50,000 miles, every tire component experiences more than 40 million loading-
unloading cycles, an impressive endurance requirement.

Historically, pneumatic tires began in Great Britain during the late 1800s as an upgrade
from solid rubber tires. They had small cross-sections and high pressures, principally for
bicycle applications. Larger “balloon” tires were introduced in the early 1920’s with
applications in the mushrooming motor vehicle industry. Tubeless tires were introduced
with improvements in rim design in the early 1950s. Belted bias tires (see Section 2.2,
Figure 1.1) became popular in the late 1960s. Radial tires, first introduced in Europe,
became popular in the USA starting in the early 1970s and now dominate the passenger
tire market.

This chapter serves as an introduction and overview of radial passenger tire
construction, performance, and testing typical of today’s product.

2. Tire basics

2.1 Function

Vehicle to road interface

The primary function of passenger car tires is to provide the interface between the
vehicle and the highway. The rubber contact area for all four tires for a typical mid-size
car is less than that of an 8% x 11 inch sheet of paper; each tire has a footprint area of
about the size of an average man’s hand. Yet we expect those small patches of rubber to
guide us safely in a rain storm, or to allow us to turn fast at an exit ramp, or to negotiate
potholes without damage.

Supports vehicle load

Vehicle load causes tires to deflect until the average contact area pressure is balanced by
the tires’ internal air pressure. Assuming a typical passenger tire is inflated to 35 psi, then
a 350 Ib load would need an average of 10 square inches of contact area to support the
load. Larger loads require more contact area (more deflection) or higher tire pressures. A
larger contact area usually requires a larger tire. Fortunately, industry standards exist for
these requirements (see Section 2.3).
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Road surface friction

The ability of vehicles to start, stop and turn corners results from friction between the
highway and the tires. Tire tread designs are needed to deal with the complex effects of
weather conditions: dry, wet, snow-covered and icy surfaces. Slick racing tires or bald
tires may have good traction on dry surfaces, but may be undriveable in wet, rainy
conditions due to hydroplaning. Tire tread designs enable water to escape from the
tire-road contact area (the tire footprint) to minimize hydroplaning, while providing a
reasonable balance between the sometimes conflicting requirements of good dry traction,
low wear and low noise.

Absorbs road irregularities

This attribute is a key benefit of the pneumatic tire. In effect, tires act as a spring and
damper system to absorb impacts and road surface irregularities under a wide variety of
operating conditions.

2.2 Tire types
Diagonal (bias) tires
Still used today in some applications for trucks, trailers and farm implements, as well as
in emerging markets, bias tires have body ply cords that are laid at angles substantially
less than 90° to the tread centerline, extending from bead to bead (see Figure 1.1).
Advantages: Simple construction and ease of manufacture.
Disadvantages: As the tire deflects, shear occurs between body plies which generates
heat. Tread motion also results in poor wear characteristics.

Figure 1.1: Tire types

Belted bias tires
Belted bias tires, as the name implies, are bias tires with belts (also known as breaker
plies) added in the tread region. Belts restrict expansion of the body carcass in the circum-
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ferential direction, strengthening and stabilizing the tread region (see Figure 1.1).
Advantages: Improved wear and handling due to added stiffness in the tread area.
Disadvantages: Body ply shear during deflection generates heat; higher material and

manufacturing cost.

Radial tires

Radial tires have body ply cords that are laid radially from bead to bead, nominally at 90°
to the centerline of the tread. Two or more belts are laid diagonally in the tread region to
add strength and stability. Variations of this tire construction are used in modern passen-
ger vehicle tire (see Figure 1.1).

Advantages: Radial body cords deflect more easily under load, thus they generate less
heat, give lower rolling resistance and better high-speed performance. Increased tread
stiffness from the belt significantly improves wear and handling.

Disadvantages: Complex construction increases material and manufacturing costs.

2.3 Industry standards

Sizing/dimensions

USA tire manufacturers participate voluntarily in an organization known as TRA, The Tire
and Rim Association, Inc. It establishes and promulgates engineering standards for tires, rims,
and allied parts (tubes, valves, etc.) Participation and adherence to these standards assures
interchangeability of component parts among different tire manufacturers. “P-metric” sizing
was introduced as radial tire usage began to expand in North America in the early 1970s . Size
nomenclature can be described as follows (see Figure 1.2). For a P205/70R15 tire, the “P”
indicates that it is for a “passenger” car (“T”, temporary; “LT”, light truck). (Note: European
tire sizes typically do not utilize the P, T or LT symbols). The “205” is the nominal section
width of the inflated, unloaded tire in millimeters. The “70” is the aspect ratio, or “series”. It
gives the tire section height as a percentage of the section width. Lower aspect ratio tires, e.g.,
45, 50, 55 series tires, are primarily used in high performance applications but are becoming
more popular in conjunction with large rim diameters for styling enhancements in larger
vehicles. “R” identifies radial construction (“D” for diagonal or bias tires, “B” for belted bias
construction). “15” is the rim diameter in inches. Other USA sizing designation systems have
been used but will not be explained here, due to the prevalence of “P-metric sizing”.

Load capacity

Tables of tire load ratings and load carrying capacity have been established by TRA. Their
purpose is to maintain a rational basis for choosing tire size, load and inflation. Details
will be covered in Chapter 5. TRA also coordinates its standards with other international
organizations such as ETRTO (European Tyre & Rim Technical Organization) and
JATMA (Japanese Automobile Tire Manufacturing Association). Note that ETRTO and
JATMA sizes can have different load-carrying capacities than like-sized P-metric tires.

Load index and speed ratings (service description)

Most tires typically have a service description added following the size, e.g., P225/60R15
90H. The “90” refers to a load index that is related to its load carrying capacity, and may
be used for interchangeability purposes. The “H” refers to the tire’s speed rating, a code
initiated in Europe and adopted by TRA. See Chapter 17 for details.
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Figure 1.2: Size nomenclature
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U.S Government Regulations: DOT 109/110/139.

Since 1968, the U.S. Government’'s Department of Transportation (DOT) has had
regulations for passenger tires, including testing and labeling, DOT 109, and tire selection
for vehicle manufacturers, DOT 110. DOT 109 covers indoor test requirements, plus
standards for tire labeling and serial number. The indoor tests include drum testing for
high speed and endurance plus road hazard (plunger) and bead-unseat tests. The current
regulations, DOT 139 and modified DOT 110, were changed in 2003 as a result of the
TREAD Act of 2000. Details of the testing requirements are covered later in Chapter 16.

Uniform Tire Quality Grading (UTQG) was implemented by the U.S. Federa
Government in 1979. It includes treadwear, traction and temperature grades that are
applied to all passenger tires, with the exception of deep traction (i.e., winter/snow) tires
and temporary spares. All grades are determined by tire manufacturers and are displayed
(molded) on thetire sidewall, as well astire labels at retail outlets.

The treadwear grade is based on actual wear test results. Tiresare run for 7,200 miles
on a 400 mile highway loop that originates in San Angelo, TX. The wear grade is
determined by comparing the wear rate of the candidate tire to that of an industry-
standard tire.

The traction grade is based on locked-wheel braking results on wet asphalt and wet
concrete skid pads, also at San Angelo, TX. Again, the results are compared with those
of an industry-standard control tire.

Temperature grades are based on speed capabilities from indoor drum tests similar to
those described in DOT 109 and 139. Test specifics and grading procedures are covered
in Chapter 17.
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3. Tire components

3.1 Rubber compounds

Purpose

Beyond the visible tread and sidewall compounds, there are more than a dozen specially
formulated compounds that are used in the interior of the tire. They will be discussed in
Section 3.3: Tire components.

Basic ingredients
Polymers are the backbone of rubber compounds. They consist of natural or synthetic
rubber. Properties of rubber and rubber compounds are described in more detail in chapter 2.
Fillers reinforce rubber compounds. The most common filler is carbon black although
other materials, such as silica, are used to give the compound unique properties.
Softeners: Petroleum oils, pine tar, resins and waxes are all softeners that are used in
compounds principally as processing aids and to improve tack or stickiness of
unvulcanized compounds.
Antidegradents: Waxes, antioxidants, and antiozonants are added to rubber
compounds to help protect tires against deterioration by ozone, oxygen and heat .
Curatives: During vulcanization or curing, the polymer chains become linked,
transforming the viscous compounds into strong, elastic materials. Sulfur along with
accelerators and activators help achieve the desired properties.

Material design property balance

Considering the many polymers, carbon blacks, silicas, oils, waxes and curatives, plus
specialty materials such as colorants, adhesion promoters, and hardeners, the variety of
compounds available seems endless. A typical car tire uses about 60 raw materials.
However, the tire compounder quickly learns that adjusting one of the properties often
affects other performance areas. The best tread compound for dry traction and handling
might be lacking in wet/snow traction, chip/tear resistance, or fuel economy. Thus,
compounds must be “engineered” or “balanced” to meet performance criteria for both the
original equipment (OE) vehicle manufacturer and the aftermarket customer. . Adding to
the complexity, the chosen compound must be cost-competitive and processable in
manufacturing plants.

3.2 Reinforcement materials

Purpose

A tire’s reinforcing materials — tire cord and bead wire — are the predominant load car-
rying members of the cord-rubber composite. They provide strength and stability to the
sidewall and tread as well as contain the air pressure.

Type and common usage
Nylon type 6 and 6,6 tire cords are synthetic long chain polymers produced by
continuous polymerization/spinning or melt spinning. The most common usage in radial
passenger tires is as cap, or overlay ply, or belt edge cap strip material, with some
limited applications as body plies.
Advantages: Good heat resistance and strength; less sensitive to moisture.
Disadvantages: Heat set occurs during cooling (flatspotting); long term service growth.
Polyester tire cords are also synthetic, long chain polymers produced by continuous
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polymerization/spinning or melt spinning. The most common usage is in radial body plies
with some limited applications as belt plies.

Advantages: High strength with low shrinkage and low service growth; low heat set;
low cost.

Disadvantages: Not as heat resistant as nylon or rayon.

Rayon is a body ply cord or belt reinforcement made from cellulose produced by wet
spinning. It is often used in Europe and in some run-flat tires as body ply material.

Advantages: Stable dimensions; heat resistant; good handling characteristics.

Disadvantages: Expensive; more sensitive to moisture; environmental manufacturing
issues.

Aramid is a synthetic, high tenacity organic fiber produced by solvent spinning. It is
2 to 3 times stronger than polyester and nylon. It can be used for belt or stabilizer ply
material as a light weight alternative to steel cord.

Advantages: Very high strength and stiffness; heat resistant.

Disadvantages: Cost; processing constraints (difficult to cut).

Steel cord is carbon steel wire coated with brass that has been drawn, plated, twisted
and wound into multiple-filament bundles. It is the principal belt ply material used in
radial passenger tires.

Advantages: High belt strength and belt stiffness improves wear and handling.

Disadvantages: Requires special processing (see figure 1.16); more sensitive to
moisture.

Bead wire is carbon steel wire coated with bronze that has been produced by drawing
and plating. Filaments are wound into two hoops, one on each side of the tire, in various
configurations that serve to anchor the inflated tire to the rim.

3.3 Radial tire components (see Figure 1.3)

Innerliner

The innerliner is a thin, specially formulated compound placed on the inner surface of
tubeless tires to improve air retention by lowering permeation outwards through the tire.

Body ply skim

Body ply skim is the rubber coating that encapsulates the radial ply reinforcing cords. The
skim is calendered onto the body ply cords in thin sheets, cut to width, and spliced end-
to-end into a roll.

Body plies

Body plies of cord and rubber skim wrap around the bead wire bundle, pass radially across
the tire and wrap around the bead bundle on the opposite side. They provide the strength
to contain the air pressure and provide for sidewall impact resistance. The tire example
shown has one body ply. In larger sizes, two body plies are typically used.

Bead bundles

Individual bronze plated bead wires are rubber coated and then wound into a bundle of
specified diameter and configuration prior to tire assembly. The bead bundles serve to
anchor the inflated tire to the wheel rim.
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Figure 1.3: Components of a radial tire

Mylon Cap Ply
#2 Steal Belt
Boll Wedge
#1 Sieal Balt
Shouldor
Insert

Abrasion gum strip

Abrasion gum strips provide a layer of rubber between the body plies and the wheel rim
for resistance against chafing. The airtight seal between the tire and rim must be
maintained under all operating conditions. This component is also known as a gum chafer
or gum toe guard.

Bead filler

Bead filler (also known as the apex) is applied on top of the bead bundles to fill the void
between the inner body plies and the turned-up body ply ends on the outside. Varying the
bead filler height and hardness affects tire ride and handling characteristics.

Sidewall

Tire sidewall rubber serves to protect the body plies from abrasion, impact and flex
fatigue. The sidewalls also carry decorative treatments, sometimes including white or
colored stripes or letters. The rubber compound is formulated to resist cracking due to
environmental hazards such as ozone, oxygen, UV radiation and heat.

Sidewall reinforcements (not shown in figure 1.3)

Some tires feature lower sidewall reinforcements to improve handling or stability. These
items are known as chippers, flippers or a floating reinforcement. Also, many run-flat
constructions feature full sidewall thick rubber or other reinforcements to help support the
load when the inflation pressure is low or zero.
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Stabilizer ply skim (belt skim)

Belt skim is the rubber coating for the brass plated steel cords. The skim is calendered or
extruded onto the steel cord in sheets, which are cut to width on an angle and then spliced
into continuous rolls for tire assembly. Belt skim is primarily formulated to resist fatigue
and tear.

Stabilizer plies (belts)

Two steel belts are applied at opposite angles to one another on top of the body plies,
under the tread area. They restrict expansion of the body ply cords, stabilize the tread area
and provide impact resistance. Varying the belt widths and belt angles affects vehicle ride
and handling characteristics. Alternate belt constructions with materials other than steel,
with three or more belts, or with woven materials have also been utilized.

Belt wedges

Small strips of belt skim or other fatigue resistant compounds are sometimes placed
between the belts near the edge of the top (number 2) belt. The purpose is to reduce the
interply shear at the belt edge as the tire rolls and deflects.

Shoulder inserts

Shoulder inserts are small, sometimes contoured strips of rubber placed on the body ply,
under the belt ends. They help maintain a smooth belt contour and insulate the body plies
from the belt edges.

Tread

The tread must provide the necessary grip or traction for driving, braking and cornering,
and the tread compound is specially formulated to provide a balance between wear,
traction, handling and rolling resistance.

A pattern is molded into the tread during vulcanization or curing. It is designed to
provide uniform wear, to channel water out of the footprint, and to minimize pattern noise
on a variety of road surfaces.

Both the tread compound and the tread design must perform effectively in a multitude
of driving conditions, including wet, dry or snow covered surfaces, while also meeting
customer expectations for acceptable wear resistance, low noise, and good ride quality.
For driving in severe winter conditions, snow tires with increased tread depth and
specially formulated tread compounds are recommended.

Subtread

The subtread, if used, is typically a lower hysteresis, cooler-running compound extruded
under the tread compound to improve rolling resistance in order to meet the OE vehicle
manufacturers’ goals for fuel economy. It also can be used to fine-tune ride quality, noise,
and handling.

Undertread

The undertread is a thin layer of rubber placed under the extruded tread/subtread package
to boost adhesion of the tread to the stablilizer plies during tire assembly and to cover the
ends of the cut belts.
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Nylon cap plies/cap strips

Higher speed rated tires may feature a full-width nylon cap ply or plies, sometimes called
an overlay, wrapped circumferentially on top of the stabilizer plies (belts) to further
restrict expansion from centrifugal forces during high speed operation. Nylon cap strips
are used in some constructions but cover only the belt edges.

3.4 Radial tire design process (see flowchart figure 1.4 )

Identify goals/requirements

Before the tire engineer begins the design process, he must assemble a list of product
goals, including customer performance expectations, manufacturing requirements,
internal company performance standards and regulatory requirements. Targets or
specifications for each of the tests discussed in Section 4 are typically identified.
Performance targets reflect sales and marketing needs or OE vehicle manufacturers’
requirements. Certain standards (e.g., government) are mandatory. Manufacturing plants
usually have processing procedures that may restrict certain material and construction
choices.

Tread pattern design

Figure 1.5 illustrates most of the tread pattern features used by design engineers. The
number of ribs and groove spacing affect the way water is eliminated to avoid
hydroplaning (refer to section 3.1). See thru, percent void, shoulder slot size and ori-
entation can all affect traction, handling and water exit paths. The number of pitches and
pitch sequence as well as the placement of tie-bars and sipes can affect traction, noise,
wear, and the tendency to wear non-uniformly. Figure 1.6 illustrates a noise treatment
using different pitch lengths around the tire circumference to limit tone generation as the
tire rotates. Additionally, tread designs need to be acceptable aesthetically and to match
the customer’s perception of product performance.

Mold contour features

Mold section width and outside diameter have an obvious impact on the dimensions of the
vulcanized tire. But mold profile items like tread, center and shoulder radii and skid depth
can also significantly affect tire performance. Vastly different footprint shapes are
possible, as shown in figure 1.7, and can influence vehicle ride and handling, tire wear and
traction.

Construction selection

Body ply denier, cord style, EPD (Ends Per Decimeter) or EPI (Ends Per Inch), and
number of plies affect body strength and are chosen based on manufacturing, engineering,
and design criteria. Likewise steel cord construction (style) and EPD both affect belt
strength and are chosen typically based on tire size and application. Belt widths and belt
crown angle (see figure 1.8) also influence tire performance. Different crown angles
change the belt package stiffness, laterally and longitudinally, which can affect cornering
ability and ride. Belt widths can also be varied. If a high speed rating is required, the addi-
tion of nylon cap strips at the belt edges or full-width nylon cap plies may be added. The
bead and sidewall areas can also contribute to subtle performance enhancements. The
bead filler volume and height, as well as the location of the end of the turned-up body ply
(see figure 1.8) all impact sidewall stiffness.
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Figure 1.4: Tire design flow chart
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Figure 1.5: Tread pattern design

Figure 1.6: Noise treatment
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Materials selection

Tread compounds are chosen to meet handling and traction requirements for wet, dry and
snow (if necessary), but must have suitable wear potential and resistance to gravel chips
and tearing. Subtread compounds and thickness are often determined by the rolling
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Figure 1.7: Mold contour effects

resistance requirement imposed by the OE vehicle manufacturer. Bead filler compounds
are chosen for controlling lower sidewall stiffness, based on ride and handling
expectations. Sidewall compounds are chosen to resist environmental effects (weathering)
and damage from impacts and abrasion, but they also affect the rolling resistance.

Design/construction performance balance

While specific performance parameters follow in Section 4, many environments and
performance categories must be satisfied. Beginning with size, load capacity, speed
rating, body and belt materials, compounds, tread designs and construction variations,
how do we choose? Obviously, industry-wide guidelines exist (TRA, DOT, ETRTO, etc.),

Figure 1.8: Construction variables
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and guidelines and standards have been developed by individual tire manufacturers as
well. They serve as a starting point. In addition to experience, tire engineers use ~ com-
puter models and performance maps to help guide their selections and predict if  per-
formance targets will be met. Using an iterative process of design, construction and mate-
rial choices, the engineer can reach a balance of compromises for each application. Figure
1.9 illustrates the impact of just one component change, wider belts, on selected tire per-
formance parameters. In this so-called “spider diagram” a higher rating (outside the cir-
cle) indicates improved performance. Handling and wet traction are improved but ride,
rolling resistance and weight have suffered. If the customer desires the handling improve-
ments but is unwilling to accept the loss in ride quality and higher rolling resistance, the
tire engineer must look at other factors to balance the overall performance. This dilemma
is what drives new tire technology in design, materials and construction.

Figure 1.9: Effect of increased belt width

4. Tire performance criteria

4.1 Outdoor (vehicle) tests

Wear rate

Traditionally with an outdoor test, sets of tires are driven at prescribed speeds on a known
course to evaluate wear rate, usually measured in miles of travel per thousandth of an inch
of tread depth loss (i.e., miles per mil) or as tread loss per mileage increment (i.e.,
mils/1000 mi). Control of vehicle alignment, loads, and acceleration/deceleration rates are
all critical to obtaining repeatable results. Comparison tests are usually conducted using
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vehicle convoys to negate environmental factors, differences in road surfaces, or other
variables.

Irregular wear

Abnormal wear features, such as heel and toe, cupping, or shoulder wear (see figure 1.10)
can significantly shorten the service life or mileage potential of tires. While tread design
and tire construction are influential, many external factors such as vehicle mis-alignment,
vehicle suspension geometry and driving factors such as high speed cornering, rapid
acceleration or braking and underinflation of tires play significant roles in promoting
irregular wear patterns. Consumers who regularly check tire inflation pressure and
maintain a schedule for rotating tire positions and checking vehicle alignment will
maximize tire mileage.

Figure 1.10: Types of irregular wear

Gravel chip/tear

Some tread compounds and tire designs can be sensitive to chipping and tearing of tread
elements during off-road or gravel road applications. Many outdoor wear and durability tests
include a small percentage of gravel roads to assure that this performance is acceptable.

Handling: dry, wet and snow

Handling is a result of tire/vehicle interactions in response to various driver inputs.
Handling tests are used by tire engineers and OE vehicle engineers as part of their
approval process. Tires are evaluated for their response, stability, recovery linearity,
on-center-feel, brake in turning, and other characteristics. Tests range from lane change
maneuvers to maximum cornering capability. Also, closed course test tracks with a
variety of curves can be used to compare lap times with experimental tire constructions.
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Most test facilities can run the same test in both wet and dry conditions. Snow tests are
conducted at special facilities where the snow can be groomed and compacted to make a
consistent surface.

Ride comfort

A vehicle’s perceived ride comfort, whether “sporty” or “plush,” can be significantly
influenced by tires. Engineers’ evaluations go far beyond expectations of shake-free and
vibration-free ride on smooth highways. Tires are evaluated for impact harshness over
highway joints and railroad tracks, and for damping and bounce memory after road
disturbances. They are also graded for plushness (road isolation), nibble (steering wheel
oscillations), shake, vibration and other vehicle-specific features. Most tire manufacturers
have test facilities with dedicated lanes specifically designed for consistent evaluation of
tire and vehicle combinations by professional ride evaluators. Ride is one of the
compromises encountered in designing tires. For instance, wider belts may improve
vehicle handling but can contribute to increased ride impact harshness.

Noise

Significant time and effort goes into designing tire tread patterns and constructions to
minimize noise. Patterns have tread elements of varying pitch lengths to prevent tires from
generating identifiable tones. Multiple pitch lengths, typically 3 to 7 (see Figure 1.6), are
assembled in a computer-generated pattern around the tire circumference to dispel any
constant frequency noise as the tire rotates. Professional tire evaluators, using prepared
test areas, are able to sense not only airborne pattern noise but also structure-borne noise
as well. Structure-borne tire noise is transmitted through the tire carcass, the wheel and
suspension, sometimes aggravating resonances in a vehicle component. Evaluators rate
coarse road noise transmitted through the tire from textured highway surfaces. They
listen for growl, a low frequency noise noticed during low speed braking, and sizzle, a
hissing sound on ultra-smooth surfaces. These and other noise conditions add to the tire
engineers design dilemma. Increasing tread thickness and softening the bead filler reduces
coarse road noise but increases rolling resistance and affects ride and handling.

Rain groove wander

Many states, particularly California, grind longitudinal grooves into concrete highways to
minimize hydroplaning during rain storms in high traffic areas. If the grooves on the
highway line up with tire tread design grooves, side-to-side vehicle motions can occur,
making drivers uncomfortable. Tire engineers must change tread pattern groove spacing
or reduce the number of ribs in smaller tires to minimize this phenomenon.

Drift/pull

Avehicle with drift/pull has a tendency to pull right or left while driving on a straight, flat,
level highway with minimal wind. Tires can contribute to this condition but vehicle
alignments and suspension geometry are also key factors. Drivers find the constant
steering correction annoying.

Endurance
Outdoor testing for tire endurance usually involves loading a vehicle to the maximum
specified load and inflation, or more, and driving on a closed road course at a specified
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schedule of speeds. With a three shift per day operation, and measurement/
inspection/maintenance delays, it takes approximately 45 working days to accumulate
40,000 mi. Each tire company has its own proprietary test protocol.

4.2 Indoor (drum tests)

High speed

Indoor laboratory tests are typically run on 1.708 m (67.23”) diameter drums (300
rev/mile) that have been an industry standard for decades. Ambient temperatures of 38°C
(100°F) are typical. Most industry high speed tire tests utilize the SAE J1561 standard
which calls for 80% of the maximum load and speed increases of 10 km/hr in 10 minute
increments until the specified speed is achieved, or tire failure occurs. Tests start at speeds
four steps below the desired speed rating. Inflation pressure varies by tire type and speed
rating, e.g., 260 kPa (38 psi) for a standard load passenger “S” rated tire. This reduced
load is an adjustment to give an equivalent tire deflection on the drum’s curved surface to
that expected on a flat highway surface. DOT 109 and 139 and UTQG temperature grade
tests require speed increases at 30 minute intervals, for tires inflated to 220 kPa (32 psi)
and carrying 85% of maximum load. (See Chapter 17).

Endurance

In high speed testing, load is constant and speed is varied. In most indoor drum endurance
tests, the speed is constant and load is varied. Tests similar to DOT 109 and the new DOT
139 are as follows. The ambient temperature remains at 38°C. Pressure for a P-metric
standard load passenger radial is 180 kPa (26 psi) with a constant speed of 80 km/hr (50
mi/hr) for DOT 109 type tests. New DOT 139 regulations require 120 km/hr (75 mi/hr)
testing, becoming mandatory in June 2007. The test load begins at 85% of maximum load
for 4 hours and then becomes 90% for 6 hours and finally 100% for 24 hours. Tires com-
pleting the initial 34 hour test must also complete an additional new DOT 139 low
pressure step at 140 kpa (20 psi) for an additional 90 minutes at the 100% load condition.
(See Chapter 17).

Rolling resistance

The force necessary to overcome hysteretic losses in a rolling tire is known as rolling
resistance. This parameter became important to USA vehicle manufacturers with
implementation of C.A.F.E. (Corporate Average Fuel Economy) standards for new cars. It
is measured by placing load cells in the wheel spindle and measuring the rolling
resistance force in the horizontal (longitudinal) direction. It requires precise instrumenta-
tion, calibration, speed control and equipment alignment for repeatable results. Rolling
resistance is usually expressed as a coefficient: resistance force per 1000 units of load. OE
passenger car tires designed for fuel efficiency may have coefficients in the range 0.007
to 0.010 when fully inflated and evaluates at thermal equilibrium (see chap. 12). The test
load, speed and inflation pressure vary according to the vehicle manufacturers’
requirements. Rolling resistance is significantly influenced by inflation pressure, as
illustrated in Figure 1.11. Since tire rolling resistance can consume up to 25% of the
energy required to drive at highway speeds, it is economically wise to keep tires inflated

properly.
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Figure 1.11: Rolling resistance vs. inflation
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4.3 Technical tests

Weight

OE vehicle manufacturers often specify tire weight targets as part of their requirements
for meeting C.A.F.E. goals.

Force and moment properties

A tire’s cornering capability comes from the forces generated when a tire’s direction of
motion is different from its heading direction, causing a slip angle. Measurement
equipment and interpretation of results are complex and dealt with in detail in Chapter 8.
In the most general case, three forces and three moments are resolved in the tire contact
patch or at the wheel axle.

Resistivity

Moving vehicles can generate static electricity which is aggravated by low temperature
and humidity. While rubber is usually thought to be an insulator, it is partially conductive,
and tire compounds influence the rate of static discharge. Test fixtures in humidity and
temperature-controlled laboratories are used to measure tire resistivity.

Uniformity

Due to material and assembly variations that occur during manufacturing and curing,
small deviations in tire cross section circumferentially can result in measurable spring rate
or dimensional changes, for example, an out-of-round condition. Tire Uniformity Grading
machines are used to measure the variations that occur around the circumference of the
tire. Inflated tires are loaded against an instrumented rotating drum. The radial and later-
al force variations measured are compared to acceptance standards for smooth, vibration-
free ride.
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Flat spotting

Some tires, when parked, can develop a temporary “set” in the rubber compounds and
reinforcement cords, referred to as a “flat spot”. To test for this condition, tires are warmed
up or exercised at high speed, measured for uniformity and then loaded statically against
a flat plate for a prescribed time (usually days). Tires are then retested for uniformity,
exercised and the recovery time observed for the flat spot to disappear.

Traction: dry, wet and snow

Specially equipped instrumented trailers with computer-controlled braking capability are
towed over known skid pad surfaces. Brakes are applied gradually to cause wheel
lock-up and peak and slide friction forces are recorded. Wet traction is conducted on the
same surfaces with water being metered to the front of the tire as a way of controlling
water depth. Snow traction is determined using special trucks for measuring driving trac-
tion at constant slip over groomed, compacted snow surfaces.

Air permeation

Innerliner compounds are formulated to minimize permeation of air through the tire
carcass. The permeation rate depends on the compound properties and gauge (thickness)
as well as the temperature and inflation pressure. Long term tests, taking months, require
regulated temperatures and leak-free tire mounting and test plumbing. Typical passenger
car tires lose approximately 1 psi per month due to air permeation.

4.4 Industry/government standards

Dimensions

Tires, mounted and inflated on an appropriate wheel, are scanned by a laser profiler.
Section width, diameter and size factor (sum of diameter and section) must be within
T/RA guidelines.

High speed
DOT 139 requires testing conditions as described in Section 4.2. Tires must complete the
160 km/hr (100 mi/hr) step without failure to be in compliance.

Endurance

DOT 139 requires completion of all three steps at 120 km/hr (75 mi/hr) as described in
Section 4.2. All tires must complete the endurance portion, plus a 90-minute low inflation
pressure step, without failure to be in compliance.

Bead unseat
DOT 139 requires that tires retain air pressure and beads remain seated on the wheel in a
test where an anvil is pressed against the tire sidewall. Wheel, tire inflation and anvil
location are specified by rim diameter and tire type. Potential revisions to this test are
under study.

Road hazard (plunger)

DOT 139 requires that tires withstand a slow-moving plunger placed in the center area of
the tread and forced into the tire. The plunger travel at the peak load is recorded, reached
when either the tire ruptures or the plunger bottoms-out against the rim, and the peak
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energy is calculated. Minimum energy requirements without tire rupture occurring must
be met at multiple locations around the tire circumference to be in compliance. Research
continues to determine if new or revised test procedures are needed to accommodate new,
lower aspect ratio tire sizes.

Uniform tire quality grades
As a USA Federal requirement, Uniform Tire Quality Grades must be established and
displayed within six months of start of production for new tire lines. Grading categories
are covered in Section 2.3.

5. Tire manufacturing

5.1 Compound preparation (see Figure 1.12)

Raw materials

Approved vendors supply the basic ingredients including polymers, fillers (carbon black
and/or silica), softeners and antidegredants. Lab tests are run to sample, code and release
the materials for use in production.

Figure 1.12: Tire manufacturing - Rubber compound preparation

Polymers
Carbon black/fillers
Sulfur/curatives

Oil/softeners
Other chemical agents

Mixing

The appropriate blend of polymers, fillers, oils and pigments for a specific compound
formula are combined in a closed mixer in batches of 180 kg (400 Ibs) to 500 kg (1100
Ibs). Batch temperatures are closely controlled, as are mixing power, cycle time and rotor
speed, in accordance with the compound specification. Each batch is flattened into slabs
or extruded and cut into pellets (not shown in figure 1.12) for storage and later blending
with other batches or materials.

Blend/feed mills
Large, closely spaced, water-cooled rollers squeeze and kneed a bank of compounds to
blend mixed batches and to warm up compounds prior to extrusion or calendering.

5.2 Component preparation

Calendering

Similar in appearance to rubber blending and feeding mills, calenders press rubber
compounds between two or more rotating rolls to form thin, flat sheets of rubber to
specified gauges. Control systems can regulate the sheet thickness to within 0.001”. The
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sheets are used in tire assembly for inner-liner, gum strips, or belt wedges, or in preparing
body ply or stabilizer ply material.

Body plies

In textile reinforcements of nylon, polyester, rayon, aramid, etc., individual filaments are
twisted and cabled together to form cords. The cords are woven , with pick cords to
maintain spacing, into a wide sheet of fabric prior to dipping in a latex adhesive to
enhance bonding to rubber, followed by a high-tension heat treatment (see Figure 1.13).
Body ply fabric is prepared in rolls approximately 57 inches wide by 3,000 yards long
having the appropriate denier (cord style) and EPD (ends per decimeter). The fabric is
then passed through a four-roll calender (see Figure 1.14) where a thin sheet of rubber
(body ply skim) is pressed onto both sides and squeezed between the cords of the fabric.
The calendered fabric is wound into 350-yard rolls, with a polypropylene liner inserted
to keep the fabric from sticking to itself, and then sent to a stock-cutting process.

Figure 1.13: Textile cord manufacturing process

Body ply stock cutting and splicing (see figure 1.14)

The individual cords are aligned longitudinally in the calendered roll but they need to go
across, not around, the radial tire carcass. Therefore the calendered fabric is cut into
pieces, rotated 90° and spliced back together, so that cords go across the roll. The result
is a continuous roll of body ply material at a specified width for the appropriate tire size-
and construction.

Stabilizer ply (belt) calendering (see figure 1.15)

Unlike woven body ply material, steel cord, already brass plated and twisted, is purchased
from vendors as individual cords wound onto spools. To make a sheet of belt material,
hundreds of spools are located in a low humidity, temperature controlled creel room. The
cords from the spools pass through rolling guides to give the appropriate EPD (Ends Per
Decimeter) and move directly into a four-roll calender that presses a thin sheet of belt
skim rubber onto and between the individual cords. The calendered steel-cord sheet is
then wound between polypropylene liners for later processing. [Another processing
arrangement extrudes rubber onto the steel cord and forms smaller sheets.]

Stabilizer ply (belt) cutting and splicing (see figure 1.15)
The steel cords run longitudinally in the calendered roll. For use as stabilizer ply, the steel
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Figure 1.14: Tire manufacturing - body ply preparation

cord sheet is cut, rotated, and spliced together again to form a continuous strip of a
specified width, with the cords at a specified angle. Since the number 1 and number 2 belts
have different widths and opposite angles, they must be prepared accordingly.

Nylon cap ply calendering

Like body ply material, nylon cap ply fabric is purchased in large rolls and cap skim is
applied via a calender. Unlike body ply, it is not necessary to cut, rotate, and splice since
the cords are intended to be longitudinal in the tire. The calendered sheet is slit into the
required width per specification.

Figure 1.15: Tire manufacturing - steel stabilizer ply preparation

Bead bundle preparation (see figure 1.16)

Bead wire is bronze plated. Single-strand wire is purchased on spools and coated with
rubber using an extrusion die. Depending on the bead configuration used, single strands
(programmed shape) or multiple strands (box style) are wound onto a chuck to the
specified diameter and shape. Sometimes the bead bundle is wrapped with rubber-coated
fabric to facilitate tire assembly. Specified bead filler material can be pre-assembled onto
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the bundle for tire building efficiency. Some tire manufacturers use a cable bead that
features a solid core with several bead wires cabled around it. This requires a different
manufacturing process than that shown in figure 1.16.

Figure 1.16: Tire manufacturing - bead bundle preparation

Extrusion (see figure 1.17)

Rubber components (e.g. treads and sidewalls) are shaped by forcing rubber through a die
opening of appropriate shape. The rubber compound is carried to the die through a
feeder tube or barrel containing an auger-like screw. Up to four barrels may feed a single
die, allowing co-extrusion of different compounds into a single component, e.g. tread and
sub-tread with sidewall wings. Die shape, compound properties, and extrusion speed
control the dimensions and shape of the extrudate. Extruded pieces are marked with color
coded stripes and lettering for identification and quality control purposes.

Figure 1.17: Tire manufacturing - extrusion process

5.3 Tire assembly (see figure 1.18)

Carcass (body ply)

Radial tires are often built in two stages. In the first stage, the body carcass is assembled
on a rotating, collapsible drum that is slightly larger than the bead diameter. The
innerliner and body plies are applied first and rolled down over the edges of the drum.
Then the beads and bead filler are set in place and the body ply(s) are turned-up over the
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beads and rolled or stitched to adhere to the body ply lying flat on the drum. Strips of
sidewall compound are then placed on top of the turned-up ply on both edges. The drum
is then collapsed so the completed body carcass can be removed and taken to the second
stage machine.

Figure 1.18: Tire manufacturing - radial tire assembly

Belt and tread assembly

The belts and tread are assembled on another rotating drum, to a diameter that is close to
that of the final tire as possible, while allowing for clearance when the tire is inserted in
the mold for curing. If required by the specified speed rating, full width nylon cap ply(s)
or cap strips are wound over the belts before the extruded tread/subtread/undertread
package is applied.

Green tire assembly

The second-stage equipment takes the first-stage body carcass and expands it into the
larger belt-and-tread assembly. The finished “green” (i.e., uncured) tire is then rotated
against tread area stitching wheels to adhere all of the components uniformly to the body
carcass. The “green” tire is then stored on a rack for transfer to the curing room.

Several tire manufacturers and equipment vendors have devised automated tire
assembly equipment that combines several assembly steps or links them into a continuous
process. Substantial productivity gains are gained with high volume production. However,
loss of production flexibility and the impact of equipment breakdowns or maintenance
stoppages may create scheduling challenges.

5.4 Curing (see figure 1.19)

Curing press

While there are different types available, most curing presses are massive devices (3.6 m
wide x 2.8 m deep x 4 m high, weighing 20,450 kg). They hold two tire molds that
resemble two open clamshells side-by-side. They have water, air, vacuum and steam lines
attached, plus conveyors, and have automatic loading devices for placing the green tires
over curing bladders in the center of each mold.

Full circle/segmented molds
There are two types of tire mold; full circle and segmented. Historically, full circle molds
were developed for bias tires. The mold is divided into two circular pieces that join around
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Figure 1.19: Tire manufacturing - curing (vulcanizing) process

the diameter of the tire, most often in the middle of the center rib. The two mold halves
are attached to the top and bottom of the curing press and the green tire is inserted between
them. As the press closes, bringing the two halves together, the green tire is expanded by
inflating an internal rubber bladder that forces the outside of the green tire to conform to
the inner surface of the mold. After curing is completed, the mold parts separate and the
tire is removed. Note that the tread must deform to some degree as the mold opens, which
can be more difficult for some tire profiles, compounds, and tread designs.

Segmented molds are more complicated but are preferred for certain radial tires. This
is because the green tire diameter can more closely approach the mold diameter,
minimizing expansion of the belt. The tread region of the mold typically consists of 8 or
9 radially-divided pieces or segments that come together as the mold closes. They must
fit together precisely, both radially and with the top and bottom sidewall plates, when the
mold is completely closed. The advantage of segmented molds is that less expansion is
required of the green tire to fill the mold and the segments pull directly away from the tire
after curing. This is an important feature in manufacturing low-profile tires and tires that
use some tread compounds designed for low rolling resistance.

Curing (vulcanization)

As the mold closes, a bladder inside the tire expands and presses the green tire against the
mold. The high bladder pressure (several hundred psi) forces the uncured rubber into
every detail of the inner surface of the mold. Super-heated steam or hot water is then
circulated within the bladder and around the mold for about 12 to 15 minutes. This rise in
temperature causes a chemical reaction (curing, or vulcanization) to occur in the rubber
compounds whereby the long polymer molecules become crosslinked together by sulfur
or other curatives. The rubber compounds are transformed in this way into strong, elastic
materials in the finished, cured tire. Curing times, temperatures and pressure are
computer-controlled to give full cure of the chosen rubber compounds.

5.5 Final inspection

Vent trimming

To prevent air from being trapped in the tread pattern, tiny vents are drilled through the
mold in the corners of tread elements. In a complex tread design, there can be thousands
of such vents. Uncured rubber flows into the vent holes and is cured there, giving the final
tread a “hairy” appearance. The rubber threads are trimmed off in a final inspection by
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sharp knives held flat against the rotating tire.

Visual inspection

All tires are inspected visually for any imperfections (e.g., plugged vents or trapped air)
before being transferred to a warehouse. If a minor imperfection cannot be buffed away
or repaired, the tire is scrapped.

Uniformity grading

Most passenger tires are screened for uniformity (Section 4.3) against limits established
by the OE vehicle manufacturer and/or the tire manufacturer. The test includes laser or
probe inspection of the sidewalls and tread.

White stripe or white letter grinding

White or colored pigment compounds are sometimes applied to the sidewall. During
building and curing they are covered with a protective thin film of a non-staining black
compound. After curing, the raised sidewall is rotated against fine grinding wheels to
expose a crisp, attractive stripe or letter. This process is often done in combination with
uniformity grading.

5.6 Quality control testing

Production release

All tire manufacturing facilities run production qualification tests to assure compliance
with performance requirements. Industry and government standards must be met, as well
as any technical and indoor tests required by the customer as described in Section 4. While
some of the tests are both time consuming and destructive, they must be completed
successfully before volume production can begin.

Statistical sampling

Once in production, QA (Quality Assurance) protocols utilize statistical process control
and sampling methods to assure that production tires remain in compliance with their
original quality and performance standards.

6. Consumer care

6.1 Maintain proper inflation

By law, every vehicle sold in the United States has a placard that identifies the tire size(s)
and the inflation pressures recommended for front, rear, and spare tires by the OE vehicle
manufacturer. Beginning in the 2006 model year, the placard is to be located on the
driver’s door B-pillar. The location on older vehicles varies, sometimes being on the
driver’s door, the trunk lid, a door pillar or the glove box. In addition, the maximum load
and inflation information is stamped on the sidewall of every tire, usually in the bead area
just above the rim.

Tire pressures should be checked regularly. Radial passenger tires can be underinflated
by 12 psi or more and still look normal. As explained in Section 4.3, air permeates through
tires slowly, so that they typically lose about 1 psi per month, and even more in hot
climates. Moreover, a small puncture from an imbedded nail or screw can cause a tire to
be significantly underinflated. Underinflation contributes to rapid and uneven tread wear,
a loss in fuel economy, poor vehicle handling and excessive heat buildup which may lead
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to tire failure. It is recommended that tire pressures be checked at least monthly and before
long trips or when additional passengers and luggage are carried. Pressures should be
checked when the tires are cold, i.e., when the vehicle has not been driven for several
hours, and using an accurate gauge. It should be noted that every 10°F drop in ambient
temperature results in about one psi drop in tire inflation pressure. It is also recommended
that tire valve assemblies be replaced when a new tire is installed.

6.2 Avoid overload

The vehicle tire loading information placard also specifies GVWR (Gross Vehicle Weight
Rating) plus front and rear GAWR (Gross Axle Weight Rating). Exceeding these loads
affects vehicle handling, steering and braking but also has an impact on tire life.
Overloading increases the deflection and flexing of tires, which can generate excessive
amounts of heat within the tire and may lead to failure. See Chapter 15 for more detail.

6.3 Regular rotation/alignment checks

Uniform tire wear prolongs the useful life or mileage potential of tires. Rotating tires
between positions on the vehicle on a regular schedule minimizes uneven wear. Tires
should be rotated every 6,000 to 8,000 miles, or sooner if signs of uneven wear appear.
For new tires, the first rotation is the most important as the tread elements are most
flexible at full depth. Rotation patterns vary, and some tires with asymmetric tread designs
are uni-directional (see Direction of Rotation Arrows on Upper Sidewall). Consult the
vehicle owner’s manual or local tire dealer for specific recommendations.

Wheel mis-alignment, can cause uneven tire wear. While it is often considered to be an
issue only with the front, steering wheels, alignment of an independent rear suspension is
also important. Computerized alignment equipment can check all positions, including the
rear to front relationship (i.e., thrust angle). Maintaining proper wheel alignment, regular
rotation of tires, and proper inflation pressures will maximize tire service life.
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Chapter 2
Mechanical Properties of Rubber
by A. N. Gent

1. Elasticity and visco-elasticity

1.1 Rubbery, crystalline and glassy states

Rubber is a fascinating material, with unique properties that make it an essential component
of a pneumatic tire: it is soft, elastic, resistant to cutting and scraping, with a high
coefficient of friction and low permeability to gases. We consider here what molecular
features give rise to this remarkable combination of properties and how they affect tire
performance.

All rubbery materials consist of long chain-like polymer molecules. The original
elastomeric material (raw rubber) is basically a highly-viscous liquid but it can show
elasticity because the long molecules are held together, at least temporarily, by being
intertwined and entangled. The basic reaction in rubber processing is the joining of long
molecules together by a few chemical bonds (crosslinks) to form a loose three-dimensional
permanent molecular network. The shape becomes fixed and the material is transformed
from a high-viscosity liquid into an elastic solid.

This joining reaction is often termed “curing”, because the material is no longer a
viscous sticky liquid, or “vulcanization” because it is usually carried out with reagents that
introduce sulfur crosslinks between the molecules.

The cure curve for a representative practical rubber compound (compound C in Table
2.1), is shown in figure 2.1. A sample of the prepared mix of elastomer, filler, curatives
and protective agents is placed in an Oscillating Die Rheometer (ODR) or Moving Die
Rheometer (MDR) where the thin rubber layer is sandwiched between the heated stationary
wall of the test chamber and a rigid cylindrical die. The die is made to execute small
amplitude and low frequency oscillatory rotations, subjecting the rubber layer to
oscillatory shear strains. The torque required to maintain the motion is monitored
continuously. As the rubber compound becomes increasingly crosslinked and changes
from a viscous liquid to a rubbery solid, the torque amplitude increases, reflecting the
increasing torsional stiffness of the sample. A practical measure of a characteristic cure
time is the time at which the torque reaches 90% of its maximum value, denoted tqq. For
the mix formulation used here, toq is about 10 min at 160°C. We now describe the elas-
ticity of unfilled rubber vulcanizates before turning to the behavior of practical com-
pounds (see Table 2.1) that contain large amounts of particulate filler. It should be noted
in passing that the presence of filler can affect the rate of cure significantly by influenc-
ing the chemistry of crosslinking. For example, carbon black tends to increase the rate of
cure by a factor of up to 3, and reduces tgy correspondingly.

The molecular segments in raw rubber and the molecular strands between crosslinks in
cured rubber are in rapid thermal motion at normal temperatures. On deforming the
molecular network, the strands take up new average positions that are less probable than
their original ones. Changes in bond energies or conformational energies are relatively
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Table 2.1: Some representative tire compounds
(amounts given in parts by weight per 100 parts of elastomer).

A B C
Passenger Sidewall Steel belt
tire tread compound
Elastomers
Natural rubber - 50 100
Styrene-butadiene
copolymer (25/75) 75 - -
Cis-polybutadiene 25 50 -
Fillers
Fine carbon black (e.g., N220) 75 - -
Medium carbon black (e.g., N330) - - 60
Coarse carbon black (e.g., N660) - 50 -
Vulcanization agents
Zinc oxide 3 3 10
Stearic acid 3 1 1.2
Sulfur 1.55 2 5.5
Vulcanization accelerator
(sulfenamide type) 1.9 1 0.5
Secondary accelerator
(guanidine) 0.25
Processing aid
Processing oil 10 10 -
Protective additives
Antioxidant/antiozonant 15 35 1
Resin and adhesion promoter
Resin components - - 8
Adhesion promoter
(e.g.cobalt naphthenate) - - 2

Vulcanized for 10-15 minutes in a tire mold at a temperature of 170-175°C

small - only the entropy of the network is reduced. Thus, rubber is an entropic spring - it
returns to the undeformed state only because that is the most probable one. As a result, the
stiffness of rubber increases with temperature T because the contribution AS of entropy to the
free energy of deformation is given by the product: - TAS. This characteristic feature of
rubber is in marked contrast to the behavior of springy crystalline materials, like metals,
where the stiffness decreases with rising temperature because, on deforming metals, the
atoms are forced out of an ordered state into a more random arrangement, with lower bond
energies and higher entropy.

An approximate statistical calculation gives the tensile modulus E (Young’s modulus)
of elasticity for an unfilled rubber vulcanizate under small tensile strains as

E = 3NKT (1.2)

where N is the number of molecular strands comprising the network, k is Boltzmann’s
constant and T is absolute temperature. A typical value for N is about 1.5x1026/m3, Thus
a typical value for E is about 2 MPa, i.e., about four orders of magnitude smaller than for
metals, reflecting the ease with which the shapes of long flexible molecules can be
rearranged.
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Figure 2.1: Cure curve for compound C at 160°C

| T —

The average network strand consists of about 100 repeat units (mers) of a particular
chemical group, typically with a molecular weight of around 60. Some repeat units in
rubbery materials commonly used in tires are:

-C4Hg- : cis-1,4 polybutadiene
-CsHg- : natural rubber (cis-1,4-polyisoprene)
-CH,C3Hg- : butyl rubber
(-CHy-C;H15-)n-(-C4 Hg -)iny : SBR (a copolymer of styrene, n units, and butadiene, m units)

But why are only relatively few polymers rubbery? There are two main reasons why a
polymeric solid might not exhibit rubberlike elasticity. When the long molecules are highly
regular and able to pack closely together, they tend to arrange themselves in this way
under the weak van der Waals attractive forces that are present in all materials — they spon-
taneously crystallize. For example the commercial plastic — polyethylene - is as much as
60% crystalline at room temperature and shows little elasticity. Instead, it behaves as a
typical crystalline solid. Initially rather stiff, after the material is deformed by a few
percent the crystallites begin to yield and the deformation then becomes ductile and
plastic, rather than elastic.

The other reason why polymeric materials may fail to show rubbery behavior is that
the chemical repeat units are relatively heavy and bulky, so that thermal energy at normal
temperatures is not sufficient for molecular segments to move freely. Polymers in this
state are termed glassy solids. Typical examples are polystyrene and polymethylmethacry-
late that are glasslike at temperatures below about 100°C.

On raising the temperature, crystals melt and immobile molecules acquire more
energy, so that both crystalline and glassy polymers become rubbery at sufficiently high
temperatures, for example, above 1500C for polyethylene and above 100°C for
polystyrene and polymethylmethacrylate. And all rubbery polymers turn into glassy solids
at a characteristic low temperature, even if they have not spontaneously crystallized as
they are cooled down. The transition temperature (glass temperature, Tg) is one of the
most important characteristics of a polymer and, as shown later, it controls the
mechanical behavior at temperatures far above the actual glass temperature. Values of T
for selected rubbery polymers are given in Table 2.2.
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Table 2.2: Glass temperatures Tg (°C) for some common elastomers.

Elastomer Ty
Polydimethylsiloxane (silicone rubber) 125
Cis-1,4-polybutadiene 100
Cis-1,4 polyisoprene (natural rubber) 72
Poly(isobutylene-co-isoprene) (butyl rubber) 70
Poly(styrene-co-butadiene) 25/75 (SBR, emulsion) 60
Poly(ethylene-co-propylene) 56/44 (EPR) 55
Plus ca 5% diene comonomer, (EPDM) 55
Polychloroprene (Neoprene) 50
Poly(butadiene-co-acrylonitrile) 85/15 to 65/35 (Nitrile rubber) 40 10 -10
Poly(styrene-co-butadiene) 50/50 (High-styrene SBR) 25

The other important physical feature of a rubbery solid is the average length of the
molecular strands comprising the network, generally denoted by the molecular weight M.
The original molecules have molecular weights in the range 100,000 to 500,000, not high-
er than this because very high molecular weight materials are difficult to extrude and
shape. After crosslinking, the molecular weight M, of the network strands ranges from
about 5,000 to 20,000 molecular weight units. Although this number may, in principle, be
varied widely by introducing more or fewer crosslinks, in practice if M is small then the
material is stiff and brittle and if M, is large then some of the original long molecules are
not tied into the network completely, and contribute little or nothing to stiffness and
strength. Nevertheless, the practical range of crosslinking and hence of elastic modulus E
is from about 1 MPa to about 3 MPa, a greater range (a factor of 3) than for any other
structural solid. And by adding particulate fillers, the modulus can be raised still further
without serious loss in strength - indeed, often with a pronounced gain in strength, termed
reinforcement (see later).

1.2 Elastic behavior

The elastic modulus of a rubber compound is often characterized by its resistance to
indentation by a blunt indentor. The amount of indentation is indicated on a non-linear
scale, from 0 to 100 International Rubber Hardness Degrees (IRHD), corresponding to
values of modulus E ranging from zero to infinity. Values of IRHD and E covering the
practical range of rubber modulus are given in Table 2.3. Outside this range the materials
are either extremely soft and weak or hard and relatively inflexible.

Rubber can often be treated as virtually incompressible in bulk because the modulus of
bulk compression is quite high, about 2 GPa, comparable to that of liquids such as water,
and much higher than the tensile modulus E, typically about 2 to 5 MPa. Consequently,
the elastic shear modulus G is approximately equal to E/3, and Poisson’s ratio is close to
one-half, about 0.499. [Definitions of the various elastic coefficients are shown in figure
2.2.]
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Table 2.3: Relation between International Rubber Hardness
Degrees (IRHD) and elastic (Young) modulus E.

IRHD E(MPa)
30 1.0
35 1.2
40 15
45 1.9
50 23
55 2.9
60 36
65 45
70 55
75 75
80 95
85 15

Note that when a solid rubber block is “compressed”, its volume does not decrease
significantly unless the pressures are extremely high. Instead, the block compresses
vertically and expands laterally - the volume remains virtually unchanged. Compression
of a block bonded between two plates is sketched in figure 2.3. Due to the restraint on lat-
eral expansion, the effective modulus E, can be quite high.

Rubber molecules move freely because the intermolecular forces are low. The
expansion in volume on heating is correspondingly high, similar to that for simple liquids.
The linear thermal expansion coefficient o for unfilled rubber compounds ranges from
about 1.5 to 2 x 10 -4/9C. Due to the low thermal expansion coefficients of filler particles,
values of o, for typical filled compounds are somewhat lower, 1.2 to 1.5 x 10 -4/9C, but
still far higher than for metals, about 50 times greater. Thus, when a rubber article is
removed from the metal mold in which it has been shaped and crosslinked at a high
temperature (typically about 160°9C) and then allowed to cool down to ambient
temperature, it shrinks in linear dimensions by about 2%.

1.2.1 Elastic behavior at large strains
Because rubber is highly extensible, small-strain elasticity theory using moduli E and G
is inadequate to describe the response to large strains. Instead, a useful measure of
response is the mechanical energy W stored in unit volume by a deformation. A simple
relation for W for an initially-isotropic, incompressible elastic solid is:

W= (E/6) J; (1.2)

where J; describes the deformation in terms of stretch ratios A ¢, A 5, A 3 in the principal
directions, see figure 2.4:
J1= (M2 + 2% + 252 - 3) (1.3)

(Note: 24 =1 + eq, etc., where eq is the strain in the 1 direction.) Because rubber is
virtually incompressible, the product A1 ,A3 = 1. Equation 1.2 is termed the neo-
Hookean constitutive law because it reduces to Hookean (linear ) elasticity, figure 2.2, in
the limiting case of small strains and gives reasonably accurate predictions at moderately
large strains.
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Figure 2.2: Elastic coefficients (moduli) for small strains

Shear modulus G = tfy
(Shear stress t = F/A)

Modulus of bulk compression
K = P/ (-AV/\Vo)

Tensile modulus E = t/e
Tensile strain € = AL/Lo

Poisson’s ratio v = ((-AW/W,)/(AL/L,)

Relations between moduli
E=9KG/BK+G)=2(1+v)G =3Gwhen K»G
v =(1/2)(3K - 2G)/(3K + G) =1/2 when K » G

Figure 2.3: Compression of a bonded rubber block
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Effective compression modulus E, vs ratio of radius a to thickness h for a bonded
rubber block. Curves given for different values of Poisson’s ratio.
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Figure 2.4: Stretch ratios A and stresses t
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Using the simplifying assumption that deformations are accompanied by no change in
volume, stress-strain relations can be deduced from W by considering a hypothetical
change in extension 6, causing a corresponding change W in W (figure 2.5):

oW = (}\.2 }\.3) tl 6}\.1 (14)
Thus,

tl = 7\.1 (dW/d)\.l) +P (15)

b
L
i

where P is an undefined pressure that must be included because, for incompressible
materials, a hydrostatic pressure can do no work. The appropriate value to assign to P
is determined by establishing a base-line for stress in any particular case. In simple
tension, for example, the side stresses t, and t; are zero and P is therefore given by
[ty - A (dW/dA)].

The stress t, is the force acting in direction 1 on a unit of cross-sectional area, where
the area is measured in the deformed state. It has unfortunately become common practice
in the rubber industry to use the word stress to denote the force ¢ acting on a unit of
undeformed cross-sectional area, because this is a more easily measured quantity. To
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distinguish between the two usages, o is sometimes termed engineering stress. For an
incompressible material, like most rubbery solids, the imposition of a stretch ratio A leads
to a contraction in cross-sectional area by a factor 1/A and thus there is a simple relation
between the two measures of stress (see figure 2.5):

G =t (1.6)

In rubber technology, the term “modulus” is often used to describe the tensile force per
unit of unstrained cross-sectional area at a stipulated tensile strain. For example, M, denotes
the stress ¢ when e = 100%. Values for Mqg, Mogg, M3, etc., are often reported also - they
give an indication of the shape of the stress-strain curve, see figure 2.6.

The stress-strain relation in simple extension is obtained from Equation 1.5 as:

t=(E/3) (142 - UNy) 7

This is the large-deformation equivalent of the result: t = Ee, applicable at small strains.
Experimental stress-strain relations for soft rubber compounds are found to be in reasonable
agreement with equation 1.7 up to moderately large extensions, about 300%.

Note that stress-strain relations for rubber are usually non-linear, figures 2.7 - 2.9.
Equation 1.7, for example, predicts that the tensile stress-strain relation, after the expected lin-
ear region at small strains, will be concave with respect to the strain axis, as is observed. At
higher strains a pronounced stiffening occurs as the molecular strands approach the fully-
stretched state, figure 2.8. Thus, non-linearity does not indicate that internal yielding or frac-
ture has occurred. Instead, it follows directly from a consideration of the elastic behavior of
a network of long molecular chains, each of which is linearly-elastic over a wide range of
extension but because they are randomly arranged in space, the combined effect is usually
non-linear.

There is one outstanding exception to the general non-linear character of rubberlike
elasticity, however, and that is a simple shear deformation. Using equation 1.5 the calculated
stress-strain relation in simple shear is linear, and rubber compounds are found
to be approximately linear in shear up to moderately large strains, 100% or more, with a slope
(shear elastic modulus G) of E/3.

Many constitutive laws have been proposed to model the elastic behavior of rubber more
accurately than the simple neo-Hookean form for W given in Equation 1.2, for
example by taking into account the stiffening observed at high strains, Figures 2.6 and 2.8.
This feature is not predicted by Equation 1.2. It can be modeled by introducing a maximum
possible value J,, for the deformation term J;. Thus one modified version of Equation 1.2 is
the logarithmic form:

W = - (E3,,/6) In (1 - 3,/3,,) (1.8)

which reduces to equation 1.2 when the deformations are small compared to J,,,, but gives
increasingly large values for W and thus for stresses when the deformation approaches its
maximum possible value Jy,.

However, rubber compounds currently used in tires are seriously inelastic, as described
below, and attempting to describe their elastic properties with great precision is probably
unwarranted. Examples of typical tire formulations are given in Table 2.1. They illustrate
the complexity that results when compromises must be made to meet demanding but often
conflicting requirements: stiffness, strength, resilience, good traction, wear resistance,
durability, etc.
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Figure 2.6: Experimental relation between tensile stress and elongation
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Figure 2.8: Strain hardening of a rubber molecule as it approaches full extension.
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1.2.2 Inelastic behavior of filled rubber compounds

It is common to incorporate 30% or more by weight of solid particle fillers, usually
carbon black or silica powder, into compounds for all tire components, treads, sidewalls,
etc. Such compounds are considerably stiffer, by a factor of 3 or more, than the correspon-
ding unfilled compound, and they are stronger, and much more resistant to abrasion. But
highly-filled rubber compounds are seriously inelastic, in a characteristic way. They are
softened by straining, and softened more the greater the pre-strain, as shown schematically
in figure 2.9. Thus, the original stress-strain relation is not reproducible unless the sam-
ple is allowed to recover by resting for several months, or annealed by heating for an hour
or so at temperatures of 100°C or higher.

Figure 2.9: Stress-softening of filled rubber (Mullins Effect)
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This large effect of strain history on the stress-strain behavior is termed the “Mullins”
effect [1]. It appears to be due to slipping of rubber molecules over energy barriers on the
surface of filler particles or becoming detached from the filler surface. It renders computer
modeling of the stress-strain behavior of typical tire tread compounds extremely difficult.
For example, we know very little about the effect of pre-strains other than tensile strains,
or of complex strains as is, of course, the case for tire components, or about the rate of
recovery from prior straining.

To make matters even more complicated, a similar effect is found when quite small
strains are imposed, in the range, say, from 0.1% to 10%. Such measurements are usually
carried out dynamically, by imposing a small oscillatory tensile or shear strain at a
convenient frequency in the range 0.1 to 100 Hz, and reporting the results in terms of the
effective dynamic modulus E” or G’, the ratio of peak stress to peak strain. E" or G” are
found to decrease dramatically over this range of dynamic strain amplitude, often to only
1/3 or less of the initial value, figure 2.10. Again, although partial recovery by 30 to 50%
occurs almost immediately on returning to small deformation amplitudes, complete
recovery takes months of rest unless the sample is heated to accelerate the recovery.

This small-strain softening phenomenon is often termed the “Payne” effect [2]. It
appears to be due to disruption of chain-like aggregations of filler particles within the
rubber matrix. Because the effect is so large in highly-filled compounds, they are seldom
used in rubber springs because the relevant “modulus” for calculations of spring rate and
resonant frequency is ill-defined. And, again, it is difficult to take the “Payne” effect into
account in modeling the stress-strain response of tire compounds in treads and sidewalls.

Figure 2.10: Stress-softening of filled
rubber at small strains (Payne effect)
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In summary, typical filled rubber compounds show two disturbing features: the
“Payne” effect”, a marked softening that starts at strain amplitudes of only 0.1 % or less,
attributed to breakdown of weak inter-particle bonds, and “Mullins” softening”, a further
substantial softening at higher strains, up to the breaking strain, that is attributed to
progressive rupture of bonds between rubber molecules and filler particles. Because these
two processes overlap to a considerable degree, they cannot be easily separated. However,
they appear to be a direct consequence of the high stiffening power of fillers of small
particle size and highly interactive surfaces when they are incorporated into rubber.

Note that, because filled rubber compounds are not elastic, i.e., they do not follow
reversible stress-strain relations, their behavior cannot be described successfully by any
elastic constitutive law relating stresses to strains. Instead, the tire designer must accept
quite approximate representations of the elastic properties of present-day tire compounds,
recognizing that they are subjected to complex strains and strain histories that have major,
and unfortunately ill-defined, effects on the corresponding stresses.

1.3 Visco-elasticity
Under repeated oscillations of shear strain vy, the stress-strain relation becomes an ellipse,
figure 2.11, provided that the strain amplitude is small. The slope of the line joining points
where tangents to the ellipse are vertical represents a dynamic shear modulus G~ (MPa)
and the area of the ellipse represents energy Uy dissipated in unit volume per cycle of
deformation, given by

Ug=m G" yp2 (1.9

where v, is the amplitude of shear strain and G” is termed the dynamic shear loss modulus.
(For an oscillatory tensile deformation the corresponding moduli are denoted E’ and E".)

The ratio G” /G (or E"/E’) is the tangent of an angle 3, the phase angle by which the strain
lags behind the applied stress. When the ellipse axes lie in the horizontal and vertical
directions, & is 909 (tan & is infinitely large), and the rate of strain reaches its maximum value
when the applied stress is a maximum. This is the response of a viscous liquid. On the other
hand, when the ellipse degenerates into a straight line, tan & = 0 and the material is a perfect-
ly elastic solid. Values of tan 6 for rubber compounds at room temperature range from about
0.03 for a highly resilient, “springy” material with low energy dissipation to about 0.2 for a
typical tread compound with relatively high dissipation.

Figure 2.11: Oscillatory deformation: dynamic effects
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Rebound resilience R is an inverse measure of energy dissipation. R can be determined
by dropping a rigid ball onto a rubber block and measuring the rebound, or dropping a
rubber ball onto a rigid plate. In both cases the fractional amount of energy returned after
impact is:

R= hZ/hl’ (110)

where hy is the drop height and h, is the rebound height. If the impact is regarded as one
half-cycle of a steady oscillation, then

INnR=-mxtan s (1.11)

Equation 1.11 is based on rather severe assumptions so it must be considered as a rough
approximation. However, rebound tests are simple to perform and widely used to estimate
loss properties.

1.3.1 Heat generation

Energy dissipated by loss processes within a rubber compound is converted directly into
heat. Under a steady oscillation the amount of heat generated per second in unit volume
is given by fUg, where f is the frequency of oscillation. Heat is lost by conduction through
the rubber to surfaces in contact or to air. Consider, for example, a thin rubber block, of
thickness H, that is subjected to an oscillatory shear deformation between two highly-
conductive surfaces that act as heat sinks so that the interfaces are maintained at a
constant temperature T,. At steady state, the maximum temperature reached in the center
of the block will be

Tm =T, + fUy H2/BK (1.12)

where K is the coefficient of thermal conduction for the rubber.

It is clear that heat conduction plays an important role in determining the temperature
rise. Unfortunately, K is rather insensitive to compounding variables. All elastomers are
poor conductors of heat, with values of K of about 0.2-0.3 W/m OC. Even when good
conductors - for example, metal powders - are added to the rubber compound, K is not
greatly increased because the metal particles become surrounded by a rubber layer and do
not form continuous paths for conduction of heat.

The amount of heat generated per cycle depends strongly on the deformation amplitude
Ymax OF shear or e, of tension/compression. Thus, under oscillations of constant load
amplitude, a stiffer compound will show less heat generation and a smaller temperature
rise if its resilience or tan & is unchanged. Indeed, this effect may well override the
difference in loss properties between a stiffer and a softer compound. On the other hand,
under a fixed deformation amplitude the material with lower loss modulus will generate
less heat. Solid tires are an example of an application in which the load level is fixed. In
rubber belting, on the other hand, the amplitude of strain (bending) is fixed by details of
the application. Compounds would therefore be chosen for these two uses on different
grounds. In any case, it is desirable to have compounds that generate a minimum of heat
in use because the strength, durability and abrasion resistance of rubber compounds are
all reduced as the temperature increases.
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1.3.2 Effects of temperature and frequency of oscillation

We need to know values of G", G” and tan & at the frequency of loading and at the
temperature at which the rubber is to be used, because the dynamic properties depend
strongly on these variables. The dependence on frequency is shown schematically in fig-
ure 2.12. At low frequencies the dynamic modulus is low and rather constant but as the
frequency is raised the compound becomes increasingly stiff until at high frequencies it is
hard and glasslike. This striking transition, by about three orders of magnitude, reflects the
change from facile response of molecular segments when stresses are applied at low
frequency, to their complete inability to move under high-frequency stresses. Thus, the
transition is centered at an oscillation frequency of the same order of magnitude as the
natural frequency of motion of the molecular strands as a result of thermal agitation.
Motion of a strand, in turn, arises from Brownian motion of the individual segments that
make up the strand.

Figure 2.12: Dynamic properties vs frequency and temperature
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The curves are displaced along the log o axis by a distance
log a7 that is given by the WLF relation, Eq. 1.13.

The loss modulus G” increases with frequency to an even more marked degree than G”,
often becoming larger than G in the transition range of frequencies, because G” is a direct
measure of viscous resistance to segmental motion. At sufficiently high frequencies, how-
ever, the segments become unable to respond to the rapidly-alternating applied stresses,
and internal motion ceases. Energy dissipation that is associated with the motion of
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molecular segments in a viscous environment also ceases and G” falls to the relatively low
value characteristic of polymeric glasses.

The rate ¢ of Brownian motion of molecular segments depends only upon the internal
viscosity and hence only upon temperature. Below T, the polymer is glassy: above T it
is liquid (if low in molecular weight), rubbery (if high in molecular weight or crosslinked),
or crystalline (if the molecules are sufficiently regular), figure 2.13. The dependence of ¢
upon temperature, or more precisely upon the temperature difference (T —T,), follows a
characteristic law [3]:

log [(e(T)/@(Tg)] =A(T-T)/(B+T-Ty) (1.13)
where A and B are constants, having approximately the same values, 17.5 and 52°C, for
nearly all rubberlike substances, and T, is a reference temperature, the glass transition
temperature, at which molecular segments move so slowly, about once in 10 seconds, that
for all practical purposes they do not move at all and the material becomes a rigid glass.
[By common consent, T is defined as that temperature at which the rate of Brownian

Figure 2.13: Rate ¢ of Brownian motion of molecular segments
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motion ¢(T) has fallen to 0.1 Hz.] Values of T for some common elastomers are given
in Table 2. Equation 1.13 is represented graphically in figure 2.14.

In many applications molecular motion is required at frequencies much higher than 0.1
Hz. For example, for high resilience in a rebound experiment we require virtually
complete rubberlike response in a time of impact of the order of 1 ms. But molecular
segments will move in 1 ms only when the value of ¢ is about 1000 jumps per second.

Figure 2.14: Dependence of segmental mobility ¢ on temperature
[Williams, Landel & Ferry 1955]
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From equation 1.13, that is only at a temperature about 169C higher than Ty Indeed,
for coordinated motion of entire molecular strands consisting of many segments to take
place within 1 ms, the segmental response frequency must be higher still, by a factor of
100 or so. This rate of response is achieved only at a temperature about 30°C above Ty
Thus, fully rubberlike response will not be achieved until the temperature is T + 300C,
or even higher. On the other hand, for sufficiently slow movements taking place over sev-
eral hours or days, a material would still be able to respond at temperatures significantly
below the conventionally-defined glass transition temperature. This region is represented
by the lower portions of the curves in figure 2.14.

It is important to recognize that the conventional glass transition temperature is defined
in terms of relatively slow motions, taking place in about one minute, and requiring only
small-scale motions of individual molecular segments rather than motion of entire
molecular strands between crosslinks. The frequencies at which the entire rubber-to-glass
transition occurs depend on temperature in accordance with Equation 1.13.

The numerical coefficients, 17.5 and 529C, in equation 1.13 are about the same for a
wide range of elastomers, because most elastomers have similar values of thermal
expansion coefficient and the molecular segments are similar in size. However, an
important exception is polyisobutylene and its derivatives, butyl rubber and halo-butyl.
For these materials, the coefficients appear to be about 17.5 and 100°C, the latter being
considerably different from the “universal” value that holds for other common elastomers.
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Thus, the rate of segmental motion increases much more slowly above T as shown by the
curve for butyl rubber in figure 2.14. Although the reason for this peculiarity is not well under-
stood, it is probably associated with an unusually large size for the basic moving segment.
Two important consequences are that butyl rubber and halo-butyl exhibit  unusually low
resilience, low gas permeability and good ozone resistance at temperatures well above Tj,.

Equation 1.13 can be used to relate the dynamic behavior at one temperature T, to that
at another, T,. For example, the dynamic modulus G" and loss modulus G” are found to
depend on the frequency of vibration as shown schematically in figure 2.12. When the
temperature is raised to T, the curves are displaced laterally by a fixed distance, log ar,
on the logarithmic frequency axis, where log at reflects the change in characteristic
response frequency of molecular segments when the temperature is changed from T; to
T,. Thus log ay is given by:

log ar = log [o(T,)/g(Ty)]

=17.5x52(Ty = TI(52 + T5 - Tg)(52 + Ty - Ty) (1.14)

from Equation 1.13. In this way, measurements at one temperature can be transformed
into results at another. This is a powerful way of predicting viscoelastic response over
wide range of frequency from measurements over a limited range of frequency but at
many temperatures, using the general principle that a temperature shift is completely
equivalent to a change in frequency:

Log fr = Log fry + Log at (1.15)

As an approximate guide, valid at temperatures about 50°C above Ty, a temperature
rise of about 129C is equivalent to a factor of 0.1 change in frequency, or rate of strain, or
speed of loading. Thus Equation 1.15 provides a powerful frequency-temperature and
rate-temperature equivalence principle that enables one to correlate mechanical behavior
over wide ranges of frequency and rate with temperature. For example, measurements
taken over a limited frequency range at many different temperatures can be superposed by
lateral shifts along the logarithmic frequency axis to construct a “master curve” as shown
in figure 2.15. The lower curve (figure 2.15b) represents the expected response over an
extremely wide frequency range at the chosen temperature. Moreover, the master curve
can be made to apply at any other temperature by an appropriate lateral shift along the log
frequency axis, calculated from equation 1.14.

However, there are instances where this broad simplification fails to hold. If the modulus
is affected by a temperature-dependent process that is not controlled solely by the rate of
molecular motion (for example, melting of crystallites), then the frequency-temperature
equivalence given in equation 1.14 no longer applies. An example is discussed below.

1.3.3 Energy losses in filled rubber compounds

The same principle of frequency-temperature equivalence applies to the rubber molecules
in filled rubber compounds and the same fitting constants are valid. Apparently, Ty and
the molecular mobility of elastomer strands above T are not appreciably affected by the
presence of fillers. But filled compounds show other effects, as described previously - the
elastic modulus is decreased by a previously imposed strain, or by imposing dynamic
deformations of increasing amplitude. This softening is accompanied by increased energy
dissipation, probably associated with the work required to break bonds between rubber
and filler particles or between the particles themselves.
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Figure 2.15a: Modulus E vs oscillation frequency f for a polyurethane elastomer

£ | =
* -11l¢i3-'ﬂ
a " BB W L 000 e
r 4 o0 @ Yy o
@ﬂﬂ "' v
Q ¥ 1,"? m -2
F " = ]
e ¥ v "
E " v ..
w v -4
v L O
Et vv -. Elﬂ
4 "] e
§ . '?? -. nuﬂl .‘_‘
.. DD l."‘* #.ﬂ-.ﬂ
l-gizgiaiiliiluﬂﬂ £

3 4= : - + t {
= -3 =g =] =1 1

LOG | ()

Figure 2.15b: Modulus E vs reduced frequency f a at — 42°C

y )

x

m L7 l

£

£ 54

< &

oF

E i - m
5-—p-a—;—-+—-1—t—-4---o—-4—4-+-|-0-¢--o-4—r—>—l

LOG faT{H z)




Chapter 2. Mechanical Properties of Rubber 47

The modulus of filled compounds is also decreased by raising the temperature, because
the rubber-particle bonds become weaker. This effect is not directly associated with
changes in molecular mobility and thus it cannot be represented by an equivalent change
in frequency. Hence, equation 1.14 does not apply to the modulus of filled compounds
without a correction for additional effects of temperature.

2. Strength of rubber compounds
2.1 Natural flaws and defects
Fracture mechanics has become the standard method of treating rupture of “brittle”
materials, i.e. materials, like rubber, that break without undergoing widespread plastic
deformation. In this concept, rupture is the result of growth of an existing flaw or defect.
All materials contain such stress-raisers - rubber is no exception — and the size of naturally
occurring defects can be estimated in various ways. For example the fatigue life,
represented by the number N of times a tensile strain of fixed amount can be imposed on
a tensile strip before it ruptures, is a strong function of the depth of a sharp cut placed in
one edge of the specimen (see figure 2.16). The life N is shorter when the initial cut is
made deeper. By extrapolating back to the fatigue life of a sample with no deliberately-
introduced edge cut, a value can be assigned to the effective depth of cut that corresponds
to the natural flaw or defect from which failure originated. The value obtained in this way
is about 50 um. Similar values are deduced from measurements of fatigue life at higher
tensile strains, when all of the fatigue lives for cut specimens are reduced, or at lower
tensile strains, when all of them are increased. And similar values are deduced from the
dependence of tensile strength on the depth of an edge cut, and from studies of the quite
low critical stresses needed for growth of an edge cut from chemical attack by ozone. In
all of these cases, and for all of the elastomer compounds studied, fracture of an “uncut”
specimen can be accounted for by assuming that the compound actually contains inherent
flaws or defects equivalent to a sharp edge cut, about 50 um long.

But so far, the presence of real defects of this size has not been established and their
origin is still unknown. They may actually be smaller and sharper stress raisers than

Figure 2.16: Log (fatigue life N) vs log (cut depth c)

Cut Degth 1 jmm)




48 Chapter 2. Mechanical Properties of Rubber

artificial cuts, and thus difficult to observe. Because the effective size deduced for all of
the rubber compounds studied to date, both filled and unfilled, is similar, they might be
the result of a common feature of rubber processing, for example a natural heterogeneity
of crosslinking, or they may be created in the course of stressing rubber up to the point of
rupture by a precursor mode of fracture. Local cavitation under tensile stress is one
possibility.

Further studies are highly desirable because initiation of fracture is an important aspect
of fracture mechanics. At present, we can account successfully for the strength of rubber
under a variety of conditions on the assumption that inherent flaws are present, equivalent
to sharp cuts about 50 um deep.

2.2 Fracture energy and breaking stress

Fracture mechanics assumes that a characteristic amount of energy is required for crack
growth per unit area torn through, analogous to surface energy and denoted fracture
energy or tear strength, G, (J/m2). It is commonly measured for rubberlike materials by a
simple tear test, as shown in figure 2.17. When the tear advances by a distance dc, the
tear forces P supply energy of 2P.dc and if this energy is consumed entirely in fracture,
then the energy required is Gow.dc, where w is the width of the tear path (in this case,
roughly the thickness of the sheet). Thus:

G, = 2P/w (2.1)

Similar considerations were applied by Griffith to tensile rupture of glass rods containing
a small edge crack of length c [4]. Here the crack grows at the expense of strain energy
W stored in the stretched sheet. When W is sufficiently high that the reduction -dW caused
by growth of the crack by a small amount dc is sufficient to meet the requirements for
fracture, G,w.dc, then fracture ensues. The fracture criterion is:

G, = - (Lw)(dWi/dc) 2.2)

where the derivative is taken at constant length of the sample to avoid including

Figure 2.17: Relation between tear force P and fracture energy G,
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further work input by the applied force. For a sheet of a linearly-elastic material (figure
2.18) the breaking stress o}, and strain ey, are obtained in this way as:

op =1.26 (EGC/nc)l/2 (2.3)
and
e, = 1.26 (GC/Em:)l/2 (2.4)

where E is the tensile modulus of elasticity.

Note that a stiffer material with the same tear strength G, will be stronger than a softer
material. Thus fracture mechanics predicts that the strength of compounds will be rated
differently under different test conditions. This is further illustrated by considering growth
of a long crack in a sheet under constrained tension, figure 2.19. In this configuration, the
sheet is unable to contract sideways because the long horizontal clamps prevent it. The
initial crack is made quite long in comparison with the specimen height h to avoid end
effects.

As before, energy required for rupture is supplied by strain energy in the stretched
portion of the sheet. For a linearly-elastic material, the tensile stress at which the crack

Figure 2.18: Tensile strength test
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will propagate is obtained as:

o}y = 1. 63 (EGy/hy)1/2 (2.5)

where h, is the unstrained height of the strip, a measure of the amount of material from
which strain energy is released as the crack passes. Note that the breaking stress now
depends on the sample height h, and not on the crack length c.

On comparing Equations 2.3 and 2.5, the breaking stress is seen to be much lower in a
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constrained tensile test than in a regular tensile test because the initial height h, of the
specimen, usually several mm, is much greater than the depth c of an accidental edge flaw
in a simple tensile specimen, typically only about 50 um. Thus the applied stress at which
rupture occurs is not a valid criterion for fracture. Moreover, the breaking stress at the
crack tip, which would presumably be a valid fracture criterion, is virtually impossible to
measure. On the other hand the fracture energy for a rubber compound can be measured
in several ways, including those sketched in Figures 2.17, 2.18 and 2.19, and proves to be
a simple, consistent and reproducible fracture criterion. It has therefore been widely
adopted. We now turn to consider theoretical and measured values of G, for typical
rubber compounds.

Figure 2.19: Crack propagation in pure shear (constrained tension)
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2.2.1 Theoretical values of fracture energy

By adding the carbon-carbon bond dissociation energies for all of the bonds that cross unit
area, figure 2.20, Berry [5] deduced that the fracture energy for a polymer with C-C back-
bone bonds would be about 1 J/m2, about 50 times larger than the energy needed to
separate Van der Waals bonds in a simple liquid. However, this is far below the observed
tear strengths for rubber compounds, that range from about 300 J/m? to very high values,
of the order of 100,000 J/m2, depending on crack speed and temperature. When the high
extensibility of rubber molecules is taken into account, Berry’s theoretical value is raised
by a factor of approximately n1/2, where n is the number of segments in a molecular strand
between crosslinks [6]. Using a representative value for n of 100, this increases the
theoretical value for G to about 10 J/m2, still far below experimentally-measured
strengths. Thus, a fundamental question in the mechanics of rubber fracture is: Why is the
observed strength so much higher than expected? The answer is found by examining the
effect of speed of crack propagation and temperature.
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2.2.2 Dependence of tensile strength on rate of extension and temperature
Measurements of the tensile breaking stress o}, and breaking extension e, for a non-
crystallizing elastomer SBR were found to depend on rate of extension and temperature
in accordance with the WLF rate-temperature equivalence, equation 1.12 [7]. By applying
shift factors calculated from Equation 1.15, data obtained at different temperatures could
be superposed to yield “master” curves for o, and ey, as functions of rate of stretching,
figure 2.21. The success of this superposition shows how important in the strength and
extensibility of elastomers are the internal dissipative processes that arise from segmental
motion.

Figure 2.20: Sketch of molecules crossing a fracture plane
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2.2.3 Dependence of fracture energy on crack speed and temperature

The same rate-temperature equivalence has been shown to hold for the fracture energy G..
Measurements of energy G, for a simple unfilled rubber compound are plotted in figure
2.22 as a function of tear rate at various temperatures. The values are seen to change by
a large factor, about three orders of magnitude, as the test conditions change from low tear
speeds at high temperatures to high tear speeds at low temperatures. Plotted using a
logarithmic scale for tear speed, they resemble viscoelastic functions, superposable by
horizontal shifts in the same way that G’, G” and tan & are superposable, figure 2.12.

Figure 2.21a: Tensile strength vs rate of extension
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Indeed, using WLF shift factors calculated from Equation 1.13, as shown schematically
in figure 2.23, the results from figure 2.22 are accurately superposable; see figure 2.24.
This proves that the high tear strength exhibited at low temperatures is associated with
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Figure 2.21b: Tensile strength vs reduced rate of extension at — 10°C
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Figure 2.21c: Elongation at break vs reduced rate of extension at — 10°C
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reduced molecular mobility, and not with a change in the intrinsic strength of the rubber
molecule.

It was pointed out earlier that the molecular mobility of butyl rubber is anomalous - it
increases more slowly as the temperature is raised above T than for other elastomers. We
would therefore expect the tear strength of butyl rubber compounds to decrease more
slowly as the temperature is raised, and this turns out to be the case [8].

2.2.4 Threshold strength

At low speeds and high temperatures the tear strength approaches a lower limit G, of
about 50 J/m2, figure 2.22. This limiting value, termed threshold strength, is of the same
order of magnitude as the theoretical value for the intrinsic strength of an elastomer
network in the absence of viscous energy dissipation, see section 2.2.1. Moreover, values
of G, are found to increase with the length M. of the molecular strands in the network,
roughly in proportion to M.*, in good agreement with the Lake-Thomas theory of thresh-



Chapter 2. Mechanical Properties of Rubber 53

old strength [6]. Note that the threshold strength is inversely related to the degree of
crosslinking - it decreases as the degree of crosslinking is increased. [This raises an impor-
tant practical issue. Because the threshold tear strength is reduced by crosslinking whereas
the elastic modulus is increased (equation 1.1), the appropriate level of crosslinking for a
particular rubber compound will depend on the anticipated service conditions.]

The tear strength under non-equilibrium conditions appears to be a product of two
terms, the inherent strength G, of the molecular network and a factor reflecting
dissipative processes. Indeed, when the relative value G./G, is plotted against tear speed
at a temperature of T, obtained by applying shift factors calculated from equation 1.13 to
experimental measurements of G, at various temperatures, the same curve is obtained for
three elastomers having quite different chemical structures and different Ty’s, figure 2.24
[9]. Results are shown for polybutadiene (BR) with a T, of -960C, an ethylene-propylene

Figure 2.22: Fracture energy (tear strength) vs. rate
and temperature for HS-SBR vulcanizate (Tg = - 30°C)
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Figure 2.23: Use of the WLF principle to construct a “master curve
of tear strength vs. tear rate (schematic)

log G, 4| g or an Emorphous

" ///f elastomer
1fm
|Jrm s 'JM/

| et Wil

] ]
L

b T TeT)

log ¢ (m/s]
log G, 4| f,r’ glassy slale
g 5;_ [P
(i) |
&t i
R, =l oy
-3

T =M
log 2, |misl at ls




54 Chapter 2. Mechanical Properties of Rubber

copolymer (EPR), with a Ty of -600C, and a high-styrene butadiene-styrene copolymer
(HS-SBR) with a Tg of -250C. They are indistinguishable in this figure.
Thus, when the molecular mobility is the same, the tear strength is the same, regardless of
the chemical structure. Moreover, using the WLF rate-temperature equivalence, the tear
strength of a simple rubber compound can be predicted at any tear speed and at any
temperature from two basic parameters, the glass temperature Ty and the degree of crosslink-
ing, represented (inversely) by the length of network strands. This is a remarkable achieve-
ment of the fracture mechanics of rubbery materials. However, the form of the “univer-
sal” curve of strength vs. reduced rate of tearing has not yet been satisfactorily accounted
for. It resembles the dependence of elastic modulus G’ on reduced frequency of deformation
[10] but the linear dimension required to bring the two scales, rate and frequency, into
accord is unreasonably small, only about 1 nm.

We now turn to methods of improving (reinforcing) the basic strength of a simple
crosslinked rubber for use in practical applications.

Figure 2.24: Tear strength vs equivalent tear rate at T
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2.3 Reinforcement
Internal dissipative processes obviously make a large contribution to the strength of
rubber. This raises two important questions:

1. Is it possible to create a strong material with low dissipative properties, because at
first sight these properties appear to be incompatible?

2. What other reinforcement mechanisms can be employed?

The apparent dilemma posed in the first question can be circumvented by recognizing
that high strength is only required in highly stressed regions, near a stress-raiser. If a
dissipative mechanism is activated only at high stresses, then both requirements can be
met: low dissipation under “normal” low-stress conditions that exist in the bulk of the
material, and high dissipation at high-stress sites, where needed.

One mechanism of this type is strain-induced crystallization. Certain elastomers,
notably natural rubber, have a regular molecular structure capable of being closely
packed, and they crystallize rapidly when stretched by more than about 300%. As a result,
they become transformed into tough partially-crystalline fibrous solids that break only
when crystallites in the tear path are pulled apart plastically, with considerable energy dis-
sipation. At lower strains, before crystallization occurs, they are resilient, highly-elastic
solids with low energy losses.

Employing the same principle, we can postulate a desirable feature in the reinforce-
ment of elastomers by incorporating particulate fillers, for example carbon black. We
require the rubber molecules to be bonded to filler particles, with bonds that do not fail at
low stresses and cause unwanted energy dissipation under normal operating conditions.
But the bonds must not be as strong as the elastomer itself, because then they would not
fail at all. They should be somewhat less strong, and break before the elastomer molecules
do, thus creating a dissipation mechanism at high-stress sites, where it is needed, without
rupture of the molecular network.

Although this would be a highly desirable mode of reinforcing rubber by fillers, at
present the bonds between rubber and particles appear to have a wide range of strengths,
so that some energy dissipation occurs even at low stresses, considerably more than in the
corresponding unfilled compound.

Rubber is usually crosslinked by sulfur, often by polysulfidic -S-S-S-S- crosslinks. The
resulting materials have greater strength than those with carbon-carbon crosslinks. We
note that sulfur crosslinks are weaker than C-C crosslinks and main-chain bonds, and
postulate that they serve a sacrificial function — by breaking first, they reduce the tension
in the elastomer molecule and permit it to survive. This function can also be interpreted
as providing a dissipation mechanism at points of high stress.

Other common reinforcing mechanisms that can be interpreted in the same way are :

Plastic yielding of inclusions

Friction at internal interfaces

Formation of internal cavities

Detachment from fibers

The conclusion that strength is directly related to energy dissipation was recognized
quite early [11]. A comparison was made of the work-to-break a rubber sample in tension
U, with the energy lost in stretching a similar sample nearly to the breaking point U4 and
then relaxing it. The two quantities are in principle independent, but in practice an
excellent correlation was found to hold between them for a large number of rubber
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compounds including a wide range of elastomers, degree of crosslinking, types and
amounts of particulate fillers, test speeds, temperatures, etc. The correlation is shown in
figure 2.25. The linear relation shown is:

Up = 420 (Ug)23 (2.6)

both quantities being measured in J/m3. As the amount of energy dissipated U4 cannot
possibly exceed the work-to-break Uy, Equation 2.6 suggests that the maximum possible
tensile breaking energy of a rubbery material is about 80 MJ/m3. However, Equation 2.6
is wholly empirical and, even though it applies successfully over an enormous range of
tensile strengths, any extrapolation of it must treated with caution.

Figure 2.25: Correlation between breaking energy U, and dissipated energy Uy
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2.4 Blunting of the tear tip

A singular feature of rubber compounds reinforced with particulate fillers is that a sharp
cut or tear will often fail to grow across the direction of tension. Instead it turns sideways
and runs more-or-less parallel to the tension for a short distance, and then stops. To
propagate the tear further, another crack tip must form and grow, but again the new tear
turns sideways and stops.

Examination of the tip of a precursor edge cut in a tensile test piece reveals that as
many as five or six separate tear initiation steps took place at the cut tip before one finally
succeeded in running in the “normal” direction, across the specimen, figure 2.26. This
phenomenon is clearly a powerful strengthening mechanism, because the sharp initial cut
is severely blunted and energy is wasted in making several ineffective lateral tears.

Finite element analysis reveals that a substantial fraction, about 50%, of the energy
available for “normal” tear propagation can be employed to drive a tear sideways,
especially if the material is highly stretched before the initial edge cut grows at all [12].
Thus if the stretched material is substantially weaker, by more than 50%, for tearing in the
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direction of stretching, then deviation of a growing tear into that direction would be
inevitable and the material would be effectively self-reinforcing. Note that this mode of
reinforcement is not based on enhancing the strength of the material; it is attributed to
developing low strength in the strain direction, leading to ineffective tearing and blunting
of the tear tip. At least some of the reinforcing ability of particulate fillers appears to arise
from this mechanism.

Figure 2.26: Multiple tears at the tip of a cut in one edge
of a tensile test-piece: “Knotty” tearing
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2.5 Crack growth and mechanical fatigue

We have discussed how to measure the tear strength or fracture energy G.. If the applied
force is too small to cause immediate failure, then the energy available for growth of a tear
is termed the “Strain Energy Release Rate”, denoted G (J/m?2). In linear elastic fracture
mechanics, the corresponding quantity is the stress intensity factor K, with a critical value
denoted K, where K is related to G as follows:

K = (EG)12 (2.7)
When energy G (< G ) is made available for fracture, even though large-scale tearing

does not occur, a tear tip is found to grow by a small distance dc each time the stress is
applied. The growth step dc depends strongly on G, following a simple empirical relation:
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dc/dN = B[(G/G,) - 1]¢ (2.8)

where B and . are crack growth constants. Although an equation of this form is widely used
to predict growth of a crack under fatigue conditions, that is, under many applications of sub-
critical stresses, the actual behavior is more complex, see figures 2.27 and 2.28, and equation
2.8 is only a useful guide over a limited range of values of G, from somewhat higher than the
threshold strength G, to about one-tenth of the catastrophic tear strength G...

When the stress is relaxed to zero between each application, the value of the crack
growth constant B is found in all cases to be a molecular distance, about 0.05 nm. Thus,
under threshold stresses a crack advances by an extremely small step, less than the size of
a molecular strand, at each load application. On the other hand, the exponent o is quite
different for compounds based on different elastomers. For example, a. is about 2 for nat-
ural rubber compounds, 3 — 4 for butadiene-styrene (SBR) compounds, and 4 — 6 for
polybutadiene compounds, and appears to depend inversely on the dissipative properties
of materials. For highly-dissipative materials, o appears to approach a lower limit of 2,
whereas for perfectly elastic, non-dissipative materials o. appears to become infinitely
large. Between these two limits, values of o for partially-dissipative materials can be
represented empirically by the relation:

Figure 2.27: Tearing under repeated stressing (fatigue cracking)
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Figure 2.28: Crack growth rates for several rubber compounds
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o =2/(1-R) (2.9)

where R is the resilience and 1 — R is the fraction of input strain energy that is dissipated.
Filled rubber compounds are more dissipative than their unfilled counterparts and the
value of o is found to be correspondingly smaller. For typical filled natural rubber com-
pounds a is about 1.5 instead of 2, and for typical filled SBR compounds o lies between
2 and 3 instead of between 3 and 4.

Why are values of o for natural rubber compounds, which are highly-resilient, in fact
more appropriate for highly-dissipative materials? It is thought that strain-induced
crystallization of natural rubber takes place at high stresses, especially at the tips of stress-
raising flaws, figure 2.29, and leads to marked dissipation of energy as a crack advances.

2.5.1 Fatigue life
When a tensile strain is applied to a sample containing an edge cut of length c, the energy
available for crack growth is given by:

G=0.62nEe?¢c (2.10)

from equation 2.2, assuming for simplicity that the material is linearly-elastic. Using
Equation 2.9, the growth of a crack each time the strain is applied is:

dc = B(G/G,)* dN = B (0.62x Ee2 ¢/ G,) @ dN (2.11)

where N denotes the number of strain applications. By integrating from ¢ = ¢, to an infi-

Figure 2.29: Strain-induced crystallization at a crack tip
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nitely large value of c, the fatigue life N¢ is obtained as:
N¢ = (1/B) (G, /0.621 Ee2)e [(a — 1)/c, (¢ = 1)] (2.12)

Although approximate, equation 2.12 gives useful pointers to the effect of various
parameters on the tensile fatigue life of rubber specimens. It shows, for example, that the
fatigue life N¢ decreases rapidly as the imposed strain e is increased. Taking o. as 2 for
natural rubber compounds, when the strain is increased by a factor of 2, the fatigue life is
predicted to decrease by a factor of 16. For an SBR compound, the corresponding change
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in N is predicted to be much more severe, by a factor of 256. Thus, the fatigue life of SBR
and similar non-crystallizing elastomers falls sharply as the imposed strain is increased.

The dependence of fatigue life on the depth c of an initial defect or flaw is also large,
and different for different materials. For natural rubber compounds the fatigue life is seen
to be approximately proportional to 1/c, and thus is decreased by a factor of 2 if the depth
of an accidental flaw is increased by a factor of 2. On the other hand, under the same con-
ditions the fatigue life of an SBR compound is decreased by a factor of 8. Thus, fatigue
failure of SBR and similar compounds is extremely sensitive to the severity of accidental
nicks or flaws.

When natural rubber compounds are subjected to repeatedly-applied strains, starting
from zero strain, some tearing takes place at the crack tip while strain-induced crystallites
are simultaneously being formed there. The crack growth steps are generally smaller than
for non-crystallizing elastomers, as discussed above. But natural rubber compounds show
a remarkable resistance to fatigue cracking if the imposed strain is not reduced to zero in
each strain cycle, figure 2.30. Apparently, the crystallites that develop at the crack tip,
even at modest overall strains, do not melt unless the strain is reduced to zero or close to
zero, and thus they persist and prevent further crack growth when the strain is increased
again. No comparable effect is expected for non-crystallizing elastomers such as SBR.

Some classic observations of the fatigue life of bonded cylinders of natural rubber sub-
jected to repeated tensile or compressive strains are shown in figure 2.31 [13]. The fatigue
life N is seen to be a minimum when the applied strains were relaxed to zero during each
strain cycle, both for tensile and compressive strains. On the other hand, if the minimum
level of strain in each cycle was not reduced to zero, then the fatigue life was greatly
increased, by a factor of up to 100 times. Indeed, the mechanism of failure may change
altogether under non-relaxing conditions, from mechanical rupture of the elastomer
molecules, now protected by crystallization, to molecular scission by reaction with atmos-
pheric ozone.

Figure 2.30: Effect of non-relaxing strain on tensile fatigue life N of unfilled NR
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Figure 2.31: Fatigue life N for cylinders of NR cycled between a minimum strain
€min and a maximum strain gy, + Ae
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2.6 Failure of an adhesive bond
Fracture of the bond between rubber and another material can be treated by fracture
mechanics in the same way as rupture of rubber itself. We denote the energy required to
separate unit area of the interfacial bond as G, to distinguish it from the fracture energy
G of rubber itself and note that if G, is lower than G, then the interface would be expected to
separate cleanly, whereas if G, is higher than G, then the rubber close to the interface will
tear apart, leaving an attached rubber layer behind.

A common method of evaluating the strength of adhesion is by a peel test, figure 2.32,
analogous to simple tearing, figure 2.17. G, is given by

G, = 2PIw (2.13)

where P is the peel force and w is the width of the bonded layer.
Unfortunately, even when G, is lower than G, failure tends to occur within the rubber,
instead of at the interface, if the difference in fracture energy is not large enough. From
mechanical considerations, more energy is available for fracture at a plane somewhat
removed from the interface. Thus a bond may appear to be stronger than it really is. A
more stringent test is needed, in which failure is induced to occur at the interface. A test
of this kind, especially suitable for evaluating rubber-to-cord adhesion, is described later.
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Figure 2.32: 1809 peel test
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In tire building, layers of different rubber compounds and rubber-cord laminates are
joined to construct the raw tire. These layers must adhere together during handling of the
raw tire and inserting it into the tire mold for final shaping and vulcanization. Thus, good
adhesion of unvulcanized rubber is an important requirement in tire manufacture. It is
commonly assessed using peel tests. In this case, energy is largely dissipated in viscous
processes as the unvulcanized rubber layer is pulled away. Thus, the apparent strength of
adhesion reflects viscous dissipation of energy in tensile flow. Note that for this to be the
major factor, the rubber must flow without breaking under a tensile flow stress that is
smaller than the strength of the interfacial bond itself. This principle of optimizing energy
dissipation under the constraint of a limiting stress is employed in the design of pressure-
sensitive adhesives.

For assessing the strength of adhesion of vulcanized rubber to cords, another test
arrangement, shown in figure 2.33, has been proposed. Using linear elastic fracture
mechanics, an estimate of the pull-out force P is obtained as:

(PIA)? = 4n(rIA)EG, (2.14)

for an inextensible rod or cord embedded partway in a rubber block, where r is the
radius of the rod or cord, A is the cross-sectional area of the rubber block in which it is
embedded, and E is the modulus of elasticity of the rubber. Because the pull-out force
increases with r, i.e., as the fracture path moves away from the interface, failure in this test
arrangement is induced to occur at or near the interface.

Note that equation 2.14 resembles Griffith’s result for a edge crack, Equation 2.3,
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because energy is again made available for fracture by stretching the lower part of the
block. (The upper part is rendered inextensible by the embedded rod.)
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An interesting feature of this experimental arrangement is that the total force required
to pull out simultaneously n cords embedded in the same block increases in proportion to
n/2_ The reason for this surprising result is that the energy required to pull out n cords is
proportional to n, whereas the energy stored in a linearly-elastic device is proportional to
P2, where P is the applied force. Experiments on wire cords embedded in rubber blocks
have confirmed this result [14] which is clearly important in maximizing the strength of
cord-rubber laminates.

3. Frictional sliding of rubber (see chapter 11 also)

3.1 Effect of normal load on frictional force

Conventionally, the resistance to frictional sliding of one surface on another is character-
ized by the Coulomb frictional coefficient p, given by the ratio of frictional force F to
normal force N :

n=F/N (3.1)

But for soft rubber sliding on a smooth surface, the frictional force is found to be more
or less constant, independent of the load N, or pressure P, as the applied load or pressure
increases from small initial values, probably because complete contact is achieved
between soft rubber and a smooth countersurface at quite small loads. Beyond this point,
further increases in normal load cannot increase the degree of interaction between the two
materials and so the frictional force no longer increases. Consequently the “coefficient” of
friction decreases continuously as the pressure increases, as shown schematically in figure
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2.34.

However, for harder rubber compounds sliding against a rough surface, the frictional
force does increase, approximately in proportion to the applied load or pressure, and thus
a “coefficient of friction” can be defined in this case that is largely independent of
pressure. Apparently, contact is incomplete, figure 2.35, for harder rubber compounds
such as those used in tire treads. An increase in pressure creates a larger true area of con-
tact and hence a larger frictional force.

Figure 2.34: Dependence of friction coefficient on contact pressure
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Figure 2.35: Imperfect contact on a rough surface
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3.2 Rolling friction (see chapter 12)

It is helpful to consider rolling friction first, because the physical origin of the frictional
drag force is clearer in this case. Consider the pressure distribution set up in the contact
zone when a rubber cylinder rolls on a rigid countersurface. For a dissipative material, the
center of pressure will not be located at the center of the contact zone, but displaced
toward the leading edge, because stresses set up on loading are higher than those set up
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on unloading, figure 2.36. This is a universal feature of dissipative materials in general,
and of viscoelastic materials in particular. Moreover, the displacement z of the center of
pressure, and hence the torque M ( = z F) required to maintain the motion, will depend on
speed and temperature in the same way as the loss factor, tan & [15]:

M = 0.33 (P, /IG*R2)Y3 tan & (3.2)

where G* [ = (G'2 + G""2)12] is the complex dynamic shear modulus and R is the cylinder
radius. (The term in parentheses is a measure of the length of the contact zone.) This sim-
ple theory successfully accounts for rolling friction in terms of energy dissipated as
rubber is compressed and released in the contact patch. But tan 6 must be measured at the
effective frequency of rolling (about 10 Hz at 30 mph) and at the service temperature
because rolling friction depends on speed (frequency) and temperature in the same way
that tan 6 depends on frequency and temperature.

Figure 2.36: Rolling friction
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3.3 Sliding friction on a lubricated rough surface

Grosch [16] measured the friction coefficient for a nitrile rubber block sliding over a
lubricated rough surface (an abrasive paper), for a wide range of sliding speeds and test
temperatures. He noted that a master curve for frictional coefficient p as a function of log
(sliding speed, v) could be built up from measurements over a limited speed range at
various temperatures, by applying shifts calculated from the WLF rate — temperature
equivalence, Equation 1.13. The master curve obtained in this way bears a striking resem-
blance to the master curve for tan & vs. oscillation frequency f, figure 2.37. By
comparing the two master curves at the same reduced temperature, i.e., relative to T,
Grosch obtained a characteristic length d, given by v,,/f,, where v, and fi,, denote the
speed and frequency at which the frictional coefficient and tan 3, respectively, exhibited
a maximum, measured at the same temperature. The value of d obtained in this way was
about 1 mm, approximately equal to the spacing of asperities in the rough countersurface.
Thus, sliding friction on a rough lubricated surface can be attributed to energy dissipated
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as rubber is compressed and released by passage over road asperities.

Figure 2.37: Sliding friction on a lubricated rough surface
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Schapery developed a quantitative theory for the energy dissipated in lubricated
sliding of a block of a simple viscoelastic solid over a sinusoidally-wavy surface, figure
2.38 [17]. In the limit, when the pressure is sufficient to bring about complete contact, the
amount of dissipated energy calculated in this way corresponds to a coefficient of friction
of about 0.25. This is substantially lower than the maximum coefficient of friction
measured for rubber sliding on a rough lubricated surface, about 1 to 2 (similar to the
maximum value of tan 8). The discrepancy has been accounted for, at least in part, on the
grounds that multiple scales of roughness exist on real surfaces, with each scale giving rise
to energy dissipation and hence contributing independently to the total measured friction.

Figure 2.38: Sliding of a viscoelastic material over a sinusoidal surface

3.4 Sliding friction on dry surfaces

Grosch also studied the frictional properties for the same nitrile rubber sliding on a dry
smooth surface. The results were quite similar in form to those described in the preceding
section, but the curve for frictional coefficient vs. reduced sliding speed was displaced on
the (logarithmic) speed scale to much lower speeds, reduced by a factor of about 1075
This is shown schematically in figure 2.39. Thus, the characteristic length d (= v,,/f,,,) for
sliding on a dry smooth surface was deduced to be only about 5 nm, a molecular distance,
in place of 1 mm. Grosch therefore concluded that sliding friction on a dry smooth
surface is due to energy dissipated as rubber sticks and slips on a molecular scale.
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Figure 2.39: Dry sliding on a smooth surface
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The characteristic length d (= v,,/f,,) is now only about 5 nm, a molecular distance.

From these model experiments Grosch was able to explain the more complex process
of sliding on a dry rough surface. In this case, both dissipative processes appear, at quite
different speeds corresponding to the different length scales of track asperities and
molecular strands, figure 2.40. And in the case of rubber sliding on a lubricated smooth
surface, sliding is frictionless because there is no mechanism for energy dissipation: both
molecular contact between rubber and countersurface and deformations by asperities are
now absent.

Figure 2.40: Dry sliding on a rough surface
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3.5 Controlling rubber friction

Grosch’s pioneering study revealed that several contributions to friction can arise at the
same sliding speed from stick-slip or deformation-and-release processes occurring
simultaneously at different length scales. This understanding has led to increased control
of the frictional properties of real rubber compounds on real surfaces. For example, the
importance of road textures and micro-roughness has become recognized. Moreover, the
rubber compounder can adjust tan & by using elastomers with different glass temperatures,
by using blends of two or more elastomers, and by incorporating plasticizing oils. Values
of tan & appropriate to the road surface, sliding speeds and operating temperatures encoun-
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tered in service can be selected so that tires exhibit the desirable and yet apparently
contradictory features of low rolling resistance and high sliding friction.

4. Abrasion (see chapter 13 also)

4.1 Abrasion during sliding

Schallamach [18] suggested that a simple proportionality exists between the volume
abraded away when a rubber block slides over a rough surface and the frictional work
expended in sliding, figure 2.41. This leads to the relation:

5= AWj (4.1)

where & is the loss (m) in height of the block, Wk is the work expended in sliding per unit
of apparent contact area (J/m2), and A is a coefficient, termed “abradability”, (m3/J).
Typical values of A ranged from 0.1 - 0.5 mm3/J. They depended markedly on the test
speed and temperature, in accordance with the WLF rate-temperature dependence,
Equation 1.13. Minimum abrasion occurred at high speeds, near the glass transition, when
the tear strength is a maximum, figure 2.42. Indeed, the abradability was found to follow
an inverse proportionality to the strength of the rubber compound, represented by the
work Uy, (3/m3) of tensile rupture,

A=~ ClU, (4.2)

where C is a fitting constant. Schallamach noted that the correlation shown in Equation
4.2 required that the tensile breaking energy Uy, be measured at high rates of strain, about
104 strain units per sec.

The empirically-determined constant C, about 1 x 1073, represents the ratio of the
volume of rubber abraded away to that volume which would be brought to rupture if an
amount of strain energy equal to the work expended in sliding friction were applied to
stretch the rubber uniformly up to the breaking point. It is clear that only a small fraction of
the frictional work causes rupture - the major part, over 99%, must be dissipated in other
ways.

Figure 2.41: Measurement of abrasion
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Figure 2.42: Abradability A under frictional force
F vs. reduced sliding velocity vat
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Later work showed that equation 4.1 was inadequate - the rate of abrasion is not
strictly proportional to the work expended in sliding but increases at a faster rate. A
modified relation was proposed [19]:

d = A'wW; (4.3)

with an exponent o of about 1.3 instead of 1.

It should be noted that these experiments were carried out by sliding a rubber block
over a rough abrasive surface. In other experiments, where a rubber block was abraded by
scraping it with a knife-blade held at right angles to the rubber surface, the rates of
abrasion were consistent with equation 4.3 only when much higher values of o, were used,
between 2 and 3 [20-22]. Thus, these two abrasion experiments lead to conflicting results,
indicating that the rate of abrasion does not depend solely on the amount of frictional
work. In order to predict the rate of abrasion it is clearly necessary to take into account
the sharpness of the scraper, as well as the frictional work expended in sliding.

4.2 Schallamach abrasion patterns

When rubber is abraded by sliding a scraper repeatedly in the same direction, a character-
istic surface pattern appears. It takes the form of a series of ridges lying at right angles to
the sliding direction, with abrasion occurring mainly at the base of the ridges, as shown in
figure 2.43 [23]. This mode of abrasion of soft rubbery materials is known as a
Schallamach abrasion pattern. It is strikingly different from the abrasion of hard materials,
where long scratches are formed parallel to the sliding direction. The characteristic
abrasion pattern in rubber is attributed to repeated erosion at the base of ridges which
become bent backwards and stretched by the frictional force, as shown schematically in
figure 2.44. Thus, regions of the surface lying on the lee slopes are protected from
abrasion. The abrader slides along, and off, the stretched ridge tip and makes contact again
at the base of the next ridge. Repeated abrasion taking place at the base of ridges causes
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Figure 2.43: Abrasion by a scraper: “Schallamach abrasion pattern”
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them to become progressively undercut. Eventually the tips fall off as large particles of
debris, 50 to 1000 um in size.

Thus two abrasion processes occur: a small-scale intrinsic abrasion at the base of ridges
resulting in small particles, 1 — 5 um in size, and detachment of relatively large fragments
from the ridge tips. Although much fewer in number, the large particles generally account
for most of the weight loss.

Because the ridges of a Schallamach abrasion pattern are unsymmetrical, leaning
towards the abrader, they can be used to deduce the direction of sliding. For example, if
the center rib of a tire exhibits abrasion ridges lying perpendicular to the circumference,
then abrasion must have taken place as a result of fore-and-aft sliding motions. If side ribs
have abrasion ridges lying at an angle to the tire circumference, then sliding occurred
primarily in that direction. Moreover, because an abrasion pattern is unidirectional, lean-
ing forwards in the direction of motion of the rubber, one can deduce whether the ribs slid
outwards or inwards against the abrading surface - the road.

Both the ridge height and ridge spacing increase with increasing severity of wear, i.e.,
for sharp abrasives, with high frictional forces, and for soft rubber. When the frictional
force is increased to reach the tear strength of the rubber, then the rate of abrasion abruptly
increases and the mode changes to a gross gouging of the surface without a characteristic
pattern being formed.

The Schallamach abrasion pattern also does not form if the direction of sliding is
changed repeatedly. Abrasion then takes place more slowly and on a finer scale — a few
um rather than the 50 um to 1000 um characteristic of pattern spacings — by an intrinsic
abrasion process in which small particles of rubber, only a few um in size are plucked out
from the surface by frictional forces. This process is closely related to tensile rupture, as
described in section 4.1.

4.3 Abrasion as fatigue crack growth
In pattern abrasion under moderate frictional forces, the ridges move slowly backwards
against the direction of sliding as a result of the gradual loss of ridge tips. This process
may be regarded as the gradual advance into the rubber of a series of cracks, each crack
corresponding to the leading edge of a ridge. A theoretical treatment of pattern abrasion
along these lines has been developed by Southern and Thomas [20, 21], relating the rate
of abrasion to the crack-growth resistance of the rubber.

A single ridge under a frictional force F is shown in figure 2.44. The pseudo-crack
grows at the base of the ridge, at a shallow angle 6 to the surface of the rubber. The
energy G available for tear propagation is given by F(1 + cos 0). The crack will therefore
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Figure 2.44: Abrasion as a fatigue cracking process

advance by a distance Ac, given by equation 2.8. This leads to a loss in thickness of rub-
ber of Ac.sin 6. Thus,

A = DF(I + cos 6)"(sin 8)/G" (4.9)

The angle 6 may be estimated by direct inspection of the way in which abrasion
patterns move over the surface during wear. It is found to be small, 5 — 10 degrees. Turner
has accounted for these small values by considering the severe tilt of the principal tension
directions in highly-sheared blocks [24]. All other terms in equation (4.4) can be
determined from tear-growth measurements. Thus, the theory does not involve any
arbitrary fitting constants. Figure 2.45 shows a comparison by Southern and Thomas of
rates of abrasion (points) with rates of crack growth (lines). Good agreement was found
in two cases: SBR and an isomerized NR (non-crystallizing). But NR (triangles), which
has excellent fatigue resistance but poor abrasion resistance, is anomalous.

Thus, although the theory is remarkably successful in accounting for the rate of
abrasion of two unfilled elastomers, the agreement is unsatisfactory for natural rubber
which abrades much more rapidly than crack-growth measurements would predict. It is

Figure 2.45: Crack growth vs fracture energy
and abrasion rate vs frictional energy
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possible that, under abrasive conditions, natural rubber does not undergo strain-induced
crystallisation and therefore lacks the fatigue resistance that it usually demonstrates, and
cracks grow rapidly. It should be noted also that filler-reinforced rubber compounds
abrade more slowly than would be predicted on the basis of crack-growth measurements.
Further work is needed to clarify these points, which are of great practical importance.

4.4 Chemical effects

Under mild abrasion conditions, chemical changes within the elastomer become important
in abrasion [25]. The particle size remains small but in some cases the particles show signs
of molecular rupture and adhere together to form larger particles, several mm in size.
Indeed, filled compounds of cis-polyisoprene and poly(ethylene-co-propylene), for which
molecular rupture under shearing conditions is well known, both develop a tarry liquid
surface during abrasion. In contrast, cis-polvbutadiene shows no signs of structural
deterioration - the debris appears to be unchanged chemically and is not sticky. Evidently,
different chemical changes are undergone by different elastomers.

Two reactions can occur during abrasion: oxidative degradation due to frictional  heat-
ing in the contact zone and mechano-chemical degradation initiated by shear-induced rupture
of chemical bonds. Present evidence favors the latter process. For example, in the absence of
oxygen the abrasion of cis-polyisoprene changes to resemble that of cis-polybuta-
diene whereas the abrasion of poly(ethylene-co-propylene) is unaltered. These observations
are in accord with the known response of these materials to free-  radical reactions.

Surprisingly, the products of chemical changes within the elastomer are capable of
causing rapid erosion of metal abraders [26]. For example, a stainless steel knife-blade
abrader becomes blunted during abrasion and the volume of metal removed from the
blade is substantially greater when the elastomer itself undergoes chemical deterioration.
This chemical erosion of the metal scraper is attributed to attack of reactive polymeric
species, probably free radicals, during frictional contact. Similar “chemo-abrasion” has
been observed with other polymers when molecular rupture takes place in sliding against
a hard countersurface [27].

4.5 Wear of slipping wheels [28] (see chapters 7 and 13)

We turn now to predicting the rates of wear of tires from laboratory measurements of the
rate of abrasion of tread compounds, represented here by the abradability A (mm3/J). For
simplicity, we assume that the rate of abrasion is proportional to the frictional work W
expended in sliding, although as described in preceding sections this is a gross approxi-
mation. Nevertheless, it reveals the main factors governing tire wear.

Figure 2.46 shows the sideways (lateral) deflection of the contact patch of a tire as a
vehicle corners. The associated side force S set up at the tire-road interface is needed to
enable the vehicle to follow the curved path. The lateral deflection increases progressively
from the front of the contact patch, where the tire first makes contact with the road,
towards the rear. When the frictional limit is exceeded, the tread starts to slide back to
regain its undeflected state. Assuming that the tire is linearly-elastic under side forces, and
that the total lateral deflection is small so that sliding back occurs only at the rear of the
contact patch, the total side force S is given approximately by L20/2C, where L is the
length of the contact patch, 0 is the slip angle between the direction of travel and the direc-
tion in which the tire is steered, and C is the compliance of the tire for lateral deflections
for unit length of tire circumference. (The units of C are m2/N.)
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Figure 2.46: Tire distortion and side-slip in cornering
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For a given side force S, the slip angle 6 and hence the sliding distance X, (= 6L)
will be greater for tires that have greater compliance. Thus, abrasion will be greater for
tires that are more compliant for sideways deflections.

The amount of energy expended in deforming the tire is given approximately by
S6L2/2 = S2C/L. However, only a fraction R of this energy is expended in sliding, where
R is the resilience of the tire, because the tire will not return all of the input energy. Thus,
the expected rate of wear of a cornering tire is given by

d oc AS2CRIL (4.5)

and is clearly affected by several other factors besides the abradability A of the tread
compound. The lateral compliance C of the tire will contain a contribution from
deformation of the carcass in addition to the tread compliance. The contact patch length
L is of course governed by structural aspects of the tire and will be insensitive to
properties of the tread compound. And the most significant factor in tire wear is seen to
be the side force S, largely set up the driver. As far as the tread compound is concerned,
three physical properties are important: intrinsic abradability A, sideways compliance C,
and its contribution to deformational energy losses represented by the effective tire
“resilience” R. These properties are not necessarily related. For example, a harder, less
compliant compound may well be less resilient. Thus a successful tread formulation
requires a judicious balancing of sometimes conflicting requirements.

Although, for simplicity, the foregoing discussion dealt with the case of a cornering
tire, the same factors govern wear under driving and breaking forces. The compressive or
stretching deformation of the tire increases through the contact patch until slip takes place
when the local circumferential force at the interface exceeds the maximum that friction
can support. Strain energy built up in the tire by the circumferential deformation is then
released to provide the work of sliding against friction. Note, however, that in driving and
breaking the relevant tire compliance is in the circumferential direction. It may be consid-
erably different from the lateral tire compliance (C in the previous paragraph), depending
on the geometry of cords and belts.
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5. Aging of rubber
Rubber undergoes profound changes on storage that are accelerated at higher tempera-
tures. Deleterious changes occur in tire properties after storage at ambient temperatures
for five years or after use on cars for similar periods [29]. They are caused by a variety of
chemical reactions:

(i) Ozone attack. Although the concentration of ozone in the atmosphere is quite small,
typically only a few parts per 100 million, ozone reacts rapidly and efficiently with the
unsaturated elastomers commonly used in tire compounds, leading to molecular scission.
However ozone cannot penetrate deeply into the material — reaction takes place at the
exposed surface and produces a relatively-innocuous thin degraded surface layer, about 20
um thick, which protects the interior. However, if a small tensile strain of the order of 10%
is present in the rubber surface, then the scission reaction with ozone causes characteris-
tic sharp cracks to form in the surface and grow inwards, continuously exposing new
material to further attack. The cracks grow surprisingly rapidly. They become about 1mm
deep after only two weeks exposure of an unprotected rubber compound to normal
outdoor air with an ozone concentration of about 5 parts per hundred million. Thus ozone
cracking is potentially a serious problem in tire sidewalls where tensile stresses are
commonly present both in storage and in use. Special additives, termed antiozonants,
inhibit ozone cracking when added to the rubber compound in sufficiently large amounts,
about 3 %, probably by competing with rubber molecules for reaction with ozone. Butyl
rubber is much less susceptible to attack by ozone than other common elastomers, at least
at ambient temperatures, because it contains only a relatively small fraction of reactive
C=C bonds in the molecular backbone.

(i) Oxidation. Another cause of aging is reaction with atmospheric oxygen. Oxidation
is slower than ozonolysis and oxygen therefore penetrates for some distance into the
material before reacting. Thus oxidation does not cause cracking directly although the
oxidized material is often brittle and cracks on flexing. Depending on the relative rates of
diffusion and reaction, the affected depth can range from several mm at ambient temper-
atures, when the process takes years to reach a significant stage, or a fraction of 1 mm at
elevated temperatures when oxidation is rapid, taking only a few hours. Typical hydrocarbon
elastomers undergo an autocatalytic reaction that results in addition of oxygen groups to
the molecule and formation of new crosslinks by interaction with neighboring molecules.
As a result the material generally becomes harder and eventually brittle. However another,
generally minor, consequence of the complex oxidation reaction is occasional molecular
scission and hence softening. This provides a convenient way of characterizing the
sensitivity of a rubber compound to oxidation. Samples are stretched and aged in an oven
at various temperatures, usually in the range 70°9C to 130°C, and the tensile stress is
monitored continuously over a period of several days. As oxidation proceeds and some
elastomer molecules break, the stress falls and gives an indication of the extent of
oxidation. The rupture reaction follows an Arrhenius dependence on temperature to a first
approximation, with an activation energy of about 25 kcal/mole. Thus an increase in
temperature of 10°C causes an increase in rate of oxidation by a factor of about 2x.

Another way of assessing the sensitivity of a rubber compound to oxidation is to
expose samples for various periods at elevated temperatures and then measure the
remaining strength and extensibility at room temperature. A typical specification for aging
resistance would require that the tensile strength does not change by more than a
specified fraction, say 20%, and the extensibility does not decrease by more than a
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specified fraction of the original value, say 30%, after a period of aging of 7 days at 70°C
or 22 h at 1000C.

(iii) Additional vulcanization. Vulcanization does not stop when the cured compound
is removed from the mold. Continued curing takes place subsequently but at much lower
rates, of course, depending on the temperature. As a result if tires are stored or used at
elevated temperatures the material hardens as more crosslinks are introduced, or softens
(a phenomenon termed reversion) as those crosslinks already formed gradually
decompose. These processes are a consequence of a series of complex reactions
involving elastomer molecules, existing crosslinks, residual sulfur, activators and
accelerators, and byproducts of the various intermediary steps in the crosslinking reaction.
In conventional aging measurements these processes are difficult to distinguish from the
effects of oxidation, but they can be studied separately by aging samples in an oxygen-
free environment. In thick rubber articles, material far from the surface, say over 10 mm
deep, may undergo solely anaerobic aging because oxygen reacts before it diffuses so
deeply. Passenger car tires, on the other hand, operate for long periods at moderate
temperatures, so that oxygen may diffuse extensively before reaction. Thus oxidation is
regarded as the normal mode of aging of tire components.

(iv) Weathering. This mode of aging is rather ill-defined. Insofar as new aging processes
occur, other than oxidation and ozone attack, they appear to be associated with irradiation
by UV and sunlight. Radiation causes free-radical reactions that can initiate or catalyze
oxidation and ozonolysis, as well as being itself a direct cause of crosslinking and/or
molecular scission.

6. Concluding remarks

Rubber compounds used in tires today are astonishingly effective and durable, as a result
of a long period of semi-empirical research and development. Even better materials could
presumably be developed with a better understanding of the mechanics and chemistry of
strength, fatigue, friction and wear. An outline has been given of our present understand-
ing of basic rubber science but there are clearly substantial and serious deficiencies,
notably in the areas of filler reinforcement and chemical changes on aging, that call for
further study.
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Test Questions
1. If a rubbery material has a small-strain elastic modulus G in shear of 1 MPa, what is small-
strain elastic modulus E in tension?

What is the approximate value of International Rubber Hardness (IRHD)?

What is the value of the coefficient C1 in the neo-Hookean strain energy function, W= Cy
(MZ + A2 + A32 - 3)?

If a thin block of the same material with an area of 100 x 200 mm was subjected to a shear
force of 10 kN, what would be the angle of heel (the shear angle)?

2. A constrained tension test is one in which the sample is not free to contract laterally when
it is stretched. If a sample of the above material is stretched in constrained tension by 200%,
what are the values of the stretch ratios A1, A2, A3?

How much energy W is stored per unit of volume?

3. An uncrosslinked sample of a “raw” (i.e., uncrosslinked) elastomer with a Tg of - 90°C has
a flow viscosity of 108 Pa.sec. at room temperature (ZOOC).

[Note: viscosity is inversely proportional to molecular mobility.]
What would the viscosity be at 120%c?
What would the viscosity be at - 40°C?

4. If tan 6 for a lightly-crosslinked sample is 0.1 when measured at a frequency of 10 Hz at
ZOOC, at what frequency would tan & again be 0.1, if the test temperature is now 120°C?

5. Rebound resilience is used as a rough measure of energy dissipation and rolling resistance.
It is measured at a low temperature, say 09C. The contact time is quite short, about 2 msec,
equivalent to a test frequency of about 250 Hz. Under these test conditions, are the results rel-
evant to the rolling resistance of a tire in service, at say 50 mph and at a temperature of 60°C?

If the tread material has an effective T, of — 500C, what test temperature would make the
measurement of rebound resilience more relevant to the service conditions?

6. In a test for adhesion of cured sheets of rubber, two wide strips are bonded together over a
narrow section, 20 mm long and 6 mm wide. The peel force P is measured as the strips are
peeled (torn) apart. If P is 48 N, what is the strength G of adhesion?

If the speed of tearing was increased from 1 mm/sec to 100 mm/sec, what increase would you
expect in the tear force P, approximately: 50%, 100%, 500%, 1000%?
If the test temperature was raised, would F increase or decrease?
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Chapter 3
Tire Cord and Cord-to-Rubber Bonding
by E. T. McDonel

1. Textile cord

A number of references give detailed and comprehensive information on the chemistry,
production, and properties of today’s tire textiles (1-5). The chapter by Takeyama, Matsui,
and Hijiri in the 1981 edition of the “Mechanics of Pneumatic Tires” provides an in-depth
review of tire cord technology that is still current. The other references contain information
on all aspects of the chemistry, manufacture, processing and physical properties of industrial
cords for tires.

The present discussion will review current use and current trends for industrial textiles in
tires as well as the physical attributes of cords now used. Textiles developed for use in tires
are a small but exacting part of the huge textile industry. The average tire engineer, unless
specializing in this area, is not always familiar with textile vocabulary, the chemical
composition of tire textiles, the manufacturing process, the rationale for selecting certain
textiles for certain tires, possible deficiencies of textiles in some applications, and the very
important need for excellent cord-to- rubber adhesion in all applications. This chapter will
provide an overview of these topics.

Tire textile market

The pneumatic tire performs a unique function in the transportation industry due to its
deformation and damping characteristics that provide ready vehicle mobility in all terrains
and environments. Billions of tires are in use, ranging in technical needs from tires for
bicycles and animal-drawn vehicles to space shuttle landing gear. Carcass and belt textiles
(along with the bead wire) provide essentially the whole strength of the pneumatic tire.

In 1993, tire textile fibers used in North America were approximately 55% polyester, 43%
nylon, and 2% rayon (6). Worldwide, the mix was 57% nylon, 24% polyester and 19% rayon.
In 1997 North American steel tire wire cord capacity was reported as 295,000 metric tons and
bead wire capacity as 164,000 metric tons (30). Today passenger and light truck tires are over
90% radial, with polyester replacing nylon and rayon in the carcass. Steel cord predominates
in the belt. Development of “run- flat” tires in Europe has resulted in renewed interest in
rayon. High-speed tires continue to employ a rayon or polyester carcass, while nylon
dominates in heavy duty bias-ply tires. In North America it is estimated that tire shipments in
2002 were approximately 303 million passenger, 50 million light truck, and 23 million
medium/heavy duty truck units (7). Table 3.1 summarizes tire usage in 2001. Over 99% of
US passenger tires were radial with 98% having a polyester and 2% a rayon carcass, and with
97% steel, 2% aramid and 1% nylon (both of the latter used in belt overlays) in the belt. 98%
of light truck tires had a polyester carcass and 2% a rayon carcass, with 97.5% steel, 1.5%
aramid, and 1% nylon (both used as belt overlays) in the belt. Medium truck tires were 94%
replacement radial and 99% OE radial using all-steel or nylon carcass and steel belt.
Heavy-duty truck tires were 62% replacement radial and 56% OE radial using all-steel
construction or nylon carcass and steel belt. Bias truck tires use a nylon carcass.(8 ). The total
usage of textiles in radial passenger and light tires may be estimated by noting that steel belts
comprise 10-12% of the tire weight and carcass cord about 5%, thus a typical passenger tire
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would contain about 1 kilogram (2.2 pounds) of steel cord and 0.5 kilograms (1.1 pounds) of
polyester cord.

Table 3.1: Textile cord makeup of US tires - 2001

Belt Material Steel Aramid Nylon
Passenger/Light Truck
OE 97 2 1
Replacement 99 1 0
Carcass Material Polyester Rayon Nylon
Passenger
OE 98 2 0
Replacement 98 2 0
Light truck (radial)
OE 100 0 0
Replacement 97 2 1
Light Truck (bias)
OE 0 0 100
Replacement 22 0 78

Evolution of pneumatic tire fabrics

Tire fabrics have changed in response to the constant demand for better tire performance.
Table 3.2 provides an historical summary of this evolution. The early pneumatic tires devel-
oped in the 1880s for bicycles by J.B. Dunlop and applied to automobiles in the 1890s used
expensive Irish flax. Cotton soon replaced flax and remained the major tire textile until after
World War 11, but it has been phased out since the mid-1950s. Continuous filament viscose
rayon and steel cord (France) were introduced in the late 1930s. Nylon became generally
available for tires in the late 1940s and has met the needs of heavy-duty tires in large truck,
earthmover, and aircraft tires. However, rayon held sway in passenger tires, particularly for
new cars (O.E.), because of poor ride characteristics with nylon due to its lower dimensional
stability. Polyester cord was first introduced by Goodyear in the early 1960s to provide  bet-
ter strength than rayon and better dimensional stability than nylon. Polyester has gone
through several technical improvements to surmount early shortcomings and has become the
dominant textile for passenger and light truck radial carcasses in North America and has
increasing use worldwide.

Brass-plated steel cord introduced in North America in 1955 is dominant in radial tire
belts. Fiber glass belts introduced in belted-bias tires in 1967 can give good radial belt
performance but for a number of reasons fiber glass was not accepted by the market and has
been totally phased out. Aramid fiber was introduced in 1974 by DuPont. It has shown slow
but steady growth, particularly in radial tire belts, but its high cost is a deterrent.

All of the presently-employed textile materials are continuously improved through
modifications in polymerization, drawing, and heat setting during cord manufacture.
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Table 3.2: Evolution of pneumatic tire fabrics

Cord Introduced  Comments

Irish flax 1888 - Staple fiber/no adhesive, expensive

Cotton (square woven) 1900 - Staple fiber/ no adhesive, lower cost

Cotton (cord) 1920 - Same as above, lighter weight

Steel cord (Europe) 1937 - Used in first radial tires, copper plated for adhesion

Rayon 1938 - Viscose continuous filament, RFL/NR adhesive
cord dip required

Nylon (commercial) 1947 - Continuous filament drawn and heat set for
tensile strength, RFL/VVP-SBR adhesive employed

Steel cord (USA) 1955 - Brass plating for adhesion

Polyester 1962 - drawn and heat set for tensile strength, 2 step
adhesion dip, isocyanate/RFL

Fiberglass 1967 - RFL adhesive on individual filaments

Aramid 1974 - Special RFL/VP-SBR adhesive

Rayon (polynosic) 1975 - High tenacity rayon

Polyester (2nd rev) 1982 - Modified lower shrinkage

Steel cord (open const) 1980s - Higher rubber penetration adhesion/corrosion
resistance

Polyester (3rd gen) 1995 - High modulus/lower shrinkage

Steel cord (3rd gen) 1990s - High tensile steel. New drawing and twisting

(e.g., BETRU™)
Pplyethylene naphthalate ~ 1990-2000s - Potential new tire fabric, not yet commercial

Textile industry nomenclature

The terminology used for defining tire cords comes from the textile industry. Table 3.3 gives
the common vocabulary. Tire cords are built up from yarns which in turn come from fila-
ments. Filaments from a production spinerette are gathered together, slightly twisted, and
placed on “beams” for further processing. Figure 3.1 shows a common hemp rope which

Figure 3.1: Hemp rope illustrating cord construction - filament/yarn/cord (rope)
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shows this construction, but on a larger scale. The filaments are twisted “Z” into yarns and
the yarns are back-twisted “S” to form a cord. The size of a tire filament, yarn, or cord is
measured by its weight per unit length - linear density or “denier” (denier is the weight in
grams of 9000 meters) or “decitex” (weight in grams of 10,000 meters). Textile cords are
identified by their yarn denier and their construction. Thus a 940/2 8x8 nylon cord is formed
from 2 - 940 decitex yarns twisted separately at 8 turns per inch and then back-twisted togeth-
er at 8 turns per inch to form the cord. A 1650/3 10x10 rayon cord would comprise 3-1650
denier yarns twisted at 10 turns per inch separately and back-twisted together at 10 tpi. For a
given material, use of higher denier yarns or more yarns per cord result in a higher breaking

Table 3.3: Textile terminology

Fiber - a material with high strength in the fiber axis direction and with a length at
least 100 times greater than its diameter.

Filament - the smallest continuous element of a tire cord.

Yarn/strand - an assembly of filaments, usually gathered directly from the spinerette,

twisted lightly (e,g., 0.3 turns per inch), and rolled up on beams for further
processing. Ply-twisted yarns are further twisted before assembling into cords.

Cord - a twisted or formed structure composed of two or more yarns.
Warp - an assembly of cords that run in a lengthwise direction along the fiber axis.
Pick/filling - a low strength thread placed at right angles to the warp (1 to 2 per inch) to give

handling stability to a sheet of warp cords. These have very low tensile and high
elongation to avoid distortion of a calendered sheet during expansion of a
green tire.

Denier - the linear density of a textile item (e.g., a yarn) defined as the weight in grams of
a length of 9000 meters. Thus, the larger the denier, the stronger the item. For
example, a 2000 denier yarn would be twice as heavy as a 1000 denier yarn and
presumably twice as strong.

Decitex - the linear density in SI units (partially), defined as the weight in grams of a
length of 10,000 meters.
Twist - the number of 360° turns per unit length of a yarn or cord, e.g. 10 twists per inch

or 40 twists per 10 cm.

Twist direction - twist direction is termed “S” if the spiral turns clockwise from top to bottom
for a vertically held cord and “Z” for a similar counter clockwise turning.

Twist balance - if a set of yarns and the resulting cord have same twist it is termed a balanced cord.

Lay - lay is the inverse of twist. It is the length of cord needed to complete one
360° rotation, e.g., a 12.5 lay would exhibit one rotation in 12.5 mm. Lay is
the measurement used for steel cord constructions.

Strength - the tensile load required to rupture a cord at a given rate of extension, i.e.,
the breaking load of a given cord. Tire cord strength is reported in Newtons
or pounds, rather than MPa, due to the difficulty of determining the true
cross-sectional area of a bundle of fibers. Fiber tensile strength is some
times reported: Tensile strength (psi) = 12800 (specific gravity)(tenacity in
grams per denier).

Tenacity - Tire cord strengths are frequently reported as tenacity in grams per denier
or centinewtons per decitex. This value is essentially strength for equal
weight. It can be useful when comparing cords of similar specific gravities,
but should used with caution in tire strength calculations where equal
volumes of cord may be used rather than equal weights, for example, when
comparing nylon to steel in a radial carcass.
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strength of the cord.

Steel cord constructions are defined differently, based on the filament diameter and
method of construction. The high specific gravity of steel compared to that of organic textiles
distorts comparisons of cord strength when “tenacity” is reported. This makes steel appear to
have lower strength. Steel cord nomenclature and physical properties will be described in the
section on steel cords.

Table 3.4

Functions of tire cords

- Maintain durability against bruise and impact

- Support inertial load and contain inflating gas

- Provide tire rigidity for acceleration, cornering, braking

- Provide dimensional stability for uniformity, ride, handling.

Cord Requirements
- Large length to diameter ratio , eg, long filaments

- High axial orientation for axial stiffness and strength

- Good lateral flexibility (low bending stiffness)

- Twist to allow filaments to exert axial strength in concert with other filaments in the bundle
- Twist and tire design to prevent cord from operating in compression.

General function of tire textiles

Table 3.4 summarizes the essential functions of tire cords and their basic requirements.
Tire cords are the strength members of a tire. As such, they must define the tire shape,

support the loads, and contain the inflation gas. They must provide the tire with axial and

lateral rigidity for acceleration, braking, and cornering and dimensional stability for

uniformity, handling, and ride. They must also provide bruise, fatigue, and resistance to

separation for durability.

Table 3.5: Ideal cord properties for a tire carcass

Dimensional stability —low shrink during cure, no flat spotting, no long term growth
High tensile strength

High tensile modulus

Low bending modulus

High durability — fatigue resistance, low heat generation on flexing, high adhesion to
rubber, chemical and oxidation resistance, heat resistance

High toughness — impact and abuse resistance

Low hysteresis loss at high speeds.

Table 3.6: Ideal cord properties for a radial tire belt

High tensile strength

High bending modulus - high stiffness
Ultra-high tensile modulus

High compression modulus

High adhesion to rubber

Good resistance to chemical attack
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Textiles for the carcass and for the radial belt have different requirements. Kovac (4)
and Pomies (9) have succinctly summarized the ideal properties for cords in each of these
applications:

As with all tire components, choice of a textile cord for a given tire application may
require compromises involving cost, intended market segment and end-use application. The
tire engineer has a number of choices for a tire textile:

eChemical composition of textile

eCost per unit length and weight (cost in tire)

eDenier — filament size and strength

eCord construction — number of yarn plies

oCord twist

eNumber of cords per unit length in ply

eNumber of plies in the tire
These choices will naturally be predicated on the tire specifications for the particular
application and market, usually balancing cost against required performance.

Five materials currently make up the major tire textile usage — rayon, nylon, polyester,
aramid, and steel. Table 3.7 lists the physical properties of these materials. The high modulus
of steel and aramid find their major use in radial belts and in single-ply carcasses for large
radial tires. Rayon is used in both carcass and belt of passenger radial tires but lacks strength
for durable heavy-duty tires. Modern polyester cord is an excellent carcass textile for use with
steel belts in passenger and light truck tires and is becoming dominant worldwide. However,
it lacks the toughness and heat resistance required for large tires where nylon is the textile of
choice in large bias truck, earthmover and aircraft tires but nylon and polyester do not have
the high stiffness necessary for good performance in radial belts. Yarn and textile producers
are making continuing improvements in their products, therefore these data are for a general
comparison only. In particular, modifications in the last twenty years have resulted in
significant improvements in the dimensional stability of polyester and the tensile strength of
steel. Also, aramid modifications have improved its compression fatigue properties.

Physical properties of commercially-available tire cords are usually more meaningful to
tire engineers. The following table summarizes typical physical properties of some common-
ly used cord sizes of organic textile fabrics (10). Data are for untreated yarn bundles lightly
twisted at 0.2 to 0.3 turns per inch.

Table 3.7: Typical filament properties of major tire textiles

Rayon Nylon 6 Nylon 66 Polyester Aramid Steel

Tenacity (cN/Tex) 50 80 85 80 190 35
% Elong at break 6 19 16 13 4 25
Modulus (cN/Tex) 800 300 500 850 4000 1500
Shrinkage (% at 150C) <0.1 6.0 5.0 2.0 <0.1 <0.1
Moisture regain (% at RT) 13 45 4.5 0.5 <20 <0.1
Specific gravity 1.52 114 114 1.38 144 7.85
Melting temperature (C) >210 225 250 250 >500 -
Glass transition temperature(C) - 55 55 80 - -
Heat resistance (C) 150 180 180 180 250 -
Approximate relative cost per unit weight ~ 1.33 - 1.13 100 5.00 -

(PET=1.00)
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Table 3.8: Physical properties of commercial tire cords

Linear # of Breaking Breaking Breaking EASL*  Shrinkage
density filaments force tenacity elongation %(xN) % at 180C
dtex N mN/tex %
Nylon 66 140 80 840 18 9.6(45N) 51
940 280 118 840 19.5 10.4(90N) 51
1880
Polyester 210 94 848 11.2 6.0(60N) 7.6
1100 280 100 686 104 5.2(90N) 3.6
1440
(low shrink)
Rayon** 1000 96 510 12.8 4.6(45N) nil
1840 1350 517 12.5 nil
2440
Aramid (11) 1000 325 2030 4.8 - nil
1500

*Elongation at specified load (inverse modulus measure)
**Conditioned 75% humidity -- 0.4 TPI

Table 3.9 qualitatively ranks tire cord reinforcements for important tire performance proper-
ties. It should be understood that the textile industry is continually upgrading their specific
products so that these rankings may change.

Again note that nylon and polyester do not have the requisite bending stiffness to make
useful radial tire belts. As discussed below, glass fiber and polyvinyl alcohol are potential belt
materials.

Table 3.9: Relative performance of tire cord materials (4,9)

Dimensional stability (carcass

Uniformity in curing Rayon> Advanced Polyester >Nylon
Appearance (sidewall indentations) Rayon> Advanced Polyester >Nylon
Dynamic stiffness (steering) Rayon> Advanced Polyester >Nylon

Flat spotting Rayon> Advanced Polyester >Nylon
Durability (carcass)

Fatigue resistance/heat generation Nylon> Advanced Polyester > Rayon
Impact Resistance (Toughness) Nylon> Advanced Polyester > Rayon

High speed/ run-flat tires Rayon> Advanced Polyester

Strength Aramid> Steel> Nylon> Polyester> Rayon
Modulus(stiffness) Aramid> Steel> Rayon>> Polyester> Nylon
Elongation Nylon> Polyester> Rayon> Steel = Aramid
Compression fatigue Nylon> Polyester> Rayon> Steel> Aramid
Chemical resistance Aramid> Nylon> Rayon> Polyester> Steel

General comments on cord usage in various types of tires

Polyester — Polyester is the condensation polymerization product of ethylene glycol and
terephthalic acid. Newer modifications resulting from increased molecular weight and
revised processing are called DSP-PET (dimensionally stable PET), with 50% increased
modulus and 50% reduced shrinkage, bringing it close to rayon for dimensional stability. It
has become relatively inexpensive making it a good choice for passenger and small light
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truck tires. Polyester must be used with carefully designed rubber adhesion systems and
carcass rubber compounds to prevent cord deterioration in use. Polyester cord is not
recommended for use in high-load/high-speed/ high-temperature applications, as in truck,
aircraft and racing tires, because of rapid loss in properties at tire temperatures above about
120C.

Rayon (12) - Tire cord strength has been improved 300% since its introduction by
improved coagulation and heat treatment. The low- shrink, high-modulus, good-adhesion
properties of rayon make it an excellent choice for use in passenger tires. However, rayon has
lost market share to polyester due to higher cost and environmental concerns with production
facilities. Rayon had historically been used in truck tires but has been displaced by nylon with
higher strength and impact resistance. Rayon is used for racing tires and has gained renewed
interest in the development of an extended-mobility self-supporting passenger tire.

Nylon- Nylon is a generic term for aliphatic polyamides. Two varieties are used in tires
cords Nylon 6 (polycaprolactam) and Nylon 66 (product of adipic acid/hexamethylene
diamine condensation). Both materials give similar properties with Nylon 6 being somewhat
less expensive, but more sensitive to moisture and subject to loss in tensile strength if mois-
ture is present at tire curing temperatures. Nylon tire cord strength has been improved 25-50%
from early versions by processing modifications. Its low modulus and low glass transition
temperature make it unacceptable as a belt material or for applications where aesthetics, ride,
and handling are important, i.e., in passenger tires. Nylon is preferred in uses requiring
carcass toughness, bruise and impact resistance, high strength, and low heat generation, e.g.,
in tires for medium and heavy-duty trucks, off-road equipment, and aircraft. In these applica-
tions nylon can be used in the bias-ply tire carcass or in radial tire carcasses with steel or
aramid belts.

Aramid (13 ) - Aramid is a wholly aromatic polyamide. The most common commercial
material is poly(p-phenylene terephthalamide), eg, Kevlar™ or Twaron™. Aramid cords have
very high strength, high modulus, and low elongation. The relatively high cost has slowed
adoption as a general radial belt material where steel cord is performing well. It is
particularly suited where weight is important, such as in the belts of radial aircraft tires or in
overlay plies for premium high-speed tires. As with steel cords, aramid can be used as
multiple plies in flat belts. However, in carcass applications aramid must be used as a single
ply. In a multiply carcass construction, aramid’s low elongation will prevent the outer ply
from adjusting to the average curvature, thus placing the inner plies into compression. This
reduces the contribution of the inner plies to the total strength, but, more seriously, early
failures of the inner ply are encountered due to the poor dynamic fatigue resistance of aramid
in compression. Work on aramid copoloymers to improve elongation and fatigue resistance
has been reported.(14).

Other potentially useful fibers for tires

Glass fiber — fiber glass was introduced to the US tire industry in the 1960s with Goodyear’s
development of a belted-bias tire. This tire was soon replaced by the radial tire, however.
Some attempts were made to use fiber glass in the belts of radial tires but in spite of its
excellent credentials, fiber glass quickly lost out to steel as the premier belt material.
Premature failures were encountered, both in cold weather use and with inappropriate tread
designs that put the top belt into compression. However, a review of its properties gives glass
fiber an excellent rating as a belt material if proper tread design and latex adhesive dips are
used. Its specific stiffness and strength are equal to those of steel, whereas the specific
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gravity is only 2.54 compared to 7.85 for steel. The initial modulus is 2150 cN/tex compared
to 1500 for steel. Rubber adhesion is excellent with no problems with rusting due to water in
the belt. Each filament of fiber glass is coated with a latex dip before the filaments are
twisted into a yarn. It has been established that this latex must be formulated from a low glass
transition polymer to prevent the premature glass breakage seen in the early glass fiber
development.

Polyvinyl alcohol — PVA fibers have properties similar to both rayon and advanced
polyester, but with higher tenacity than rayon and lower shrinkage than polyester. Reported
properties (15) are — tenacity 14 g/den, elongation 8.7%, Tg = -90C, Tm = - 265C, Modulus
= 180 g/den, specific gravity = 1.3. High molecular weight, high crystallinity fibers are
stable in water at 115C. This textile has been used successfully in the carcass and belts of
radial passenger tires. A major drawback has been the lack of suppliers of multiple cord
material.

Polyethylene Naphthalate (PEN) - PEN is similar to the standard polyethylene
terephthalate (PET) polyester, being a copolymer of ethylene glycol and naphthalic acid. This
new textile has been developed by Allied-Signal (presently Honeywell High Performance
Fibers) and is being evaluated for tires. Its properties have been reported by Rim (16 ). It is
claimed to surpass DSP-PET for use in the carcass of passenger car tires, having lower
shrinkage, higher modulus, and higher Tg (120C vs. 80C). It also has potential as a
restrictive overlay belt for light truck and high-speed passenger tires, replacing nylon
overlays. A disadvantage is the high price, about 2.5 times that of polyester. Table 3.10
compares treated cord properties of PEN with other tire textiles.

Textile Cord Manufacture (3, 5)
The organic textile materials used today are all man-made. Natural fibers such as cotton do

Table 3.10: PEN properties vs. other cord reinforcements

Nylon 66 | Rayon | DSPPET PEN Aramid

Tenacity (cN/dtex) 7 45 6.2 7 14
Modulus (cN/dtex) 25 50 60 130 300
% Shrinkage at 177C 7 0.5 2 2 nil

not have sufficient filament length to provide the high strength needed. Manufacture of steel
cord is quite different from that for organic textiles and will be covered in a later section. The
processes for producing continuous textile filaments are melt spinning (nylon and polyester)
and solution spinning (rayon and aramid).

Melt spinning

In the melt spinning process molten polymer is filtered and pumped through a spinnerette
containing a large number of very fine holes. A positive displacement pump is used to give
an extremely accurate and constant flow through the spinnerette. The extruded semi- molten
polymer is stretched to about 25 times its original length while solidifying in a cool air stream.
The solidified bundle is then treated with a spin finish to lubricate the filaments and
cold-drawn over a series of take-up rolls (“godets”). The drawing process elongates the
filaments by several hundred percent while the polymer is still above its glass transition
temperature. This procedure increases the strength and modulus, and reduces the breaking
elongation, by increasing the polymer crystallinity and molecular orientation. The final
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structure of drawn, crystalline thermoplastic polymers contains crystalline fibrils, highly
aligned polymer molecules and unoriented molecules.

Controlled feed rates and draw speeds are necessary to ensure filament uniformity and
close control of the linear density (denier). Finally, the filament bundles are gathered, lightly
twisted, and stored on “beams” to be transferred for further processing and cord manufacture.
Compared to standard textile products, tire cord polymer melts are of higher molecular
weight (at least 2 times higher) and after drawing have 2 to 4 times the tensile modulus
values, with breaking elongations in the 10-20% range.

Solution spinning

Rayon (regenerated cellulose) and aramids have no defined melting temperature and must be
dissolved for extrusion as continuous filaments. A concentrated solution or slurry is pumped
through the spinnerette into a coagulating bath of non-solvent (wet spinning) or air-dried to
evaporate the solvent (dry spinning). Filaments are air-dried under tension and not
extensively drawn since crystallinity and orientation are already highly developed. Spin
finish is applied, as with melt-spun textiles, and the filament bundles are “beamed” for
downstream processing. Aramids emerge with their high-strength properties intact. Rayon
tenacities have been increased over three-fold by refinements in coagulation, modified
finishing procedures, and heat treatments to alter crystal size.

Cord assembly

In a conventional cord production, producer yarns (lightly twisted bundles of 0.2 to 2 turns
per inch) are removed from beams and ply twisted to a specified level, 6 to 12 turns per inch
(tpi), usually in the “Z” direction. Cords are formed by cable twisting when two or more yarn
plies are back twisted in the “S” direction to form a greige (untreated) cord. Tire cords are
usually balanced with equal twist levels in yarns and cords. Figure 3.2 shows a cord construc-
tion with “Z” and “S” twists.

Tire cords can be constructed in a wide range of sizes and strengths. Yarn producers
generally offer standard denier sizes, for example, nylon might be offered as 840, 1260, and
1680 denier yarns, going from lightest to strongest. Cord constructions would be identified
as, for example, 840/2 or 1680/3 with the heaviest cords having the highest strength.

Twist effects
Twist levels are important for tire cord performance. Higher twists allow a cord to behave like
a spring which will not open up under compression, while lower twists allow a cord to behave
as a rod, maximizing the strength. Table 3.11 lists changes in general performance with
increasing twist level. As twist increases the tenacity decreases, fatigue in compression
improves (the main reason for higher twists), the cord cost per tire increases (because cords
become shorter as they are twisted), and shrinkage during processing and cure increases.
Tenacity and fatigue resistance are sometimes reduced with increasing twist. In a tire the
construction should be such that no cord will open up, chafe, or fret in a compression mode.
Cord fatigue in compression is a critical factor in tire sidewalls where bending stresses and
strains are high. In bias tires sidewall compressive stresses are more likely to occur and
typical twists are 12x12 tpi (turns per inch), while in radial tires carcass cord twists are
typically 6x6 tpi.
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Figure 3.2: An example of cord construction using “S” and “Z” twists
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Table 3.11: Cord property changes with increasing twist levels

Reduction in strength
Reduction in initial modulus
Reduction in cyclic tension fatigue resistance
Increase in elongation to break
Increase in rupture energy
Increase in cyclic compression fatigue resistance
Increase in cord cost per tire

Twist multiplier
The amount of twist relates to both tenacity and compression fatigue resistance. To obtain
equivalent fatigue performance in a product when changing cord size, cords must be twisted
to the same helix angle using a “twist multiplier” relationship:

For the same material:

Cord A tpi x \VCord A denier = Cord B tpi x \Cord B denier.

[For example: Cord A of 2000/2 construction at 8 tpi would be equal to Cord B of 1000/2
at 11.3 tpi.]

For different materials specific gravity must also be considered:
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Cord A tpi x \Cord A denier/ NCord A SpGr = Cord B tpi x VCord B

denier/N/Cord B SpGr.

[For example, an 840/2 nylon (1.14 SpGr) at 11.0 tpi would have the same helix angle as
a 1100/2 aramid (1.44 SpGr) at 11.3 tpi.]

Weaving

After twisting yarns into cords, 1000 to 1500 cords are woven into a coherent sheet using a
very light “pick” fabric as the weft at a very low fill count of one to two picks per inch. Rolls
of this fabric (which is about 1.5 to 1.75 meters wide - the practical width of rubber-cord
calenders) are transferred for further operations. The function of the pick is to maintain a
uniform warp cord spacing during the downstream operations, such as, shipping, adhesive
dipping and heat treating, calendering, tire building and lifting. Uniform cord distribution in
the finished tire is essential for tire uniformity and performance. In bias-ply tires the pick
fabric is usually a weak cotton yarn which breaks readily during tire shaping. In radial tires it
consists of a highly extensible filament (undrawn nylon or polyester) in a cotton sheath. The
core ensures uniform cord distribution as the tire is shaped and the sheath holds the cord
spacing during adhesive treatment and calendering but breaks readily during tire lifting and
shaping.

Tire cord processing (17, 18)

Downstream cord processing of tire cords can profoundly influence tire performance.
Consistent control of the dimensional stability of the cords through the various environments
- dipping, adhesive baking, heat stretching, relaxation, and tire vulcanization- is necessary to
control and predict variations in such factors as tire size, tire uniformity, cord-to-cord
uniformity, flat spotting, side-wall indentations, and creep during operation. Steel, aramid and
rayon are minimally affected during cord processing while the thermoplastic fibers, nylon and
polyester, must be very carefully controlled. The radial tire with its high-modulus restrictive
belt has greatly alleviated many of the cord growth problems previously seen in bias tires,
leading for example to tread groove cracking. A goal of process engineers concerned with
dimensional stability when working with the thermoplastic cords is to maximize tensile
modulus (often characterized by EASL - elongation at specified load) while minimizing
thermal shrinkage. Care must be taken to optimize tensile strength and fatigue properties in
these procedures.

Rayon and aramid cord processing

The processing of these cords is relatively simple since they are thermally stable and do not
change significantly in downstream operations. Rayon must be carefully protected from
moisture regain at all processing stages, especially at roll ends to avoid uneven shrinkage
across a fabric roll.

An optimum treatment for processing rayon has been reported (19). Rayon cord made
with a higher than specification twist is dipped in cord adhesive under relaxed conditions to
open the twist for good dip penetration and to completely wet the cord with the aqueous
adhesive. The cord is then tensioned to achieve the specification twist and dried at 130-150C
before being baked under tension at 155-175C to cure the adhesive.

Heat treatment for aramid 230-260C is generally at low tension (8.8cN/tex) and with very
low stretch to standardize modulus. As with polyester, adhesive application is a two step
procedure.
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Nylon and polyester cord processing

Thermoplastic fibers, such as nylon and polyester, are considered to be composed of a
mixture of crystallites, extended (aligned) non-crystalline molecules, and amorphous “tie”
molecules. Crystallization occurs principally during fiber drawing. Cord processing, carried
out below the crystal melting temperature, modifies the non-crystalline portion. Skolnik (20)
has reported typical changes in nylon orientation during cord processing:

Chawla (17 ) has summarized a number of studies. In the process of applying and baking
a cord adhesive the amorphous portion of a thermoplastic cord will tend to become less
oriented, resulting in shrinkage which will, in turn, adversely affect tire uniformity. Shrinkage
is partially controlled by stretching the fabric in the heat-setting zone and relaxing it under
controlled tension in a second zone. In general, higher relaxation results in lower shrinkage.
Net stretch (the difference between stretch in the first zone and relaxation in the second) is
often used as a measure of shrinkage and growth potential. This can be deceptive, however,
for a number of reasons:

1. Additional crystallinity can occur that will lower shrinkage and/or growth potential,

2. Equilibrium orientation is seldom reached in allotted treatment times, especially with
heavy cords,

3. High treatment temperatures can cause polymer flow and molecular weight
degradation.

Heat treating conditions vary across the tire industry, serving different needs. Heat
treatment of nylon, for example, varies in temperature between 1779C and 2469C, between
7% and 16% stretch, and between 20 and 60 seconds residence time. Chawla also reports
studies on polyester cord by Aitken et al (21) who recommended a treatment temperature of
2460C, 4% stretch in the first zone and 3% relaxation in the second zone, with 90 seconds
residence time in both zones for optimum fatigue resistance. Nylon is generally used at 3-7%
net stretch, and polyester at 0 - 4%.

Table 3.12: Changes in % crystallinity and amorphous orientation of nylon

Treatment: Greige Heatset Relax In mold Out of mold Post cure inflation
Temperature C 25 225 205 180 180 180 to 60
Crystallinity (%) 60 63 70 70 70 70

Orientation High \ery high Moderate Low  Low High

Postcure inflation

On release from the tire curing press, viscoelastic cords in the hot tire are almost completely
free to shrink. Postcure inflation (PCI) is therefore employed to stabilize tire size and
uniformity. All-steel or all-rayon tires do not require a postcure treatment. Because the
postcure inflating equipment is expensive to install and maintain, some companies have
minimized or eliminated PCI for their radial tires by predictive mold sizing, control of cord
properties, and controlled cooling. The use of PCI entails the following:

Passenger and light truck tires are automatically ejected from the press after the usual 12
to 24 minute cure time, depending on size, and then immediately loaded onto a postcure
inflator which re-inflates the tire to 200 to 400 kPa (30 - 60 psi). This loads and stretches the
hot cords. Post inflating controls the size, shape, uniformity, and growth of the finished tire.
However, the results depend on the time, temperature and load applied to the cords during the
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inflation process. Moreover, the cords should be cooled evenly to below their glass transition
temperature before release from the inflator. Lim (22) has reported on studies that simulate
PCI and non-PCI conditions by measuring EASL (elongation at specified load - the inverse
of modulus). For rayon the modulus is constant for cords heated to 177C under 0.06N/tex and
cooled to RT with or without tension. No modulus change took place. Under the same
conditions nylon showed a 20% increase in modulus and PET a 30% increase. Equilibrium
times for the cords were 30 minutes. A practical cooling time for factory tires is usually about
two cure cycles. Also, it should be noted that uneven cooling, e.g., from one side to the other,
can result in tire distortion, so that tires may be rotated during the PCI treatment.

Skolnik (23) has reported a “coefficient of retraction” for loaded cords in a simulated
postcure inflation study. Cords were loaded to 0.9 g/den., heated to 165C, and cooled to
various temperatures where the load was released. The coefficient of retraction (CR) is the
percent length change per degree C.

1680/2 Nylon 6,6 CR above Tg Tg (C) CR below Tg
1680/2 Polyester 0.050 50 0.022
(standard) 0.050 85 0.011

Cord-rubber adhesion

The adhesion of rayon, nylon, polyester, and aramids has been reviewed extensively.
Takeyama and Matsui (24) reviewed adhesives for rayon, nylon, and polyester. Solomon (25)
updated this work in 1985 to include aramid adhesion and the effects of environmental
exposure on degradation of adhesion. Chawla (17) summarized both cord processing and
adhesive dip treatments. Dipping and baking of the adhesive is intimately tied in with cord
stretching and relaxation procedures.

There are many variations in cord dipping procedures, e.g., one-step vs two-step dipping,
dipping in the tire-plant vs in the cord-plant, surface activation of the cord, etc. We consider
here only the goal of using adhesives, general operating procedures, and potential problem
areas.

The prime goal of the cord adhesive is to avoid separation at the cord-adhesive interface,
at the rubber-adhesive interface, or within the adhesive itself. This objective is achieved by
using proper dipping procedures. Tire carcass failures that were initially attributed to failure
at the adhesive interface were often shown on microscopic examination to be due either to
fatigue failure of rubber close to the cord, caused by high stresses resulting from improper
construction or irregular cord spacing, or to cord fatigue from excessive compressive stresses.

Mechanism of cord-rubber adhesion
It is generally accepted that the adhesive provides both chemical bonding between the

rubber and the cord surface and by mechanical interlocking as the rubber penetrates within
the cord interstices. The adhesive must also accommodate the large differences in the two
materials:

- high-polarity polymers in cords vs. low polarity of rubber

- high modulus of cords vs. low modulus of rubber.

- Good adhesive durability is achieved by minimizing the abrupt change in modulus at the
cord-rubber interface by introducing an adhesive layer of intermediate modulus.
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Basic requirements for a good cord adhesive are listed in table 3.13.

Table 3.13: Requirements for cord-to-rubber adhesives

Good bonding to both cord and rubber
Intermediate modulus between cord and rubber
Rapid rate of bond formation
High fatigue resistance in the cured adhesive
No chemical deterioration of cord by the adhesive
Compatibility with a range of rubber compounds
No brittleness or flaking in processing

The resorcinol-formaldehyde-rubber latex system (RFL) developed in the 1940s for use with
nylon and rayon is still used throughout the tire industry. A synthetic 2-vinyl pyridine-butadi-
ene-styrene copolymer latex, developed for nylon, has replaced the natural rubber latex
originally used for rayon, in all modern dips. Resorcinol and formadehyde react in the dip to
give a strong polar polymer with good adhesion the polar tire cord, while the rubber
component of the latex provides good bonding to the rubber. Specific recipes are given in the
referenced literature for all textile cords and for both single and double dip treatments.

RFL is used for rayon and nylon exclusively and as the outer dip for polyester and aramid
cords. Typically, rescorcinol and formaldehyde are mixed and “matured” for up to 24 hours.
The latex is blended and the cord is dipped before tensioning. Dip formulations contain 2 -
5% total solids and dip pickup is controlled to about 6 - 8%. The cord is then tensioned and
baked. Complete total wetting of the cord is necessary to prevent spotty adhesion. Good dip
penetration is important for good adhesion and cord compaction. Dip penetration of 2 - 3
filament layers is optimal. Figure 3.3 shows a cross section of a 1680/3 rayon cord with high
penetration of the adhesive into the filaments, with resulting good adhesion and cord
compaction.

Polyester and aramid polymers are much less reactive to standard RFL and must be
pretreated to obtain good adhesion. A common practice is to employ a multistage dipping
process. The cord is first dipped in an aqueous solution of a reactive chemical, such as an
epoxide, e.g., the diglycidyl ether of glycerol or a blocked isocyanate, e.g., phenol-blocked
polyisocyanate [“Hylene MP”], along with a small amount of wetting agent to give uniform
dip pickup. After tensioning and baking the cord is again dipped in a standard RFL for final
baking and relaxation. Processing times through each of the steps is generally 30-60 seconds.
A general review of cord treatment temperatures is given in table 3.14.

The dip formulation, amount of dip pickup and the curing conditions can all affect adhe-
sion and must be optimized. Strict quality control must be implemented once optimum con-
ditions are established. Problems that must be avoided are: inadequate wetting of the cord,
inadequate dip pickup, excessive dip pickup (which can result in flaking off of the adhesive),
or overbaking during heat treatment. Any of these conditions can reduce adhesion. The fin-
ished cord must be protected from nitrous oxides (if gas or oil heating ovens are used) and
from exposure to sunlight, humidity, or ozone if the cords are stored or shipped before being
calendered with rubber. The treated cords are generally protected by storing them in
polypropylene cloth liners and sealing them in black polyethylene film.
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Figure 3.3: Cross-section of a rayon cord showing excellent dip penetration

Table 3.14: Drying, baking and heat setting temperatures for textile cords (°C)

Dry
Rayon 120-175
Nylon 120-175
Polyester 120-175
Aramid 120-175

Baking

175-260
225-240
240-250
240-250

Heat set/relax
150-175
180-245
210-245
230-260

2. Steel cord (26, 27)
Introduction

Steel cord was adopted in Europe with the advent of the radial tire in the 1940s and 1950s.
Steel cord, made by cabling fine steel filaments, met the requirements for a stiff, high
modulus/high strength belt material at an acceptable cost, giving high strength and compres-
sion stiffness with acceptable bending stiffness, good resistance to fretting fatigue, and good
adhesion to rubber. The stiffer steel belt provided the radial tire with quicker handling
response and longer tread life compared to the bias tire.

Terminology (nomenclature) of steel cord

The terms used for steel cord are similar to those for the textile industry but with important
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Figure 3.4: Steel cord components — filament/ strand/ cord/ wrap

Steel cord components: (1) filaments; (2) strands; (3) cord and (4) spiral wrap

differences. Steel filaments are much larger in diameter and the specific gravity is much
higher, so that “tenacity” is not particularly meaningful. Individual filament strength is
therefore reported in megaPascals (Mpa). Steel cords are described based on the way they are
constructed rather than in terms of denier and number of strands, as is the case with textile
cords. The generic steel cord, as depicted in figure 3.4, consists of filaments, strands, cord,
and wrap, as defined below (26):

Filament — the basic element of a steel cord is a single fine metallic wire, typically 0.15
to 0.38 mm in diameter.

Strand - two or more filaments are combined together.

Cord - a strand when it is used as the final product or, more usually, the result of cabling
strands or strands and filaments.

Wrap (Transfil) — a single filament usually 0.15 mm in diameter wrapped around a cord
package to maintain compactness.

The significant cord properties, in addition to the number and diameter of the filaments,
are listed in Table 3.15. The breaking load is the key property for the tire engineer.

Steel filament manufacture (27)
Filaments are produced by drawing high carbon steel rods through tungsten carbide dies.
Currently, four types of steel filament are produced, rated by their carbon content and tensile
strength. Table 3.16 lists typical tensile strengths (which also depend somewhat on filament
diameter). Advances in drawing and heat treating techniques have made it possible to
produce higher tensile strengths at lower carbon levels. Although more costly, the higher
strength filaments allow stronger belts or lighter belts of equal strength and thus may lower
the overall cost in a tire.

Manufacture of continuous filaments begins with the drawing of a 5-6 mm rod that has
been treated with borax for lubrication through tungsten carbide dies to reduce the diameter



Chapter 3. Tire Cord and Cord-to-Rubber Bonding 97

Table 3.15: Property definitions of steel cords

- Cord diameter — arithmetic average of the measured minimum and maximum diameters
of a cord (mm).

- Linear density — mass of cord per unit length (g/m).

- Breaking load — force required to break a cord (N).

- Tensile strength — force per unit area to break a filament (MPa).

- Length of lay — the axial distance (mm) for a complete360° revolution of any strand or
cord element. The typical range is 2.5 to 25.0 mm. Inverse of twist.

- Direction of lay — Z and S directions are defined as in the textile industry (see Table 3.3)

- Bending stiffness — Resistance to bending under specified load conditions. Bending
stiffness depends on filament diameter and cord construction.

Table 3.16: Typical tensile strengths of steel filaments

Filament % Carbon Tensile strength (Mpa)
0.20 mm diameter 0.35 mm diameter
Regular tensile (RT) ca. 0.7 3000 2600
High tensile (HT) ca.0.8 3400 3000
Super high tensile (SHT) ca.0.9 3650 3400
Ultra high tensile (UHT) ca.0.96 4000 3650

to about 1-3 mm. The wire is then heat-treated (“austentized/patented”) to maximize the ten-
sile strength by relieving internal strains and modifying the iron carbide structure. It is then
electroplated, first with copper and then with zinc, and heat treated to cause metallic interdif-
fusion yielding a brass coating containing 63/70 Cu and 37/30 Zn. Brass plating facilitates the
multiple drawings needed to achieve the final diameters of 0.15-0.40 mm and is a critical
factor in cord — rubber adhesion. The brass plating thickness is ultimately about 0.1 t0 0.7 pum.
Drawing dies must have no burrs that would scratch the brass layer, or corrosion problems
might later arise from galvanic action between the iron and copper when in contact with
moisture or rubber chemicals.

Steel cord construction

Literally hundreds of steel cord constructions could be employed in tires. However, standard-
ized constructions are usually made to accommodate a range of applications. Steel type,
filament diameter, and number of filaments will determine strength, stiffness, and compres-
sion fatigue resistance. High-strength steels may be more costly but give a lower tire cost
because less material is required.

Cord construction and complexity determine the relative performance. For example cords
in heavy duty carcasses require specific constructions for maximum resistance to fretting and
fatigue, whereas steel plies that give resistance to cutting and impact damage require a
different type of construction with a high breaking elongation.

Characterization of steel cords

Identification of the Construction

Steel cords are identified by the number and diameter of the filaments in each strand, the
number of strands, and the way the strands lie around a central axis. A tire cord is defined by
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the structure of the cord, the length and direction of lay, and the product type. In defining the
structure the basic rule is that the description follows the manufacturing sequence, starting
with the innermost strand. A full description of the cord is given by the formula:
Strand 1{(NxF)xD} + Strand 2{(NxF)xD} + Strand 3{(NxF)xD} + .........
where N = number of strands
F = number of filaments
D = diameter of filaments (mm)

A simplified form is when N or F =1, then the 1 is not stated, and if D is the same for
several strands it is stated only at the end of the sequence. The wrap is always stated

separately. Examples of constructions of some commonly used cords are illustrated below
and in Figure 3.5.

(1x3)x0.22 + (1x9)x0.22 + (1x15)x0.22 + (1x1)x0.15
or3+9+15x0.22 +0.15

3x0.20 + 6x0.35
2 +2x0.28

7X7x0.22

Length and direction of lay
The sequence in both the length and direction follows the manufacturing sequence. For

Figure 3.5: Cross-sections of typical steel cords

! Cjw
()

1x2x.30mm

SR HR
= (> (}-\\\: ft’__f,f
e D)Ef Q - rh )@1’5 -

3+9+15x.22mm + 1 x .15mm 7x7;.22mm




Chapter 3. Tire Cord and Cord-to-Rubber Bonding 99

example:
3+ 9+ 15x0.22 + 0.15 5/10/16/3.5 SSZS
5S: lay length and direction of strand 3x0.22
10S: lay length and direction of strand 9x0.22
16Z: lay length and direction of strand 15z0.22
3.5S lay length and direction of wrap.

Product type
Several types of cord products are available based on variations in the manufacturing and
twisting procedures.

Regular cord — standard cord production in which the lay direction in the strands is
opposite to the lay direction in closing the cord. This product is easy to produce, cost
effective, and processes well in the tire factory.

Lang’s lay cord (LL) — cord in which the lay direction of the strands is the same as the lay
direction in closing the cord. High elongation cord (HE) is a Lang’s lay cord in which the
strands are loosely associated and moveable with respect to each other. This allows the cord
to be stretched substantially and gives useful cut protection when used in the top belt of
radial truck tires and impact resistance in the rock penetration zone of earth mover and mine
tires.

Open cord (OC) - A cord in which the filaments are loosely associated and moveable
relative to each other. This permits rubber to penetrate into the cord to maximize adhesion to
the filaments and to prevent moisture wicking along the cord that could result in steel
corrosion. This cord is difficult to process with standard calendering equipment as excessive
tension during processing can close the cord resulting in void formation along the cord. Open
construction cord has been the subject of numerous patents for various production techniques
and cord designs. Bekaert offers a BETRU™ cord which is less sensitive to calender tensions
and cord wicking (28).

Compact cord (CC) — cords are produced in a single compact bundle in which the
filaments have mainly linear contact with each other. This construction is useful in
applications such as for the carcasses of heavy-duty radial tires where severe fretting fatigue
can occur at crossover points in a standard cord.

Physical properties of cords

Arkins and Peterson (28) have reviewed constructions and physical properties of present and
future steel cords for various tire applications. They predict the adoption of smaller diameter
lighter HT and ST filaments, greater use of compact cords (CC) in large tire carcasses for
improved fretting resistance, and more complete rubber coverage of all the filaments using
newer twisting processes to give effectively open cords, such as the Bekaert BETRU™ cord.
Table 3.17 lists representative constructions and properties of some steel cords used in vari-
ous radial tires.

Basaran (29) has described the improved fretting resistance of compact cords in radial tire
carcasses. He also discussed the improved rubber penetration and coverage of filaments for
cords made by the BETRU™ process. BETRU™ cords showed no pressure drop in air
wicking tests indicating complete rubber coverage which will protect against moisture
penetration and wicking along the cords, for a range of calendering tensions. Open-
construction cords, which are designed to give high rubber coverage of the filaments, may
close up if excessive wire tensions are imposed at the calendar. In certain constructions this
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Table 3.17: Constructions and physical properties of steel radial tire cords

Construction Lay Lay Breaking Cord Linear
Length direction load diameter density
(mm) (N) (mm)  (g/m)

Passenger tire belt

2+1x0.28 HT -16 -S 555 0.70 1.47

2+2x0.25 HT -14/14 -SS 605 0.65 1.55

LT carcass

3x0.20+9x0.175(CC) 10 S 855 0.75 2.49

2+7x0.20 HT 5.6/11.2 SS 915 0.76 2.26

LT belt

2+2x0.35 HT 16/16 -SS 1060 0.84 3.03

MT carcass

3+9x0.22+0.15 6.3/125/35 SSz 1290 1.17 3.85

0.20+18x0.175 (CC) 125 z 1300 0.90 3.71

MT belt

3x0.20+6x0.35 10/18 SZ 1660 1.13 5.34

HDT carcass

3+9+15x0.175 5/10/18 SSz 1770 1.07 5.20

0.25+18x0.22 (CC) 16 z 2050 1.13 5.85

HDT belt

3+9+15x0.22+0.15 6.3/12.5/18/3.5 SSzZS 2750 1.62 8.50

(protector belt — 6.5% elongation)

3+7x0.22 (HE) 4.5/8 SS 1820 1.52 6.95

could cause a capillary channel to form down the cord where moisture may propagate and
cause corrosion. Such cords have shortcomings similar to those with standard twist construc-
tions, for example: 1x4x0.25.

Bead wire (30)

Steel bead wire is not considered a cord since it is not constructed from twisted filaments. In
terms of steel cord nomenclature, a bead wire would be considered a filament. Tire beads are
made from single steel wires of larger diameter. They are manufactured by several
processes, including tape-wound beads, single-wire wrapped beads, or cable beads. Each type
has certain performance or cost advantages. A similar wire is used in all of these construc-
tions. The wire diameter, number of wires (or turns), and type of steel will depend on the size
and load carrying requirements of the tire. Beads are designed with an over-pressure blow-
off safety factor, load distortion resistance, rim slippage resistance, and resistance to bead
breakage during mounting. Wires for beads are supplied as regular or high strength steel, in
various diameters, and bronze or brass coated for adhesion. Table 3.18 lists typical properties
of some standard bead wires.

Steel cord adhesion
For maximum long-term durability the steel cord used in radial tires must have a high level
of rubber-to-brass adhesion and a high degree of resistance to corrosion caused by water
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Table 3.18: Properties of typical commercial bead wires

Diameter Breaking Breaking Plating metal
strength elongation

mm. N % Bronze Brass

0.96 NT 1350 5 0.3/0.65 0.3/0.6

142 NT 2880 5 0.15/0.45 0.3/0.6

2.00 NT 5260 5 0.1/0.3 0.2/0.4

0.96 HT 1525 - - -

1.295 HT 2795 - - -

2.00 HT 6125 - - -

0.86 ST 1350 - - -

NT- normal tensile, HT-high tensile. ST- super high tensile
Bronze: 3% Sn max. Brass: 72% +/- 5 Cu

entering the tire through road cuts and penetrating to the belt cord. Poor performance in either
area can result in reduced tire service life. Thus, prevention of loss in adhesion in steel-
belted radial tires is a prime consideration for tire engineers.

The exact mechanism of brass-to-rubber adhesion has been the subject of much study and
conjecture, but lies beyond the scope of this chapter. Van Ooij (31,32) has reviewed the
subject in detail. Basically, it is conjectured that a bond is formed between the polar metals
and the non-polar rubber during vulcanization with sulfur by formation of a Cu-S- Rubber
bond, as idealized in figure 3.6. However, this bond can readily be converted to CuS with loss
of adhesion under some circumstances. There are also indications that optimum bonding
involves interfacial layers of oxides and sulfides of both copper and zinc.

Bond durability is tested by measuring bond strength after various aging times and under
various conditions: Dry heat aging, steam aging, aging in high humidity, and salt bath immer-
sion. The rubber coverage of the wire after testing is regarded as equally important as the
retained bond strength of the rubber compound.

Corrosion (rust) of steel can destroy both the adhesive bond and the wire itself. Figure 3.
shows an idealized view of moisture attack on wire through galvanic action if the brass
coating is damaged or if water can wick into the cord interstices.

Cord construction, brass composition, brass plating thickness, rubber compound
composition, tire curing and storage conditions can all affect wire adhesion. Table 3.19
summarizes the best choice of these parameters.

Each tire manufacturer adopts specific belt coat compounds. Many generic versions may
be found in the literature.
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Figure 3.6: Schematic diagram of brass-to-rubber bonding with a sulfur cure
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Figure 3.7: Mechanisms of deterioration of adhesion due to the presence of moisture
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Table 3.19: Parameters that maximize cord adhesion

e Brass compostion: 65% Cu, 35% Zn , plus/minus 2.5%
e Brass plating thickness: 0.3 - 0.6 um
e Cord construction: open construction — or BETRU™
e Lower temperature — slower cure, eg., 150 - 160°C
o Radial belt compound variables:
High sulfur level -5 to 8 parts per 100 rubber
High sulfur to accelerator ratio
Delayed action accelerator- slow cure
Cobalt salt — improve and corrosion stability
Lead oxide — improve high temperature cure stability
Silica/Resorcinol/Methylene donor — improve moisture sensitivity

w
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4. Review Questions

What are the main functions of cords in tires?

What three elements make up the tire cord construction?

What physical properties are needed in tire cord filaments?

How does a carcass cord differ in physical properties from a belt cord?

Name the presently used high volume tire cord materials.

What are the preferred cord materials for passenger tires? Why?

What are the two processes for producing textile cord filaments? How does steel filament
production differ from these?

What important compromises are involed in the level of cord twist?

How does the processing of a thermoplastic textile cord differ from that of non-thermoplas-
tic textiles?

What chemical materials are required as adhesives for good polyester or aramid adhesion to
rubber? How are these usually applied?

What steel treatment is needed to achieve steel-to-rubber adhesion?

What steel cord constructions are useful to maximize resistance to fretting and resistance to
corrosion?
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Chapter 4. Mechanics of Cord-Rubber
Composite Materials

M. C. Assaad, T. G. Ebbott and J. D. Walter

1. Mechanical behavior of cord-rubber composite materials

Composite materials terminology

Composite materials consist of at least two different constituents that are bonded together.
Generally, two materials are used in combination to produce a structure with the desired
capabilities to meet specific thermo-mechanical requirements. The composite has
properties that are superior to those of either of the individual constituents. Common
composite materials for structural applications are those with either continuous or
chopped fibers embedded in a softer matrix. Particulate composites composed of particles
dispersed in a matrix are also commonly used. Different materials can also be combined
on a microscopic or nano-scale to form a composite, or two-phase material, such as
carbon-black filled rubber compounds. The resulting rubber compound is macroscopically
homogeneous, since the material properties do not vary with position on a macro level
whereas fibrous composites are macroscopically heterogeneous since the material
properties do depend on position on the macro level, e.g., on the different properties of the
fiber and the matrix. The scope of this discussion is limited to the mechanics of
continuous fiber (i.e., tire cord) composites. Some discussion of particulate composites
can be found in [64, 70].

The thermal-mechanical behavior of continuous cord reinforced rubber can be
approximately described by the linear composite theory developed for more rigid
composites such as glass fiber reinforced epoxy [1-3,6,13,25]. However, the flexibility of
cord-rubber composites allows for large deformations, which requires a more complex
analysis beyond the scope of this treatment [e.g., 68]. However, linear composite analysis
combined with nonlinear finite element analysis can give a reasonable description of the
material response for most applications. Finite element methods that allow the cord and
rubber properties to be specified separately, rather than smeared into composite
coefficients, can provide a very powerful method to represent the nonlinear response of
cord-rubber composites.

Most common engineering structural materials are macroscopically homogeneous,
meaning that the properties are uniform throughout -- i.e., they are not functions of posi-
tion. As one moves from point to point, the material properties such as stiffness, thermal
conductivity, thermal coefficient of expansion, etc., remain constant. Some analysis meth-
ods for cord-rubber composites assume homogeneity and others allow for heterogeneity
where the material properties can depend on position in the structure. For cord-rubber
composites, this implies that the cord and rubber are represented separately geometrical-
ly with specific material properties for each constituent.

The term isotropic indicates that the material properties at any point of the structure are
not a function of the orientation or direction. Therefore, all planes which pass through a
point in an isotropic material are planes of material property symmetry.

In an anisotropic material, the material properties at a point are a function of direction.
This is easily seen in figure 1.1 where the stiffness in the 1-direction along the cords is
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much stiffer than the stiffness in the 2-direction, transverse to the cords.
Figure 1.1: Diagram of a typical cord-rubber specimen

Complete anisotropy, where no assumptions concerning symmetry are made, is
complex and can require many properties to describe the behavior. This type of material
analysis is not commonly performed. If there exists three mutual planes of material
symmetry, such as the 1-2, 1-3 and 2-3 planes in figure 1.1, then the material is said to be
orthotropic. The properties at any point in the body are still a function of orientation, but
the analysis is simplified. One can also see by intuition that a force applied in the 1, 2 or
3 direction of figure 1.1 will create normal strains, but no macroscopic shear strains. The
directions 1,2,3 in this case are called principal or natural material directions. For a
completely anisotropic material, a force in the 1 direction would create both normal and
shear strains, illustrating shear-normal coupling.

To illustrate the behavior of isotropic, orthotropic, and anisotropic materials under uni-
form loadings of normal stress and shear stress, simple sketches are shown in figure 1.2.

For an isotropic material, or an orthotropic material loaded along the principal
material directions, an applied normal stress will cause a stretch of the specimen along the
loaded direction and usually a contraction in the perpendicular direction. A shear stress
will only cause a shear deformation characterized by distortion without extension or
contraction. There is no coupling between shear stresses and normal strains, or between
normal stresses and shear strains.

For a fully anisotropic material or an orthotropic material with stresses applied in
non-principal material directions, an applied normal stress produces not only an
extensional deformation along the direction of the applied stress and normal strains in the
transverse direction, but also shear deformations. A shear stress will produce, in addition
to the shear deformation, extension and contraction deformations. Coupling exists
between modes of loading and modes of deformation.

Isotropic, orthotropic, or anisotropic materials can be considered either homogeneous
or heterogeneous. The degree of homogeneity may depend on the scale of observation or
analysis. A rubber compound may look homogeneous to the naked eye, but it is very
heterogeneous at a nanometer scale. The diagram in figure 1.1 is heterogeneous, since the
cords and rubber are represented separately, and a point on a cord will have different
properties than a point on the rubber. Oftentimes, the properties of the cords and rubber in
figure 1.1 will be “smeared” or averaged over the volume. In this case the analysis is
orthotropic and homogeneous. Theories that combine the properties of fibers and matrix
to form equivalent composite properties and those that can resolve individual stresses and
strains for fiber and matrix are commonly called micromechanics theories.
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Figure 1.2: Mechanical behavior of isotropic, orthotropic and anisotropic materials.
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To obtain the desired structural properties, different arrangements of cords and rubber
compounds are combined in single layers or lamina. Many layers are often stacked
together to get the desired properties in different directions. A structure with multiple
layers is called a laminate. It is common to combine many laminae with different cord
angles to obtain the desired strength and stiffness in various directions in the laminate. In
order to analyze and design the stiffness and strength of belt and ply layers in tires,
composite theory is often utilized. The simplest, linear, composite theory for multiple
layers bonded together is called laminate theory. The following sections will address the
mechanical analysis of composite laminae and laminates with some discussion of finite
element methods for cord-rubber composites.

Exercises

True or false

1. For most isotropic materials, a uniaxial normal stress causes extension in the direction
of the applied stress and a contraction in the perpendicular direction.

2. For orthotropic materials, like isotropic materials, normal stress in a principal material
direction results in extension in the direction of the applied stress and contraction perpendi-
cular to the stress. However, due to different properties in the two principal material direc-
tions, the contraction can be either more or less than the contraction of a similarly loaded
isotropic material with the same elastic modulus in the direction of the load.

3. For an anisotropic material, application of a normal stress can result in an extension in
the direction of the stress, contraction perpendicular to the applied stress, and a shearing
deformation.

4. Coupling between both loading modes (normal and shearing) and both deformation
modes (extension and distortion) is characteristic of orthotropic materials subjected to
normal stress in a non-principal material direction.
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2. Linear Anisotropic and Orthotropic Analysis
In tire applications, rubber compounds are often assumed to be isotropic, and cord-rubber
composites are assumed to be orthotropic. Combined they can withstand the required
structural and thermal service conditions. This section will provide a brief description of
the linear orthotropic properties used to define the mechanical characteristics of the belt
or ply layers. Since no spatial distinction between cord and rubber is made in this section,
the analysis is homogeneous and anisotropic, or more specifically, orthotropic.
Orthotropic elastic properties are used in numerical modeling such as finite element
analysis (FEA) as well as closed-form methods. Since a tire undergoes large deformations,
the overall structural problem is nonlinear. However, the stiffnesses predicted by linear
orthotropic elasticity are useful for design, and when they are utilized with nonlinear finite
element analysis, a good approximation to the tire’s structural response is obtained.
Development of the theory for composite laminae and laminates given here follows those
given by Jones [13] and Walter [25].

Isotropic elastic properties

The simplest form of linear elasticity utilizes an isotropic material where material
properties are independent of direction, and all planes exhibit material symmetry. The
elastic properties are completely defined by Young’s modulus E, and Poisson’s ratio v, or
any other combination of two independent elastic constants. For example, another
possibility is to use the shear modulus G and the bulk modulus K to describe the materi-
al. Many interrelations among the elastic constants exist [1] such as

E

“ =) 1)
For a three dimensional stress state, such as that illustrated in figure 2.1, the generalized
Hooke’s law for a linear isotropic material is given by equation 2.2.

Figure 2.1: Three dimensional state of stress
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Equation 2.2 can be abbreviated as
[e]=[S][c] @3

where [S] is the compliance matrix. The “engineering” shear strains y;; are used such that,
e.g., 71 = Gyjp. The tensorial shear strains are half the engineering shear strains, and will
be used when coordinate system rotations are required.

The relationship in equation 2.2 is valid for any orientation. Material stability requires
that the material matrix [S] relating the state of stress to the state of strain be positive def-
inite. This requirement is satisfied when E >0, G >0, and -1 < v < 0.5.

Orthotropic elastic properties

For an orthotropic material analyzed with respect to the principal material directions, the
following stress-strain relations apply:

l _v21 _v31 O 0 0

E1 Ez Es
N T A
& E1 Ez E3 o,
&, Vi3 Vs l 00 0 9,
£ E, E, E, o, (2.4)
7/23 0 0 0 L 0 0 T23
V3 G23 T3
| V12 0 0 0 0 s 0 |L%24

G31
1
0 0 0 0 0 —
L G12 n

where the nine material properties for linear orthotropic elasticity are the three moduli E;,
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E,, Eg; Poisson’s ratios , vy, Vo3, 31, and the shear moduli G5, G,3, and G3;. The quan-
tity vj; is the Poisson’s ratio for a uniaxial normal stress applied in the i-direction, or,

strain in the j—direction
v, = e e (2.5)
strain in the i —direction

The components of the compliance matrix are defined by

1%
S =—,8,=—2 etc 2.6
11 1 12 E2 ( )
Due to the symmetry of [S], the three Poisson’s ratios and three Young’s moduli are
related by
Vi

E = E_/ (2.7)

For analysis in the principal material directions (equation 2.4), there is no interaction
between normal stresses oy, oy, o3 and shearing strains y;,, 23, ¥31, Or between shearing
Stresses 715, Tp3, 731 and normal strains &, &, &3, or between the shearing stresses and the
shearing strains on different planes.

Material stability for an orthotropic material also requires that [S] be positive-definite,
which results in the criteria:

El’ E2’E3’ GIZ’ G23’ G31 > O

|< E (2.8)

1=V, =VyVy = ViV —2v, vi,v,, >0

When the left hand side of the last inequality is zero, the material is said to be incompress-
ible, and a special set of equations for incompressible orthotropic elasticity are needed.
For the isotropic case, equation 2.8 ensures that v < 1/2.

A special subclass of orthotropic materials is obtained if at every point of the material
there is one plane in which the mechanical properties are equal in all directions. This type
of material is termed transversely isotropic. If, for example, the 2-3 plane is the special
plane of isotropy, then the material properties in any direction in the 2-3 plane are the
same, and the 2 and 3 subscripts can be used interchangeably. The number of independent
elastic constants needed to describe the structural behavior of a transversely isotropic
material is reduced from nine for orthotropic, to five. The five constants can be listed as:
E1 Ex(FEg), via(=v13), V23, G12(=Gyg), With

— EZ
(1+2vy)

23
Oftentimes Gyg, rather than vy, is specified. Steel and organic tire cords may be
considered transversely isotropic as shown in figure 2.2.

The most general type of linear elastic material is fully anisotropic where there are no
planes of symmetry for the material properties. To describe a fully anisotropic material,
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one would need 21 independent elastic constants as illustrated in Eq 2.9.

Figure 2.2: Cords and wires are sometimes treated as transversely isotropic

3
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where the [S] matrix remains symmetric.

To analyze a structure with a fully anisotropic elastic material, a finite element code would
require the input of all 21 independent constants. The restrictions imposed upon the
elastic constants by the stability requirements are too complex to list in terms of simple
equations. However, they can be satisfied if one ensures that the compliance matrix is
positive definite. This criterion is often checked automatically by commercially available
finite element computer codes [e.g., 2].

Stress-strain equations for a lamina representing a belt or ply layer

A fully anisotropic material characterization is rarely used or needed in tire design
calculations. Most cord-rubber composites are analyzed as orthotropic materials under
plane stress conditions. The structure is called a lamina and shown in figure 2.3. For this
lamina the following stresses are assumed zero for plane stress conditions:

03=T23=13;=0
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Figure 2.3 Portion of single belt or ply layer with plane stress assumptions

Plane stress: oy= e = 65 =0

When these stresses are set to zero, it follows that the following shear strains are also
zero:

Y3=VY5 =0

The normal strain &5 can be calculated from oy, o, and the orthotropic material proper-
ties given in equation 2.4.

The orthotropic stress-strain relationship in equation 2.4 can be simplified for plane
stress and presented in a more compact form:

i Vi
E E
€ ! 11 o,
g =22 = 0 |0, (2.10)
y E, E, .
12 12
1
0 0 —
L G/Z_
or
(2.11)

where [S] is now the plane stress compliance matrix for the lamina. The non-zero terms of
the [S] matrix retained for plane stress in equation 2.10 are Sy4, Sy, Sy, Spp, and Sgg. For the
orthotropic plane stress problem, there are four independent elastic constants: the Young’s
moduli in the direction along the reinforcement and in the transverse direction, E; and E,,
respectively, the in-plane shear modulus G4, and the major Poisson’s ratio v;,. The other
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Poisson’s ratio, v»4 can be determined from the reciprocity relationship (equation 2.7). When
the lamina compliance matrix, [S], is inverted, the lamina stiffness matrix, [Q] is obtained

[0]=[s]" 2.12)

Thus, the stresses in terms of the strains for the lamina in the principal material directions
are given as:

_61 | _Q11 Q, 0 €

0, |=[Qxu Qp 0 &, 13
7] [0 0 Q|7
or,

o, [QuQ, O &

0, [=|Qu Qp O &, (2149
7] L0 0 2Qg | &y

It is customarily acceptable to refer to the 3-3 entry in equations 2.13 and 2.14 as Qgg. The
notation finds its origin in the general expression of the stress-strain relations for an
anisotropic material (equations 2.4, 2.9) before being simplified to plane stress in an
orthotropic material as expressed in equation 2.13. In equation 2.14 the shear strain has
been changed to &,(=y;,/2), so that tensorial transformations are valid. The components
of the stiffness matrix, [Q], are given as follows:

E, E, E,
= ) = s =V S E—
u L-v,vy) R (L=vypva) e . A-vy,v,) (2.15)
E
Q21 = 2 Q66 = G12

Vi '
(L-vvy)

Table 2.1 shows the interrelationships among the different forms of the elastic constants.
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Table 2.1: Interrelationships among orthotropic elastic constants [25]
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The principal directions of material orthotropy (1,2) do not always coincide with the
reference directions used for the structure (X, y). An example is the angled belts of a
radial tire, where the direction of the belt wires is at an angle (e.g., 20 degrees) to the tire
axes x-y-z. The circumferential (x) and lateral (y) stiffnesses of the belt are desired for tire
design and analysis. When this occurs, a method of transforming the stress-strain relations
from one coordinate system to another is needed.

The angle of rotation from the x-axis to the principal 1-axis is 0 as shown in figure 2.4.
Stress and strain are second order tensors and they transform with change of coordinate
reference in a specific manner.

Figure 2.4: x-y axes rotated 0 degrees from principal material
axes 1-2. Positive rotation is in the counterclockwise direction

2

Fiber
direction
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The transformation equations for expressing stress and strain in the reference
coordinate system (X, y) in terms of the stresses and strains in the material principal
directions (1, 2) are given as follows.

O, Oy & &y
o, :[R] o, | | & z[R] g, (2.16)
Tip Tyy P €y

where [R] is the transformation matrix given in terms of the angle 6 as

& 7 2se

[R]z s’ ¢’ —2sc (2.17)

2
—SCc ScC 02 )

Here the abbreviations s = sinf and ¢ =cos# are used.
Note that the inverse of the matrix [R] is obtained by changing the sign of the angle, i.e.,

[R©O)]" =[R(-0)] (2.18)

The lamina principal stress-strain relations transformed to the lamina reference axes
(X, y) can be obtained by substituting Eqs (2.16) into (2.14) to give

Qu Qr Qi || g

= A A~ 2.19
Oy |= Q, Qy Qu €y (19)
| Ty Qs Qzs Qoe|[ 7

where the components of [Q] are calculated from

:6] = [RTl [Q][RTT (2.20)

and the superscript [ ]T denotes the transpose.

Oy

Note that [Q] is symmetric. Note also that the engineering shear strain Yxy» rather than the
tensorial shear strain &y, is used in equation 2.19, so that the common definitions for the
Q_ij result. The Qj; are related to the reduced stiffnesses Qj; by the following

Q. = Q¢ +2(Q, +2Q,)s%c* +Q,,s"

Q,, =Q,;5* +2(Q,, +2Q,,)s%c* +Q,,c*

Q= (Q,; +Q,, —4Q,)s°C” +Q,, (s* +¢*)

Qi = (Q; —Q, —2Q4)sC” +(Q, — Qy, +2Qy)s°c
Qu = (Q ~Qu, —2Q4)s°c +(Q, —Qy, +2Qy,)sC”
Qg = (Q +Qy, —2Q;, —2Q;)s°C” + Qg (s* +¢)

(2.21)
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The matrix [Q]is now populated with nine non-zero components. There are still only four
independent elastic constants, since the lamina is planar and orthotropic. In the new ref-
erence coordinate system (X, y), there is coupling between shear strain and normal stress-
es and between shear stress and normal strains. Thus, in the new reference coordinate sys-
tem (X, y), the lamina behaves like a completely anisotropic material.

In a similar fashion, the strains can be expressed as a function of the stresses in the
arbitrary coordinate system (X, y) as

£, §11 §12 §16 o,
gy |= §12 gzz §26 o, (222)
Yy §16 §26 §66 Tyy

where the components of the lamina compliance matrix [S] are given by

Si=S,0 +(2S,, + S, )s%c? +S,,8°

Sz =8,,5* +2(S,, +2S,;)s%c? + S,,¢* 02

S12=(S,, +S,, — Sy )s%C? + S, (5" +¢)

Si6 = (25, —2S,, — Sy, )SC* + (25, - 25,, — S, )s’c
Sas = (25, —2S,, — S )s°C+(2S,, — 25,, — Sy )SC°
Ses = 2(2S,, +2S,, —4S,, — S, )$2C? + S, (5* +¢)
All the elastic coefficients in equations (2.19), (2.21) and (2.23) for plane stress are func-
tions of the four orthotropic elastic constants, E; , E; , G15, vq5, and the angle 6 from the

1-direction of the orthotropic lamina. The stress-strain relations governing the off-axis
response of a single ply can be written as [3]

L= s _A'yru (2.24)
Ey E
Vi = = -0, -1,0,

Xy

where the engineering constants can be evaluated from
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4 - 4
1 _coso sino +(i——2v12 ]sinzecosze
EX El EZ GlZ El

H) 4

1 _sin6 cos'd +(i——2‘/12 }sinzé)cosze
E, E, E, G, E

2

1 _cos’26 +[1+v12 +1+v21}sin2 20

G, G, E, E,

Yo VY _Vip 1{ﬂ+ﬂ—i}sin229 (2.25)

E,L E, E 4 E E, G,

[ ain2 2
A, =sin20 sin"0 _ cos 9+l[i—ﬂ]00529

E, E, 2\G, FE
-, - -
ly:sinZO cos 9_3|n e—l(i—ﬂ]cosw
E2 El 2 GlZ 1

In addition, the elastic constants are functions of the mechanical properties of the
constituents, e.g., the cord and the rubber modulus. In section 3, methods for determining
the orthotropic properties from the constituent properties will be addressed.

Figure 2.5 shows how the composite engineering constants vary with angle for a
typical tire cord-rubber ply. Figures 2.6 and 2.7 show the corresponding data for the
compliances and the reduced stiffnesses, respectively. These plots are based on data from
Patel et al. [4].

Often, it is easier experimentally to work with the compliances rather than the reduced
stiffnesses. For example, it is easier to apply oy, = oy (with all other stresses equal to zero)

Figure 2.5: Variation of G,y, E, and v, with cord angle for a 1000/2 polyester ply [4]

Xy?
i S
T o \f w
o 1500 c
o™ : &
WI00 =T AF ~_ /S =
o | == =
= 200 | .."’f &
= =
< g00C < 2 g
- L':l"r [__.-l"":::-\,l:.__ ;I..I'}
e 300 © |} g <
w g =
C 0. = 0
= o* 30° b=

CORD ANGLE &




Chapter 4. Mechanics of Cord-Rubber Composite Materials 119

Figure 2.6: Variation of transformed compliances
with cord angle for a 1000/2 polyester ply [4]
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Figure 2.7: Variation of transformed reduced
stiffnesses with cord angle for a 1000/2 polyester ply [4]
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to determine Sq;=1/E, than it is to apply &,,=¢y (with all other strains zero) to determine
Q1. The latter test requires bi-axial grips to apply a zero strain boundary condition in the
transverse direction.

One important consideration is the difference between E, (determined with zero
transverse and shear stress boundary conditions) and Q44 (determined with zero transverse
and shear strain boundary conditions). Figure 2.8 shows these two functions. Note that
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there can be an order of magnitude difference in these two coefficients which both relate
normal stress to normal strain as in

o, =Eeg,, foro, =7, =0, or

B (2.26)
o, =Qu¢,, fore, =y, =0.

Figure 2.8: Comparison of modulus E, with transformed reduced stiffness 611
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Experimental determination of lamina properties

To determine the §;; or the Q;; for analysis, two possibilities are: 1) measure them by test-
ing cord-rubber composites, or 2) compute them from the measured properties of the com-
posite’s constituents. The former method will be discussed here, and the latter in the next
section. In general, the load-deflection response of cord-rubber composites will be non-
linear and hysteretic, so engineering judgement is used to determine the best linear elas-
tic approximation from the test data.

First, determine S;; = 1/E; and vy,, by running a simple tension test with loading in
the cord direction. Since the modulus of the cords is typically 100-1000 times larger than
the modulus of the rubber, the 1-direction response is dominated by the cords. So, the E;
modulus of the homogenized composite should be approximately the modulus of the
cords multiplied by the volume fraction of the cords. The major Poisson’s ratio v;, might
be difficult to measure since the displacements are relatively small when testing in the 1-
1 direction. However, full field techniques such as moire, or digital image correlation
(DIC) [5] should provide the required accuracy. Figure 2.9 shows moire patterns on a
cord-rubber composite that can be used to compute displacements in the loading and
transverse directions. Also, a full-field technique like moire or DIC will help confirm that
the load is being applied in a uniform manner, and will also provide measurements of
strains that do not contain edge effects or grip effects.
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Second, determine S,, = 1/E, and v»4 by running a simple tension test with loading in
the 2- direction, or 90 degrees from the cord direction as shown in figure 2.10. The trans-
verse modulus E, is usually dominated by the rubber response. For a 50% volume frac-
tion of cords, an initial estimate of E, would be twice the rubber modulus, however many
factors will affect this value. Stiffening due to the constraint imposed by the cords on the
rubber in the 1-direction, which minimizes the rubber’s lateral contraction, and edge
effects can be significant in this test. The cords can even debond from the rubber at the
free edges.

With E, E,, v15, and v,; determined, reciprocity (Eq 2.7) can be checked.

Figure 2.9: Moire fringes on a cord-rubber composite. The displacement is constant
within each fringe. Fringes for x and y displacements are shown.
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Figure 2.10: Schematic of test for E, with cords at 90 degrees
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Lastly, G;, needs to be measured. The simplest method is to perform an off-axis
tension test with the cords at, say, 45 degrees to the load line, and then use the first
equation in equation 2.25 to solve for G;,. Another possible experiment for G, is the tor-
sion of a thin-walled cylinder made of the cord-rubber composite as shown in figure 2.11.
The cords can be oriented in either the axial or circumferential direction of the cylinder.

Figure 2.11: Torsion of a cord-rubber cylinder for G;, determination. Grid, moire
or DIC can be used for shear strain measurement away from the grips.

Finite element implementation

When using a finite element code, the properties of the cord-rubber components need to
be specified. Some options for specifying the single layer mechanical properties reviewed
in this chapter are the following: 1) solid 3-D elements with orthotropic properties, 2)
shell or membrane elements with orthotropic properties, 3) 1-D stiffness (“rebar”) [2]
elements added to solid 3-D elements, 4) 1-D stiffness (“rebar”) elements added to
membrane or shell elements, and 5) use of an RVE (representative volume element) or
unit cell to compute the effective properties. In the latter case, the procedure follows that
for the general method of cells (GMC) which will be discussed in the next section. If the
properties are specified in the principal material directions, the transformation from the
principal material orientation to a different global or local coordinate system is usually
specified.

Case 1) requires the input of all 9, 3-D orthotropic properties Eq,E,, E3, vq5, Va3, Va1,
G12, Gz, Gy

Case 2) requires the input of either the four planar orthotropic properties, or the
reduced stiffnesses.

Cases 3) and 4) require the input of isotropic or orthotropic properties and orientation
for the solid, membrane, or shell element, and the 1-D stiffness (E; and total area, or E4,
cord spacing and cord diameter) and orientation of the rebar elements.

Case 5) can provide the values for the orthotropic properties utilized in cases 1) and 2).

Note that the orthotropic solid in case 1) will have bending stiffness defined by the
extensional orthotropic properties and the element dimensions, which may overestimate
the actual bending stiffness.

The material properties of the rebar elements are distinct from those of the underlying
element and their orientation can be defined relative to the local coordinate system as
shown in figure 2.12.

To define the reinforcement, the rebar option specifies the cross sectional area A of
each rebar, the rivet r or spacing between two consecutive cords, and the orientation angle
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6 in degrees between the membrane local direction and the rebar (cord) direction. A
positive angle defines a rotation from local 1 direction toward local 2 direction.

Figure 2.12: Rebars defined relative to local coordinate system
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Lamina thermal conductivity

Operating temperature is an important characteristic for tire durability. In order to predict

temperature distribution in a tire, the corresponding heat transfer problem must be solved.

The material property required for a steady-state temperature prediction is the thermal

conduction. Fourier’s law for conduction in isotropic materials states that

49 _5r (2.27)
dt

or, the rate of heat flow per area is proportional to spatial temperature gradient. The
proportionality is the heat conductivity k in W/m°C. If the material is orthotropic, the
analysis along the principal material directions gives

ar ]
dx

S k00 dYI’ (2.28)
a1 0 02 k dx,
v | ar
_dx3_

The heat flow and temperature gradient are first rank tensors, or vectors. Consider the case
for rotations about the z-axis consistent with the planar lamina stress-strain analysis. The
transformation matrix for vectors in the x-y plane is simply

cosO sinG 0
[R]=|—sin® cosO 0
0 0 1

(2.29)
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for angles 6 measured from the 1 direction to the x axis. The transformed variables are
given as

[ar ] dar

dx dx
q, q, j’; e
s e el 230)
LM e ar

[ dz | | d; |

The orthotropic conduction law in the arbitrary x-y reference plane is then

dT
q, E
g, |=[RI[K][R]"| L 231)
dy
q. dT
%

The transformed conductivity matrix can be defined as
- -1
[k ]=[RIKI[R] (2:32)

where, for rotations about the z-axis the components are given by
ki = k,, cos’ 0 +k,,sin’ 0

ko = k,, sin’ 0 +k,,cos’ 0

kiz =k = (k,,—k,,)sin6 cos0

kss =k,

(2.33)

Often tire heat transfer FEA is performed on a 2D axisymmetric tire section where the
transformed properties in Eq 2.32 are input to the analysis. In a 3-D analysis the
properties could be input in the principal orientation together with the orientation to the
structural coordinate system.

Thermal expansion coefficients
When performing an analysis which includes large temperature changes, it is often
necessary to include the effects of thermal expansion and contraction [e.g., 1, 11,43] . For
example, as a tire comes out of the mold and cools down, it takes on different dimensions
compared to the molded shape. If the materials have different thermal expansion
coefficients, then internal “thermal” stresses are also induced in the structure.

From a material perspective, thermal expansion only affects the normal strains in the



Chapter 4. Mechanics of Cord-Rubber Composite Materials 125

principal material directions. For an orthotropic lamina analyzed with respect to the
principal material directions, a change in temperature that produces no stresses gives rise
to the following strains

en | [, AT ]
&5 oL, AT
€y | _ oL, AT (2.38)
Va3 0
Va 0
| V12 10

where a4, a,, and o3 are the coefficients of thermal expansion in the three principal mate-
rial directions. Note that for cord-rubber composites with organic cords with molecular
orientation, these coefficients can be negative. For linear analysis, the thermal strains and
those due to applied stresses are simply added together. Thus, the inclusion of thermal
strains changes equations such as 2.4 and 2.13, respectively to

i Va  TVa 0 0 0
E 2 E;
. e 1 Ve 00 0. -
81 — alAT El E2 E3 Gl (235)
822—O£2AT —Vis Vs i 00 0 (%
£33 — AT B E E, E, Oy
7/23 0 O 0 i 0 0 7’-23
Va1 Gy Ta1
712 410 0 0 0 1 0 |L%
G
0 0 0O 00 i
L G, |
and B )
Oy Q, Q, O & —oyAT
0y |=|Qy Qp 0 gy —OLAT
T, 0 0 2Q4 72 (2.36)
L 2 ]

A numerical analysis code requires the input of the three principal coefficients of thermal
expansion and the orientation to the principal material directions. Typical values of the
linear coefficient of thermal expansion for filled rubber and the most commonly used
reinforcing cords are listed in the following table:
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Table 2.2: Typical thermal expansion coefficients (°C -1)

Polyester 420 x 10
N66 Nylon 175 x 10
Steel 1.26 x 10
Rayon 8.00 x 100
Aramid 0.20 x 10
Filled Rubber 13.0 x 10

Exercises
1. For the lamina shown below, find the stresses in the 1,2 directions and the strains in
the x,y directions. The lamina has the following elastic constants:

E,=14 GN/m? T 70 MN/m?
E2:3.5 GN/m2
G12:4.2 GN/m2 —
V12:0.4 R 1
V21:0.1 2
-3.5 MN/m? o
—_— A - ||
-1.4 MN/m?
—_— =
2. Show that the apparent direct modulus of an
orthotropic material as a function of 6 (the first

equation in equations (2.25)) can be written as:

%:(1+a—4b)cos40+(4b—2a)c0529+a

where

1 E
azﬂ and b==(—L-2v,,)
E 4 G,

2

3. Use the derivatives of Ey to find its maxima and minima. Show that E is greater than
both Eq1 and E, for some values of 0 if:
E
G]2 > 1
2(1+v,,)

4. Show that E, is less than both Eq and E» for some values of @ if:
E

1

i
2

Thus, an orthotropic material can have an apparent Young’s modulus that either exceeds
or is less than the Young’s modulus in both principal directions.

G, <
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3. Constituent contribution to composite properties

In the macromechanics study of composites, the material is assumed to be homogeneous.
The properties of the composite, such as modulus and Poisson’s ratio, are determined by
experiments on the composite. The effects of the individual constituent material is only
accounted for by its influence on the average properties of the composite.

An alternate approach is to predict the properties of the composite based on the
properties of the constituents. This is called micromechanics theory and it examines the
interaction of the constituent materials and determines the role of each on the effective
properties of the composites. Some of these theories are discussed in [9,25,69]. This
representation is more complex than the macromechanics approach, however simplified
tools exist for the calculation of the effective composite properties. The finite element
method can also be used to calculate equivalent composite properties from a model where
the geometry of the cords and rubber is explicitly represented.

The following sections present the most widely used equations for calculating the four
independent elastic constants of a single orthotropic lamina: E;, E,, vi5, and Gys.
Properties will be determined with respect to the principal, or natural, coordinates as
shown in figure 3.1.

Figure 3.1: Principal or natural coordinates for a
belt or ply layer (also called composite lamina)

In general, the key feature shared by all these approaches is the mechanics of
materials reasoning that the strains in the fiber direction of a unidirectional fibrous
composite are the same in the fibers as in the matrix. In addition, sections normal to the
fibers remain plane before and after being stressed.

Some example properties of tire cords and rubber are shown in table 3.1.

Table 3.1: Young’s modulus for typical tire cords

Cord construction Young’s modulus (psi)
2+3x.35 Steel 16 x 106

1500/2 Kevlar 3.6 x 106

1000/2 Polyester 5.75 x 10°

840/2 Nylon 5.0 x 10°

Belt skim rubber compound 2000
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Simple models
The rule of mixtures assumes no interation between the constituents. This method works
well for the modulus in the direction of the cords. It is equivalent to considering elastic
springs in a parallel configuation and summing the volume-weighted stiffnesses to get the
overall stiffness. The equation can be written as
E=EV.+EV, 3.1)
where,

E, is the Young’s modulus of the composite in the direction of the cords,

E. is the Young’s modulus of a single cord,

V. is the volume fraction of cords in the composite

E, is the Young’s modulus of the rubber, and

V, is the volume fraction of rubber in the composite

Note that
V.+V =1
The volume fraction of the cords can be calculated by
_ﬂD%
4t
where D is the diameter of the cord, t is the thickness of the ply layer, and “e” represents
the cord “ends per unit length” along the 2 direction of the ply layer.
In many cord-rubber composites, the modulus of the cords is 100-1000 times larger
than the modulus of the rubber, so the approximation

E=EV, (3.2)

is sometimes used. The same rule of mixtures approach can provide a reasonable estimate
for the major Poisson’s ratio, v;, for loading in the 1-direction:

V]Z :ch/c +Vrl/r (33)

i.e., the overall contraction in the transverse direction can be envisioned as the volume-
weighted sum of the contraction of each constituent.

Consider the idealized geometry in figure 3.2 with loading in the transverse direction.
By using the independent elastic spring analogy for the transverse stiffness, the model
becomes two springs in series as shown in figure 3.3.

Figure 3.2 - Idealized cord-rubber composite loading in the transverse direction
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Figure 3.3 - Independent elastic springs in series model for transverse modulus

t

|

When accounting for the different volume fractions of cord and rubber, the simple
springs in series model gives

PANA y
E, E E (3.4)
or

E
E,=E ——— (3.5)

"EV,+EJV.

For the simple spring model of equations 3.4 and 3.5, the transverse modulus of the cord,
which may be much less than the axial modulus, could be used for E.. Also, one could
argue that since the rubber is constrained from contracting in the 1-direction due to the
stiff cords, the “plane strain modulus” of the rubber E,/(1-v,) should be used in place of
E,. In any case, if E.>>E,, then equation 3.4 reduces to

E
E, = 7 (3.6)

Consider figure 3.2 under shear rather than tensile loading. The springs in series model
can also be used to give an estimate for G;,. For G, >> G,, an equation analogous to equa-
tion 3.6 results

G.
G, = 7’ (3.7

r

A common theme with most equations for the transverse or shear composite modulus is
that they have some factor times the modulus of rubber.
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The minor Poisson’s ratio can be obtained from the reciprocity condition that arises
from symmetry of the stress-strain relationships
EZ
Vo, =V, — (3.8)
21 12 E1
The simple expressions above often give a good first approximation to the orthotropic
elastic constants required for structural analysis of the belt and ply cord-rubber composites.
Many factors are neglected such as the Poisson’s ratio mismatch, and the potential for the
cord to be anisotropic, or the fact that the cord is actually a structure and not a homoge-
neous material. Relationships which can add some accuracy for cord-rubber composites
are considered next.

Halpin-Tsai equations

The composite transverse (2 direction) and shear properties of the composite are the most
difficult to predict. The following equations are referred to as the Halpin-Tsai equations
[see e.g., 6,13] and are widely used with the rule of mixtures for establishing the five elas-
tic constants for a single orthotropic ply.

_EIE(1+&V)+EE (1-V)]
2 E(-V)+EE(+V /&)

_GIG.(1+&EV)+&,6.(1-V,)]
2 G (-V)+EGO+V./E)

3.9)

(3.10)

where the &, &, are factors depending on the cord geometry and spacing. These equations
are semi-empirical and have shown good correlation with data. If E. >> E,, and using
common values of &;=2and &,=1, Equations 3.9 and 3.10 reduce to

_E(+&7)
GIG.+G +V.(G. -G.)]
= (3.12)

12 G +G -V.(G-G)

The rule of mixtures equations 3.1 and 3.3 are used for major modulus and Poisson’s ratio,
respectively. Figure 3.4 shows how E; and E, vary with cord volume fraction for rule of
mixtures and Halpin-Tsai equations.

Figure 3.4 - Dependence of composite moduli on
cord volume fraction for a 1000/2 polyester ply [25]
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Gough-Tangorra equations
Gough and Tangorra [7] have developed expressions specifically tailored to the properties
of cord reinforced rubber. The expression for the transverse modulus is:

_AEVIEV. +EV]
3EV.+4EV.

They also used the simple approximation for the shear modulus in Eq 3.7 and assumed
major Poisson’s ratio vy, =0.5.

(3.13)

2

Akasaka-Hirano equations
The Akasaka-Hirano equations [8] are a simplified version of the rule of mixtures and the
Gough-Tangorra equations with:

E =EV,

@zgg

G,=G, (3.14)
v, =05

v, =0

S. K. Clark equations
In this approach [9], an energy method is used to formulate expressions for the lamina
elastic constants without requiring detailed cord properties such as shear modulus and
Poisson’s ratio.

The theory uses a stiffening parameter ¢ indicating the degree of stiffening imposed
by the cord structure.

1-V

=EV <
$=EV. g (3.15)
Then
G
E=EV +12 L
_i+ 4+2¢
2
E =G, 2+¢9 (2+9¢) (3.17)
1=r)
with
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Comparison with experimental data
Walter and Patel [10] gave several examples of experimental data for single sheets of
calendered fabric. Some comparisons for a rubber-Kevlar composite are shown in figures

3.5and 3.6.

Figure 3.5 - Comparison of E; between rule of mixtures
prediction and measured data for a 1500/2 Kevlar - rubber ply [10]
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Figure 3.6 - Comparison of E, between rule of mixtures
prediction and measured data for a 1500/2 Kevlar-rubber ply [10].
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The following tables from Clark [9] compare values calculated from the various
theories with measured ones.

To highlight the accuracy of the various approaches in predicting the effective properties
of a single lamina, two types of reinforcing materials were considered: steel and rayon
with the following properties:

Table 3.2 Cord and rubber properties [9]

Elastic properties Rayon Steel
Cord Young’s modulus, E; (GPa) 341 50.50
Rubber Shear modulus, G, (MPa) 2.94 5.30
Cord volume fraction, v, 0.23 0.11
Parameter ¢ 102.70 466.40

The theoretically predicted and experimentally measured elastic contants for a rayon-
rubber lamina are listed in Table 3.3.

Table 3.3 Elastic constants for a rayon-rubber lamina [9]

Halpin-  Gough- Akasaka- Clark Experimental data
Tsai Tangorra Hirano Theory

E, (GPa) 0.786 0.786 0.772 0.811 0.779

E, MPa) 16.60 9.10 11.70 15.20 13.90

Gy, (MPa) 3.28 2.28 2.94 3.57 3.82

Vio 0.54 0.50 0.50 0.50 0.49

The comparison for a steel-rubber composite lamina is listed in Table 3.4.

Table 3.4 - Elastic constants for a steel-rubber ply [9]

Halpin-  Gough- Akasaka- Clark Experimental data
Tsai Tangorra Hirano Theory

E, (GPa) 5.73 5.73 5.70 5.77 5.72

E, MPa) 21.90 18.80 21.20 23.80 19.30

Gy, (MPa) 5.23 4.69 5.29 5.95 4.92

V1o 0.49 0.50 0.50 0.50 0.49

The predicted results are rather similar. The approach proposed by S. K. Clark is as
accurate as the Halpin-Tsai equations, but it does not require detailed cord properties.

Thermal conductivity

When performing a heat transfer analysis for predicting tire temperatures, the thermal
conductivities of the materials are required. If the cord-rubber layers are represented by
effective composite properties, the conductivity will depend on direction. With reference
to figure 3.1, the heat typically travels more efficiently along the cords (1-direction) than
transverse to the cords (the 2- or 3 - direction). Consider a representative volume element
as shown in figure 3.7. In the 1-direction, the effective composite conductivity is repre-
sented by the rule of mixtures as

k=kV.+kV, (3.18)
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Figure 3.7 - Representative volume element for a cord-rubber layer

As with the moduli, the transverse properties are more difficult. As an example, consider
the idealized geometry in figure 3.8. The square cord is a representation of % of the effec-
tive cross-sectional area of the cord, and the remaining area comprises the rivet between
cords and the rubber treatment above or below the cords (assumed symmetric). A model
with thermal resistors for heat flow in the 3—direction is shown in figure 3.9. The thermal
resistance is in general

R, =L
Ak

where L is the length of the heat flow, A is the cross sectional area, and k is thermal
conductivity. For this example consider the resistance per unit depth in the 1 — direction.

(3.19)

Figure 3.8 - Unit cell for transverse
conductivity calculation (e = ends per unit length)

cord
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Figure 3.9 - Equivalent thermal resistance model for conduction in the 3-direction

Ry
195
R,
The thermal resistances shown in figure 3.9 are
B Ay 12 1
¢ - 3.20
ko JA, 12 k. (3.20)
_t/2— Ae_[,./z_t—,/Agﬁ. G
1 - .
k.| Ay 12 k. Ay
and
_ /2t
2T kb/2 kb (3.22)

First, combine R, and R, in series. Note that thermal resistances in series add directly,
and thermal resistances in parallel add reciprocally,

Ay 1 kA k(- f4,) 3.23
R N (3.23)
kr\/@ k, kc,kr\/sz

Adding this result in parallel to the rubber resistance R,, gives

I_kb,  kkydy (3:24)
Rt k. A, +k(-A4,) '
1 _ kb(k, Ay +k =4y ))+tk K A, _ky(/e) (3.25)

R 1k, [+ =\[4,)) t

The effective conductivity for conduction in the through-thickness direction for the cord-
rubber composite, K, can be determined from equation 3.25. For the more simple case
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without an extra rubber layer above and below the cords, Eq 3.25 simplifies to

_kb+kt
T (b+t)

where the rule of mixtures for the conductivity is evident. A similar analysis can be
performed for the conductivity in the 2-direction. A more precise estimation of the
equivalent conductivities could be obtained by performing a heat transfer finite element
analysis of the geometry in figure 3.7.

(3.26)

Finite element method for cord-rubber properties

Finite element analysis can also be used to predict effective orthotropic properties of a
cord-rubber lamina. A geometry as simple as that shown in figure 3.7 could be meshed
and analyzed for elastic or thermal properties transverse to the cord. Nonlinear elastic
properties with moduli different in tension and compression could represent the cord, and
a nonlinear hyperelastic material model (with damage, etc) could represent the rubber.
Padovan [71] included the extension-twist coupling of the cord both by applying a
micro-polar theory to a cylindrical cord geometry and by meshing the actual filaments that
make up the cord. Numerical simulation presents many interesting possibilities for the
analysis of cord-rubber composites. Given the challenges of cord-rubber experiments,
numerical simulation can provide a more robust and preferred approach.

Exercises

1. A composite specimen has dimensions of 25.4 cm x 25.4 cm x 0.3 cm and a weight of
218 g. The fibers weigh 186 g. The densities of the fibers and matrix are 1.0 g/cm3 and
1.2 g/ cm3, respectively. Determine the volume fractions of fibers and matrix in the
specimen.

2. The constituent materials in the composite described in the previous exercise have the
properties E=32.0E+06 psi (220 GPa), Ef=2.0E+06 psi (13.79 GPa), and E,,=0.5E+03
psi (3.45 MPa). Estimate the longitudinal and transverse moduli of the composite by
using the different approaches provided.

3. Assume that the transverse thermal conductivity of a composite is computed by
employing the following equations:

where kj, k¢, ky, are the thermal conductivity for the composite in the transverse direction,
fiber and matrix, respectively.

What will be the thermal conductivity perpendicular to a ply with V,,=50% with the
following thermal conductivities: k,=0.18 Btu/hr-ft-°F, and k=66 Btu/hr-ft2-oF.

k
1e oV (-1
kn 1-mv, " K ’ VY,
m nvi (7f+é*) m

km
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4. Macromechanical behavior of a laminate

In the previous sections, the analysis of a lamina or single ply was presented. However,
cords are only capable of carrying a considerable load along the cord directions. To carry
loads applied in several directions, many laminae may be bonded together and stacked at
different cord angles to produce a structure called a laminate, capable of providing
stiffness and resisting load in all directions. If the laminate is formed from many laminae
at different cord angles as in figure 4.1, how is the response of the laminate determined?
A portion of a simple laminate that might occur in a tire belt package is shown in figure
4.2 with a belt angle stacking sequence of [+60,+22,-22,+22]. The positive angle is
measured from the x-axis. The stacking sequence notation [6;,6,, etc.] starts with the bot-
tom ply and goes in sequence until reaching the top — i.e., the usual manner in which the
composite would be fabricated. This is also the order in which belts or plies are applied
on a tire building drum. The example in figure 4.2 could also be represented as [60, +22, 22].

Figure 4.1 - Laminate and questions for analysis [13]
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Figure 4.2 - Portion of a 4 layer laminate with cord angles [+60,+22,-22,+22]
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Tire cord-rubber composites undergo bending as well as the extensional deformations
considered in the previous sections. Bending occurs as the tire is loaded. The sidewall
curvature increases and the belt curvature decreases.

Previously, the behavior of a single orthotropic layer has been considered in detail.
Since a laminate is composed of several such layers, this section will use the behavior of
a single lamina to develop the behavior of a laminate using the properties of the lamina
and additional assumptions related to the stress and deformation.

First, the analysis of bending is briefly reviewed. Then, the distributions of stress and
strain through the thickness of the laminate are established where z-displacements and
out-of-plane bending will be considered as well as in-plane deformations. Finally, the



138 Chapter 4. Mechanics of Cord-Rubber Composite Materials

governing constitutive equation of the laminate is derived in terms of the coupled bending
and stretching stiffnesses caused by the different principal directions among the layers of
the laminate.

Analysis of bending deformation

This topic is covered in depth in mechanics of materials texts [11]. When a constant
bending moment is applied to a straight elastic beam, the beam bends into a circular arc
of radius p as shown in figure 4.3a. Through the center of the beam passes a surface called
the neutral surface where the normal stresses are zero (dashed line in figure 4.3a). From
the neutral surface, tensile stresses occur away from the center of curvature, and
compressive stresses occur towards the center of curvature. This is intuitive, since tensile
strains are apparent on surface AB in figure 4.3b due to the increase in length of the outer
surface to L+68, and compressive strains are apparent on the inner surface. Considering the
portion of the beam shown in figure 4.3b, the angle 6 can be expressed as

Figure 4.3 - Beam bending

_L_L+6
p p+d

where d is the distance from the neutral surface to the outer surface. The normal strain
&, can be expressed as

0

(4.1)
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X L p
Since the state of stress is uniaxial, the strain can be equated to
o, Md
& == (4.3)
E EI
Equating equations 4.2 and 4.3 gives
1 M
K=—=—, or M =Elx (4.9)
p EI

where « is the curvature and | is the area moment of inertia of the cross section about the
neutral surface. Also note in figure 4.3b that the assumption of “plane sections remain
plane” has been used, since the planes AE and BF are assumed to remain planar after
deformation.

This is an analysis of bending of a beam about one axis. Composite laminate analysis
includes bending of the laminate “plate” about two axes as shown in figure 4.4. Note the
convention that M, causes stresses oy, rather than being a moment about the x-axis.

Figure 4.4 - Bending of a plate about two axes

Strain-displacement relationships

The kinematics of strain and displacement including bending deformations follow those
of plate theory developed originally for isotropic materials [12]. The treatment here
follows that in the text by Jones [13]. Note that the kinematic relations for strain and
deformation are determined independent of the material properties (isotropic, anisotropic,
heterogeneous, etc).

To establish a relation between the displacement components and the corresponding
strain field, a section of a laminate is considered as shown in figure 4.5.

The laminate is deformed due to transverse (z-direction) loading and also in-plane
loading. The equations relating the strain at any point C in the laminate will be established
in terms of the displacements at the geometrical midplane (i.e., the x-y plane passing
through B) of the laminate (ug,vp) and the displacement in the z direction (w).
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Figure 4.5 - Deformed shape of the laminate in the x-z plane [13].
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The “plane sections remain plane” assumption means that there are no shearing
deformations in the x-z and y-z planes. This is to say that the layers that make the
laminate cross-section DBA do not deform over one another: the plane represented by the
line DBA remains plane — i.e., straight and normal to the deformed midplane. With this
assumption, known as the Kirchhoff-Love hypothesis, the displacement at any point C on
the line DBA is given by the following linear relationship:

uc:uO_Zc ﬂ (45)

where z. is the z coordinate of the point C measured positively in the downward z
direction from the geometric mid-plane, and S is the slope of DBA with respect to the
original vertical line. This relation holds for small deformations where g is small. It is con-
sidered as the rate of change of the deflection in the z direction with respect to change in
the x (or y) direction. Thus, the displacements in the x and y directions of any point in the
laminate are related to the geometrical midplane displacements (ug,vg) according to the
following equations:

ow
u=u, —za—
X (4.6)
ow
v=v,—z—
dy

Note that the Kirchhoff-Love hypothesis may not be accurate for many cord-rubber
applications, since it does not allow for any interply deformations. The laminate with
Kirchoff-Love is stiffer than a laminate that allows interply shear deformations.

Since the line DBA is assumed to remain straight with negligible stretching or
shortening, it is consistent to assume that the normal strain in the z direction is nearly zero.
Therefore, the normal deflection at any point in the laminate is considered to be the same
deflection (w) as the geometric midplane.

At this stage, the definitions of the normal strain as the ratio of the change in length
divided by the original length, and the shear strain as the total angle change, are used to
derive the expression for the strain at any point in a laminate in terms of the displacements
Ug,Vo, and w. The strains can be defined in terms of the derivative of the displacements
with respect to spatial position as:

Ju ov _du o

& =—,6,=—,andy =—+—
Toox T oy Vo dy ox
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(4.7)
Using equations 4.6 and 4.7, the normal and shear strains can be written in terms of the
midplane strains and laminate curvatures as follows:

£, [ K, “8)
_| 0 .
Sy =& y +Z Ky
0 K
7/xy 7 Xy Xy

where the geometric midplane strains are related to the displacements of the midplane as:

&', X (4.9)
e |= %\;)
0
Tl o, o
Loy ox ]

and the midplane curvatures are related to the midplane displacement w in the z direction
as:

az_w ;
ox’
KY
O I AT (4.10)
y | p) 2 .
KXV JZ;
’ J'w
| 0x0y |

Using matrix notation, the above equations can be written in a more compact format:

[¢]= [sOJ +2[x] (4.11)

Thus, the midplane strains are functions of the midplane displacements ug,vy and the
curvatures are functions of the midplane deflection w.

Stress of a ply in a laminate
For an orthotropic lamina, the stress-strain relation in an arbitrary reference coordinate
system was shown to have the following form (equations 2.19):

Oy Q11 le QlG &y

Oy |= (512 sz 626 &y (4.12)
Tyy Qus Qus Qs || 7y
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or,
[o]=[0]e] w13
For the kth layer in a laminate, the stress-strain relation is simply

o], =[2] [¢], (4.14)

By substitution of the strain from Eq 4.8 into the above stress-strain relation, the
stresses in the ki layer can be expressed in terms of the laminate midplane strains and
curvatures as

o, 611 612 616 83 611 612 616 K
Oy | = Q Qp Que € 3 +2 | QpQy Qu K (4.15)
Ty Qs Qa6 Qs C |y ?y Qs Qo6 Qs LY

k

or, in a contracted matrix format:
[o] =[Q],[¢° |+2[Q] [] (4.16)

This is equivalent to computing the stresses due to axial and bending deformations in a
simple beam. The expression (4.16) can be used to compute the stress in a lamina when
the laminate midplane strains and curvatures are known.

Since [Qj ]k can be different for each layer of the laminate, the stress variation through
the laminate thickness is not necessarily linear, even though the strain variation is assumed
linear. A hypothetical variation of stress and strain is depicted in figure 4.6.

Figure 4.6 - Hypothetical variation of strain, stiffness and stress in a laminate [13]
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Definition of stress and moment resultants

It is often convenient to deal with a system of resultant loads that are acting at the
geometrical midplane. The stress resultants and moment resultants consist of three quan-
tities with dimensions force per unit length (the stress resultants) and three quantities with
dimensions of length times force per length (the moment resultants).

An element cut from a laminate is shown in figure 4.7. In a general loading condition,
this element would have six stress components acting on its faces (oy oy, 0, 7y, 7, Ty2)-
In light of the previous assumptions related to the transverse shear and normal stress in
the z direction, only o, o, 7, will be considered. Since the stresses in a laminate vary
from layer to layer, the stress resultants are defined as the sum or integral of these stress-
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Figure 4.7 - Stress and moment resultants[13].
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es in the z direction.
These stress resultants are positive in the same sense as the corresponding stresses, and
since they are stresses times length (dz), they have the dimension of force per length.

h
N, = |2 o.dz
Iy
0
N, :ji o ,dz (4.17)
2

h

—|2
N, —J.iaxydz

2

In addition, the moment resultants are given as the sum of the stresses multiplied by the
moment arm with respect to the midplane.

h
M, = _[211 c zdz
2
h
M,=[} 0 zd: (4.18)
2

h

—2
M, —J-iaxyzdz

2

With the definitions of equations 4.17 and 4.18, a system of three stress resultants and
three moment resultants has been defined which is equivalent in their actions to the
actual stress distribution across the thickness of the laminate.

Laminate constitutive equations

Previously, the stresses acting on any layer or lamina were defined in terms of midplane
strains and plate curvature. In addition, the stress and moment resultants defined the force
and moment acting on the midplane of a laminate. By combining these equations, rela-
tionships between the force and moment system, and the midplane strains and curvatures
can be established. These relationships are the laminate constitutive equations.
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The stress resultants can be written in a vector form in terms of the stress components
as follows:

]Vx h Gx
N, =j5,, o, |dz (4.19)
]ny ’ T‘(‘V

If this load system is applied to a laminate composed of n layers, stress resultants can be
expressed as the sum of n simple integrals. Furthermore, if the stress in each layer is
written in terms of the midplane strains, the plate curvature, the z coordinate, and the plate
elastic stiffness properties, the following expression can be established:

< o

N, 611 612 (jle € ; (511 612 61[6 K
N, ZI Q,Q Q| | & |dz+ ZJ:i Q2 Q2 Qs K |20z (4.20)

k=1
Q16 Qze Qee J/X Q16 Qze QGG Ky
kL %y k

<o

Z

Each of these integrals can be easily evaluated because [¢°] and [«]are not functions of
z, and within any layer [h,_1, h,], [Q]K is, is not a function of z.

NX . 611 612 616 & ox 611 612 (jle K
Ny |22 Qe Q Qi N Z QuQu Q| |5 | [ 202 (4.21)
N, Qi Qs Qs ‘ y° Xy Qs Qs Qe W L%

Since [£°] and [k] are independent of the layer number k, equation 4.21 can be written in
the simpler form:

0

N, Ar Ay As || €« B, B, B || K

Ny =] Ay Ay Ay 8Oy +| By By By || K (4.22)
ny Az A Ass }/Oxy Bis By Bi Ky
or
[INT=[AT & ]+[B]Ix] @23)
where

A :kznl:(Qu)k(hk _hk—l)

(4.24)

SPXCHIGELN
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Equation 4.23 indicates that for a general laminated plate, the midplane stress resultants
are given in terms of the midplane strains and the plate curvatures. Or, conversely, that
coupling exists between extensional forces and bending, or twisting, deformations.

The moment resultants can also be defined in terms of the stresses as follows:

X h X
M, =J_2 o, |zdz (4.25)
Mxy ’ T,

Similarly, if this load system is applied to a laminate of n layers, the moment resultants
can be expressed as the sum of n simple integrals.

S

M. Q// le Qm &, Q// Q/g Qm K.
“ h/{ =y =y =y 0 % hk =y =y =y 2 (426)
My ZZL 0,05, 05 g, ZdZ"';L 0,050 K, |# dz
hmg S| e |
M Xy Q]6 Q26 Qéﬁ r 7/;; Q13 Q26 Q36 s Ky

Following the same procedure as for the stress resultants, the matrices can be removed
from the integral in the summation:

Mx QII le QM gux Q[/ Q/g Q/g K'x (427)
< ~ A A Ty z - = = hy

My = 0,0,,0, 80y L ZdZ+Z 0,,0,,0, K, J;l z’dz
k=1 = = = k=t k=l = = = k-1

_M x| Q16 Q26 Q66 k }’()xy Qus Q26 Q66 e Ky

The constitutive relationship for the moment resultants can be expressed as:

] 0
M B11 B12 Bza &y D11 D12 D16 K

X

M, |=|B,B,, B, | |&', |+| D, D, D, || K, (4.28)
| M., | Bis Bas By Iy Yoxy D5 Dys Dy || xc,,
or in a more compact form:
[M]=[B][ "] +[D][x] (4.29)
where
D, =§§(Q. )k (B -n.,) (4.30)

and the B;; were defined previously.

These equations indicate that for a laminated plate, the bending moments are also given
in terms of the midplane strains and the plate curvatures, and that coupling exists between
applied bending moments and extensional stains.

By combining the equations for the stress resultants (4.23) and the moment resultants
(4.30), the total plate constitutive equation can be written as follows:
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r h _ [ 0
N" Au A12 Aza BH Bzz B]6 € x

0
Ny A12 Azz A26 B]2 Bzz BZ6 €y
ny _ Ais Ay Ags Big Byy By }’ny (4.31)
Mx Bu B12 Bus Du Dzz D16 . .
My B12 Bzz BZ6 D12 Dzz D26 5
_Mxy_ _B/3 BZ6 B66 Dl6 Bza D66_ Ky,
or in a more compact form as:

(4.32)

N AB||&’
M BD||k
In this equation, the A;; are called extensional stiffnesses, the B;; are called the coupling
stiffnesses, and the D;; are called the bending stiffnesses. The presence of the B;; implies
coupling between bending and extension of a laminate. Thus, pulling on a laminate that
has non-zero By; will cause both extension and bending or twisting of the laminate. Also,
such a laminate will extend or contract as well as bend when loaded by a moment.
Examples of the terms in equation 4.31 calculated for different tire ply/belt systems are

given in [14,25,73].

Figure 4.8 shows the extension-twist coupling for a simple 2-ply, +/-0 cord-rubber lam-
inate vs. the extension-shear deformations of the single lamina. Note that each lamina is
described by the A;; stiffnesses derived from the O, which have extension-shear coupling,
but no out of plane bending. It is only when two +/-6 plies are bonded together that non-
zero B;; terms appear and cause the out-of plane twisting.

Figure 4.8 - Deformations that occur in angled ply laminates. a) individual plies at +
and - cord angles; b) the two ply laminate [25] [13].
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Example
A simple example is presented to provide a baseline for subsequent discussion. The

primary purpose of this example is to illustrate the calculation of the constitutive matrix
for the laminate.
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Consider a specific two-ply 0/+45 degree laminate. The bottom lamina is a O degree
layer with 0.20 inch thickness and the following properties:

o, 30 10]eg
o,| =10°| 13 0||e, |(psi)
712 0 001 147)

Since this is a zero degree ply, the x-y coordinate system coincides with the 1-2 prin-
cipal material coordinate system.

The second lamina is a +45 degree layer with the same material properties as the first
lamina (in the 1-2 coordinate system), and it is 0.10 inch thick. The Q;; terms are found
in the x-y coordinate system by using the transformation equations described in Eqs 2.21:

0, =10°[30cos (45)+2(1+2)sin’ (45)+3sin’ (45) ]

0y, = 10°[ (30 +34)sin’ (45)cos’ (45)+1(sin’ (45)+cos* (45)) ]
0,, = 10°[ 30sin’ (45)+2(1+2)sin’ (45)cos (45)+3cos” (45) |

Oy, = 10°] (30+3-2=2)sin’ (45)cos’ (43)+1(sin (45)+cos* (43))]
0,5 =10°[(30—1-2)]sin(45)cos (45)+(1-3+2)sin’ (45)cos (45)]
0, = 10°[(30—1-2) |sin’ (45)cos (45)+(1—3+2)sin(45)cos’ (45)

Therefore,
o, 9.757.756.75 || ¢,
o, | =10"17.759.756.75||¢, |(psi)
T s 6.756.757.75 ||y,

The geometric configuration of the laminate and the location of the geometric midplane
are defined in figure 4.9.

Figure 4.9 - Notation for lamina thickness for the example [0,+45] laminate
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The laminate constitutive equation can then be obtained by calculating the extensional
stiffnesses A;;, the coupling stiffnesses By;, and the bending stiffnesses Dj;.
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A=Y (@), ()@ ) [005+015]+(3; ), [0.15-005]

6.975 0.975 0.675
[A]=lO6 0.975 1.575 0.675 |(Ib/in)
0.675 0.675 0.975

n

B, = ;kz; Q) (v —h* )= %(cjij )[0.05%+0.15° | +%(@ijl [0.15°-0.05° ]

~20.25 6.75 6.75
[B]=10"| 6.756.756.75 |(Ib)
6.75 6.75 6.75

D, = ;kz; Q) (0 -n ) %(cjij )[0.05°+0.15° | +%(c§ij ), [0.15°-0.05"|

4.56 0.956 0.731
[D]=10" | 0.956 1.406 0.731 |(inClb)
0.7310.731 0.956

Combining the above results, the total set of constitutive equations for this two-ply
laminate can be written:

r T 0

N, [ 6975 975 675 -20.25 6.75 6.75 || € x
N, 975 1575 675 675 6.75 6.75 ||&°
N,, .| 675 675 975 675 6.75 6.75 ||y°
=10 Xy
M, -2025 6.75 6.75 456 0.956 0.731 ||,
M, 675 6.75 675 0956 1406 0731 ||
M, | 675 6.75 6.75 0.731 0.731 0.956 || .
L i L Xy |

where the units of N; are (Ib/in) and of the M; (moment per length) are (Ib).

Sources of simplification of the laminate constitutive equations

There are special laminates for which the governing equations can take a simplified form
as opposed to the general form in equation 4.33. Many of the cases result from the
common practice of constructing laminates from laminae that have the same material
properties and thickness, but have different orientations of their principal material
directions. The most common case is when [B] is identically zero, and cases when the
terms Aqg, Ayg, and Dqg, Dyg are zero.
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Casel, [B] = 0: The terms in the [B] matrix are obtained as a sum of terms involving
the[Q]matrices and squares of the z coordinates of the top and bottom of each ply. Since
the Bj are, (h? —h?.,) they are zero for laminates which are symmetrical with respect to
z. That is, each term in Bj; is zero if, for each lamina above the mid-plane there is an iden-
tical lamina (in properties and orientation) located at the same distance below the mid-
plane. Such mid-plane symmetric laminates are an important class of laminates. They are
commonly constructed because the extension-bending or twist coupling of non-  sym-
metric laminates causes warping due to in-plane loads or thermal contractions. The gov-
erning constitutive equations for symmetric laminates are also considerably simplified
compared to non-symmetric laminates. Bending and extensional portions of the problem
can be considered separately. Although mid-plane symmetric laminates exhibit no
extension-bending coupling, they do in general exhibit both in-plane and bending
anisotropy with extension or bending and shear coupling due to the A, Ayg, and Dy,
Dyg terms.

Case 2, Ajg=Ay6=0: This class of laminates behaves as an orthotropic plate with
respect to in-plane forces and strains. This occurs if, for every lamina of a plus 6
orientation there is another lamina of the same orthotropic properties and thickness with
a negative 0 orientation, regardless of the stacking sequence. The laminate then behaves
as an orthotopic lamina loaded in the principal directions with respect to in-plane forces
and strains. However, bending and twisting can still occur. Laminates with this property
are called balanced.

Case 3, D1 =Dy6=0: The simplification of the bending matrix [D] is also possible. The
terms D15 and Dog can equal zero, if all the laminae are oriented at 0° or 900, or if, for
every lamina oriented at a positive 6 orientation above the mid-plane there is an identi-
cal lamina placed at an equal distance below the mid-plane but oriented at a negative 6
orientation. These laminates are balanced laminates with the additional condition on the
distance of the +/- pair from the mid-plane.

Case 4, [B] =0, and D;4=D,4=0: For this special case, the laminate must have all the
restrictions listed in cases 1-3—i.e., the laminate is balanced and symmetric. The laminate
acts like an orthotropic lamina loaded along its principal axes. Four independent elastic
constants can be identified — E,, Ey, Gy, and v,y — in the same way as for a single
orthotropic lamina. A simple example is a [+6,-6,-6,+6] lay-up. To avoid out-of plane
deformations, Lee and co-workers [47, 74] often use a [+6,-0,-0,+0 ] composite for
fatigue testing rather than the 2-ply specimen illustrated in Fig 4.8.

With the limits of Case 4, the elastic constants can be computed from the laminate stiff-
ness matrix as
E, =(4,4,,— A]é)/hAu
E y = (Aquz - A122) / hAzz
G, =A4g/h
Vi = A4,/ 4,

Some examples of single lamina vs. balanced and symmetric laminate elastic constants
are shown in figure 4.10 a) and b). The laminate has cord lay-up [+6,-6,-6,+6].
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Figure 4.10 - Variation of elastic constants with cord angle for
single ply and 4 ply [+6, -0, -0, +0 ] laminates of 840/2 nylon cord-rubber
composite. a) Young’s modulus, and b) shear modulus [25].
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Determination of stresses and strains

One objective of analyzing a composite laminate is to map the stresses and strains in each
of the lamina forming the laminate. Then the forces in the cords can be determined, or the
stresses and strains can be used to study the failure of the laminate. An analysis could even
predict progressive failure: when a lamina exceeds its strength, it is eliminated from the
laminate and the remaining laminae take the additional load. The following discussion
will describe a method to calculate the state of stresses and strains in each lamina.
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For a general laminate under a general loading condition, equation 4.31 describes the
governing behavior. By inverting the stiffness matrix, the mid-plane strains and plate
curvatures are determined as a function of the applied loads as:

[ &* A'B|[N
« | |B' DM (4.33)

where [A’], [B’], and [D’] are related to [A], [B], and [D]. Once the mid-plane strains and
plate curvatures are determined, the strains in any laminae can be calculated from

gx € x Kx
_ 0
e, =€, |*tzZ|K, (4.34)
0
_J/Xy Y Xy K-Uf

Consider a lamina at a distance z from the geometric mid-plane, and transform the above
strains into the lamina principal material axes 1-2:

81 gx

e, | =[R]|e, (4.35)
L2 Ty

L 2 1k L 2 1,

The stresses in the principal material coordinate system are as follows:

Fo_z 0,0, 0]|¢
0,|=19: 9, 0f|e; (4.36)
L 712 0 0 Oy |70

The stresses in equation 4.36 and/or the strains in equation 4.35 could be used in the
appropriate failure criterion to determine if the loads are acceptable. If the strength crite-
rion is based on a maximum strain theory, a comparison is made using the state of strain.
If it is based on a maximum stress theory then a comparison will be made using the state
of stress. The topic of laminate strength analysis will not be dealt with in toto. However,
fatigue and durability of composite laminates is covered in section 6.

Application of laminate theory to tires

This discussion follows that in [25]. For study of composite belt/ply properties in tires, a
toroidal coordinate system is sometimes used. The system is shown in figures 4.11a) and
b) with the laminate resultant forces and moments displayed.
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Figure 4.11: Tire coordinate system with resultant
a) forces and b) moments acting on tire laminate [25]

(a)

(b)

In the tire footprint the belt and ply flatten in the crown region and the following
coordinate directions are nearly equivalent

E=x
p=y
=z

In the following discussions we will use the equations developed previously in the
X-y-z Cartesian system with the assumption that they approximately represent the actual
toroidal structure.

Plysteer

Plysteer is the tendency for a rolling loaded tire under zero camber and zero slip angle to
track at an angle to its centerline. It is usually observed as a net lateral force under zero
steer angle and zero camber conditions in a laboratory test. Consider the simple case of a
passenger tire belt package with a lay-up of [+20, -20]. This is not symmetric and the
coupling terms B;; are not zero. As the belt package is bent with a change in curvature
going into the footprint, the B, term can create a force N,, which could resultina steer-
ing torque, and the By, term can create a cornering force Ny. Both of these forces can con-
tribute to plysteer. Note that whether the tire rotates clockwise or counterclockwise, the
plysteer force still acts in the same direction.

Obstacle envelopment
This tire performance parameter is related to harshness. To envelop objects such as joints
in the road, a low circumferential bending stiffness is desired. For moderate sized rocks,
a low meridional bending stiffness may also help reduce harshness. Of course, these
requirements need to be balanced with other requirements for belt package stiffness.

For circumferential bending and extension, with other strains and curvatures unchanged,
equation 4.31 gives

_ 0
Mx - Bng +D11Kx (437)

If the resultant force in the x-direction is assumed to be zero in the footprint, then
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N, = A]Ig)? +B,k, =0 (4.38)

Solving 4.38 for €% and substituting into 4.37 gives

M, =(D, _BIZI /A,,)K (4.39)

which is the same moment-curvature relation as equation 4.4, except that eugation 4.39 is
for a wide, composite laminate.

Figure 4.12: Tread centerline deflection in tire footprint due to cornering [25]
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Wear and cornering

Gough [15] recognized that the in-plane stiffness of the footprint due to shear and bending
deformations can be a significant factor in tire wear and cornering ability. Consider the
cornering footprint shown in figure 4.12.

The cornering force causes the tread centerline to take on the path shown in the figure.
The more the tread centerline is displaced away from the travel direction, the larger the
slip region and thus the wear. The forces generated to resist the deformation are largely
due to the belt package stiffness. For in-plane bending, the relevant property is the
laminate modulus E, , and for in-plane shear the relevant property is the in-plane shear
modulus G,y. Using both these deformation modes, the Gough stiffness S can be shown
to take the form [14]

EG

X xy

S =—
G CE +C, ny (4.40)

where the constants C; have units 1/length and relate to the footprint dimensions and
lateral deformation characteristics of the tire construction.

Interlaminar deformations
The theory of composite laminates presented in the previous sections does not allow for
shear deformation between layers. Laminate theory may be useful for overall stiffnesses,
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even though it overestimates this stiffness if transverse (interlaminar) flexibility is
significant. For analysis of stresses and strains in local regions of cord-rubber composites,
the interlaminar effects need to be considered. Specifically, interlaminar strains yy,, v,y
are typically present in the deformation of cord-rubber laminates. Since these strains offer
additional deformation modes for the laminate, their existence tends to make the laminate
stiffness less than that calculated from laminate theory. Consider a side-view of the lami-
nate shown in figure 4.13. The outer plies are angled cord-rubber layers, and the center
layer is rubber only.

Figure 4.13 - Cord-rubber composite with [+8, rubber, -0]
lay-up illustrating interlaminar shear. [20]

Unloaded Loaded to 30% extension

If the loading direction is the x-direction and the z-direction is normal to the laminate
surface, then the shear indicated by the change in angle of the white line is the y,, com-
ponent. The tendency for the composite to twist is also evident in the loaded picture. A
distribution of interlaminar shear across the width of a 2-ply specimen is shown in figure
4.14. The maximum value of interlaminar shear strain occurs at the edges of the specimen.
With the stress riser caused by the ends of the cords, this makes the edge a likely location
for cracks to initiate. Note that zero, or nearly zero interlaminar shear strain develops for
cord angles 09, 90°, 759, and 60°.

Figure 4.14 - Interlaminar shear strain ( xz )
vs. position along specimen width for E, = 20% [20].

It is interesting to note that, as the rubber layer between the cord layers decreases in
thickness, the shear strain will often increase for the same extensional strain, since the
“gauge” over which the shear deformation acts is decreasing. Other effects such as the
change of stiffness distribution with thickness makes the relation of shear strain vs.
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rubber gauge less than linear [17]. This decrease in interlaminar shear strain with
increasing gauge is one of the reasons that a belt edge wedge or rubber layer is often found
between, and at the edge of, the working belts in radial tires. Another interesting
behavior is interlaminar shear as a function of cord angle for a fixed extension as shown
in figure 4.15. The maximum interlaminar shear strain occurs at around a 20 degree cord
angle, which is close to the cord angle (measured with respect to the circumferential
direction) used in many tire belts. However, this experiment was performed with constant
extensional strain, whereas tire belts need to resist an inflation load and periodically a
bending deformation in the footprint. Belt angles around 20 degrees usually work well,

Figure 4.15 - Interlaminar shear vs. cord angle for [+6 ,- 6] laminate [20].

combined with the 90 degree ply to provide sufficient Gough stiffness and stability for a
radial tire.

A method to illustrate interlaminar shear strain was described by Turner and Ford [67].
In this method, a row of pins is inserted across the width of a 2-ply specimen. The pins
tend to rotate as the load is applied; see figures 4.16a and 4.16b. The rotation angle of the
pins is proportional to the interlaminar shear strain.

Figure 4.16a - Pin experiment showing mechanism to demonstrate
interlaminar shear strain in 2-ply composite specimen [67]

L]

UNEXTEMNDED EXTENDED
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Figure 4.16b - Pin experiment showing distribution of interlaminar
shear strain across 2-ply specimen width [67]

The interlaminar shear strain can be many times the applied axial strain. Figure 4.17
shows that for cord angles of 22 degrees, the interlaminar shear strain at the specimen
edge is about 4 times the applied axial strain. This plot is for a specimen with geometry
shown in figure 4.13, with a large rubber gauge between the cord-rubber layers. As the
rubber gauge between the plies decreases, the interlaminar shear strain will increase fur-
ther for the same axial strain. A parametric study on interlaminar shear strain is given by
DeEskinazi and Cembrola [75].

Figure 4.17 - Interlaminar shear strain vs. axial strain [20]
|
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Finite element analysis
Composite laminate theory provides the tire designer with an insightful understanding of
the relation between such features as normal and bending stiffnesses and lay-up sequence
of the belts or plies. For structures with complex geometries composed of composite
materials, numerical methods are usually required to accurately determine the states of
stress and strain.

This section describes typical numerical modeling methods for multi-layer, continuous
cord reinforced structures; analogous methods for single layer composites were briefly
discussed in section 2.



Chapter 4. Mechanics of Cord-Rubber Composite Materials 157

Macroscopic modeling

With macroscopic modeling, the cords are not explicitly represented, but their stiffness
contribution is made through the material constants. The composite analysis outlined in
section 3 is typically used to define the homogenized composite properties. Many different
approaches for the finite element analysis are available. Three approaches, using different
types of structural elements are described in the following subsections.

3-D continuum ““brick™ elements

Multiple layers can be included in a single brick element by at least three methods: 1)
provide equivalent anisotropic properties for the entire element, 2) use a layered brick and
provide orthotropic properties for each layer, or 3) provide isotropic properties for the
rubber and include rebar layers to represent the cords. Methods 1 and 3 are illustrated in
figure 4.18.

Figure 4.18 - Left: Brick element to which anisotropic
properties could be assigned. Right: Brick element with three
rebar layers included. Each node has 3 displacement degrees of freedom.

Care should be taken when smearing properties over a standard brick element, since
bending stiffnesses and deformations are not well represented. The nodes at the corners of
the brick have only displacement degrees of freedom (u, v, w). In contrast, shell elements
have both displacement and rotational degrees of freedom, and are often preferred for
representing layered composites with smeared properties.

Shell and membrane elements

This approach can provide an accurate representation of the extension and bending
properties of laminated composites. A four noded, layered shell element is shown in fig-
ure 4.19. Each node has five or six degrees of freedom, the three linear displacements
(u,v,w), the two out of plane bending rotations (¢,) and sometimes the sixth “drilling”
rotation (y) corresponding to in-plane rotation of the node. The [A], [B], and [D] matrices
can be given as input for the entire composite. If analysis per layer is desired for, say, cord
load calculations, then a layered shell is used and the[Q] or the[Q], or possibly the engi-
neering constants, E4, E,, vq,, Gy, orientation 6, thickness, and distance from the mid-
plane are input for each layer with respect to a local shell coordinate system. So-called
“thin” shell elements obey the Kirchoff-Love “plane-sections remain plane” assumption.
They are best suited to simulate a single cord-rubber layer. “Thick” shell elements can
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Figure 4.19: Layered shell element with six degrees of freedom per node

include transverse flexibility (non-Kirchoff-Love), and the possibility to calculate inter-
laminar stresses and strains [e.g., 58, 59]. Figure 4.20 illustrates deformation patterns for
two interlaminar assumptions. Various theories and “thick” shell elements have been
developed to account for interlaminar, or “transverse shear” flexibility [e.g., 2, 58, 59]

Figure 4.20 - Example deformation patterns for: a) Kirchoff-Love,
and b) discrete-linear allowing for interlaminar shear
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Membrane elements can also be used to represent a single cord-rubber layer. They do
not have rotational degrees of freedom, so in order to model the bending behavior of a
cord-rubber laminate, a layer of membrane elements is used to represent a single cord-
rubber layer. Solid rubber elements are then used to separate the membrane layers as
shown in figure 4.21. An early analysis using this approach is found in Turner and Ford
[67]. Each membrane element can be assigned orthotropic properties, or alternatively,
rebars can be used to represent the cord stiffness and the membrane material properties
can represent the rubber behavior.

The rebar/membrane (or rebar/shell) approach offers flexibility in using material laws,
since properties for the rubber and cords are input separately. For example, a hyper-
elastic/softening law to represent the Mullins effect in rubber can be assigned to the mem-
brane, while a nonlinear viscoelastic law to represent creep in a nylon cord can be
assigned to the rebar. Note that the resulting stiffnesses distributed to the nodes are
homogenized stiffnesses that include effects of both the rubber and the cords. This
approach also provides shear deformation between layers to achieve a shear deformation
similar to the pattern in figure 4.20b.

Figure 4.21 - 2-D view of a 3-D cord-rubber modeling scheme using
membrane and brick elements. Each node has 3 degrees of freedom.
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Macroscopic modeling, using brick, shell and/or membrane elements provides the
overall behavior of the composite structure. These elements are typically used to represent
the cord-rubber layers in a tire model. [e.g., 57, 58]. For a more detailed analysis, the cord
geometry needs to be represented explicitly, but this requires larger models and more
computation time. The next subsection describes two methods for detailed cord-rubber
modeling.

Microscopic modeling with FEA
This approach is used to analyze the details of a cord-rubber composite such as the
stresses in the rivet, or the strain near the cord-rubber interface. The geometry of both the
cords and the rubber is represented explicitly as shown in figure 4.22. This approach can
also describe the interface between the constituents as, for example, fully bonded or
partially detached. Composite failure mechanisms involving adhesion loss can then be
analyzed. Microscopic models can also provide the homogenized properties used by the
macroscopic methods.

Finite element models such as the one shown in figure 4.22 can be used to study the
behavior of laboratory composite specimens. They can also be linked to models of an
entire tire through submodeling, or global-local methods.

Figure 4.22 - Portion of a two-ply composite finite element
model with the cords modeled explicitly as solid cylinders.

Microscopic modeling with the method of cells
There are several micromechanical approaches that can predict the micro and macro
performance of composites. The Method of Cells (MOC) [21] and its extension the
Generalized Method of Cells (GMC) [22] are an alternate and often more efficient
approach to a detailed FEA model. The capabilities are captured in software packages
such as the Micromechanics Analysis Code (MAC/GMC) [23], or the First-Order
Nonlinear Elasticity (FONE) [21] code. These codes are structured in a modular fashion
that allows a user to implement additional constitutive models through a user-defined
subroutine. The periodic nature of composites typically allows one to identify a repeating
unit cell that can be used as a building block to construct the entire composite. The
properties of this unit cell are thus representative of the properties of the entire
assemblage. In the original MOC the unit cell consisted of a single fiber (cord) subcell
surrounded by three matrix subcells, however in GMC this has been generalized such that
the unit cell is subdivided into an arbitrary number of subcell phases. Figure 4.23 shows
a periodic assemblage and repeating unit cell (or repeating volume element, RVE) from
which the approximate description of the composite is developed.

Constitutive models in MOC codes can be quite general, including nonlinear viscoelastic,
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plastic, and damage effects. Interfaces are typically provided for user specific models.
Figure 4.24 shows results for strain energy density around a cord.

The Method of Cells does not satisfy all the governing equations of the mechanics
problem as a finite element approach would. What MOC gives up in consistency, it gains
in speed and the ability to look at very fine detail.

Software for the MOC can be coupled to finite element codes to provide a multi-level
(i.e., global-local) solution capability. For example, the MOC could be used to perform
the local analysis of the cord-rubber detail and provide equivalent anisotropic material
properties to macroscopic brick or shell elements used in a global tire analysis. Damage
could be evaluated by the MOC and the resulting softened stiffnesses provided back to the

Figure 4.23 -- Representative volume elements for
continuous fiber reinforced composite
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Figure 4.24 - Local discretization and results
for a tire cord in rubber matrix using MOC
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global solution for the next analysis step, and so on.

It is generally possible to tailor the modeling approach to fit the goal of the analysis. If
the global behavior is sought, then a macroscopic modeling approach is sufficient to cap-
ture the contribution of the composite to the overall structural behavior. If the state of the
interface between the matrix and the reinforcing cord requires analysis, then the microme-
chanical modeling is the proper tool to identify the state of stress and strain in and around
each constituent in the region of interest. This latter approach is often used when life
prediction of a composite is being investigated. Damage evolution can be monitored and
material properties updated on a local level. Composite durability is the focus of Section
6 where the topics of strength, damage and life prediction are discussed.

Exercises

1. A symmetric laminate has both geometric and material property symmetry about the
mid-surface. Show that the laminate coupling stiffnesses By; are zero for a [+45/-45/-
45/+45] symmetric angle-ply laminate consisting of 0.25 mm thick unidirectional lami-
nae with the following engineering constants: E;=138 GPa, E»=9.0 GPa, G1,=6.9 GPa,
and V12:0.3.

2. An antisymmetric laminate has plies of identical material and thickness at equal posi-
tive and negative distances from the middle surface, but the ply orientations are anti-
symmetric with respect to the middle surface. Show that the laminate coupling stiffness-
es Bj; are not zero for a [-45/+45/-45/+45] antisymmetric angle-ply laminate consisting
of the same 0.25 mm thick unidirectional laminae used in the previous symmetric lami-
nate.

3. Show that bending-twisting coupling is present in symmetric angle-ply laminates, but
not in antisymmetric angle-ply laminates. (Hint: calculate the laminate bending stiffness
Djj, and show that D;g=Ds=0 for the antisymmetric laminate.

4. The symmetric angle-ply laminate described in Exercise 1 is subjected to a single uni-
axial force per unit length of N,=50 MPa-mm. Determine the resulting stresses associat-
ed with the x and y axes in each lamina.

5. Viscoelasticity and hysteretic behavior of cord-rubber composites

The viscoelastic behavior of rubber and organic cords leads to orthotropic viscoelastic
response of cord-rubber layers such as the plies and belts in tires. In order to analyze
problems such as tire creep (e.g., OD growth), transient handling, or rolling resistance, a
knowledge of the viscoelastic and hysteretic properties of the cord-rubber composites is
required.

If the cords remain relatively stiff and elastic, then the creep, relaxation, and energy
loss which occur in a cord-rubber composite are similar to that exhibited by the rubber
itself. The energy loss, or hysteresis can be visualized by considering a typical stress-
strain response as shown in figure 5.1. As the stress is cycled between the limits indicat-
ed by points A and B there is a corresponding change in strain, but on the unloading side
of the curve the stress-strain relationship is not the same as on the loading side. The shad-
ed area between the loading and unloading curves represents the energy lost (per unit
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volume) as the specimen is cycled from point A to point B and returned. This means that
when a cord-rubber composite material is cyclically stressed, a net energy loss occurs in
the form of heat, which either raises the temperature of the composite or dissipates to the
surroundings.

Figure 5.1 -- Typical stress-strain hysteresis loop
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The consideration of viscoelasticity for the composite is important for accurate  stress-
strain analysis of the tire structure, as well as the computation of energy loss for tire rolling
resistance, and the corresponding heat production which affects the tire temperature.

Hysteresis of cord-rubber composites is typically characterized by either sinusoidal
oscillatory testing, or by step-strain tests giving rise to quantities such as

E E, E, E,t),G,(t)

which are the complex modulus in the 1 direction, the storage modulus in the 2 direction,
the loss modulus in the 2 direction, the relaxation modulus in the 2 direction, and the shear
relaxation modulus, respectively. As for the elastic properties, the 1-direction response is
typically dominated by the cords, and the 2-direction response is typically dominated by
the rubber.

The treatment of hysteresis in this chapter is limited to linear viscoelasticity and
orthotropic response. Often the moduli of cord-rubber composites turn out to be functions
of strain, or strain amplitude as well as time, temperature and frequency. The strain
dependence is beyond linear theory and not discussed here.

Stress-strain relationships

The mathematical basis for viscoelastic, or “lossy” behavior is due to Boltzmann [27] who
postulated that for all real solids the stress-strain relations were functions not only of
instantaneous values but also of the complete stress and deformation history of the
material. For linear viscoelasticity, one may use the principle of superposition; namely, the
stress at any time resulting from a sequence of separate strain histories applied at earlier
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times is a sum of the stresses that would have been produced had the separate strain
applications occurred individually.

This may be illustrated by assuming that uniaxial strain g, was applied at the time t;
and then held constant, i.e., a step-strain history. At some later time t this strain has caused
a stress o (t —t 1). Similarly a second step strain &, beginning at time t, and held con-
stant, will produce a stress o,(t — t,) at time t . This is illustrated in figure 5.2.
Superposition postulates that if the strain history consisted of these two step-strains
acting together, then the total stress induced in the specimen at time t would be

o(t)=o,(t—t)+o,(t—t,), fortimes t>t, (5.1)

Figure 5.2. Principle of superposition for stress relaxation. (a) step-strains
acting individually, (b) total response for two step-strains in sequence

The time dependent relationship between stress and step strain history is called the stress
relaxation function and is often denoted by the symbol E(t) for extension (and compres-
sion), or by G(t) for shear. For example, if a step strain &, is applied at the time t = 0, then
stress at any time t is given by ¢, E(t). The stress relaxation function has the general time
decaying form shown in figure 5.2a. For a solid material, it decays to some non-zero
value. The stress relaxation function is a material property for viscoelastic materials just
as Young’s modulus is for elastic materials.

When the strain history consists of a series of N step-strain increments & individual-
ly applied at times t =t , the stress o(t) observed at a time t > t, is given by

o)=Y, e Eft-t,) (5.2)

An arbitrary strain history can be regarded as the superposition of infinitely many step
strain history increments. In this case equation 5.2 extends to equation 5.3

o(t)= J.:;wE(t—s)ds(s) (5.3)
or,
o)=| E(-s)=2d g(s) (5.4)

This is known as Boltzmann’s superposition principle. For small strain analysis of cord
rubber composites, these equations can simply be used to compute the uniaxial extensional
response in, say, the 1-direction by using E(t) =E4(t), or similarly for E,(t) in the direction
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transverse to the cords.

If no strain history exists before time t = 0, the lower limit of the integral can be set to
zero. For a simple step-strain history with &(t) = &y at time t = 0, Eq. 5.4 gives for the 1-
direction

o,(t) =E, (t)e, (5.5)

which is often used to obtain the relaxation functions from experiments.
The instantaneous “elastic” portion of the response is often separated from the time-
dependent portion to obtain

t oe(s
o (t)=E(0)e(t) + j E(t- s)%ds (5.6)
§= S
where here the function E(t) is separated into the short time “elastic” E(0) and the tran-
sient E(t) portions.
The creep form of the uniaxial isotropic viscoelastic relation can be written as

t
£(t)=S(0)o(t) +| S(t-s) 8‘2—(5)% 5.7)
5= S
where S(t) is the uniaxial creep compliance. The creep form is used when the stress histo-
ry is known and the strain response is to be calculated, for example, during a step-stress,
or creep test. This form is useful for calculations such as estimating the amount of tire
growth due to, say, creep in a cap ply, where the creep compliance function for the com-
posite in the 1- direction is Sq;(t). Equations 5.6 and 5.7 could also be written for simple
shear deformation where the relaxation and creep functions are typically written as G(t) and
J(t), respectively.
In a fashion similar to the elastic treatment for a plane orthotropic laminate given in
section 2, and following the treatments given in [28-31] the orthotropic compliance
functions are now functions of time

S.() S, 0
[S (t)]: Su(t) S,(1) 0 (58)
0 0 Seg (t)
and the reduced relaxation or modulus functions are
Qu() Q) O
[Q(t)] = Q12 (t) Q22 (t) 0 (5.9)
0 0 Q)

So , the viscoelastic analysis of an orthotropic lamina or special laminate, there are four
independent material functions analogous to the four independent constants for orthotrop-
ic elasticity. The strain and stress components in the principal material directions are given

by
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g(t)= j;ﬁj).sy (t—s) 865;(5) ds (5.10)
5, (t) = jQ,j (1 5) 25 (S) (5.11)

where 115,17 are g, respectively, in the contracted notation. As for the elastic case, it
is often easier to measure the compliances Sj;(t) than the corresponding stiffnesses or mod-
uli Q;(1), since it is easier experimentally to apply a single component of stress.

For a cord-rubber composite where the cord direction is much stiffer, and the cord
response can be considered elastic (e.g., for steel wires), then the following approxima-
tions are often made [33]

1 v,
S11 - EH ’ Szz - E11 (5_]_2)

With the approximations in Eq 5.12, only Sy, and Sgg remain to be determined as a func-
tion of time. Applying uniaxial loading such as creep or constant stress rate in the 2-direc-
tion can be used with Eq 5.10 to define S,,(t), and similarly in shear to define Sgg(t). For
example,

Szz ()=

£,(1)

2

(5.13)

where o9, is the constant applied (creep) stress in the 2-direction.

If the stress is applied in a direction which is not coincident with the principal
material directions, such as o, or o, in figure 5.3, then the same transformation equations
(e.0., Egs 2.21, 2.23) used for the elastic case are appropriate, namely

Su(t)=m'S, (t)+2m’n’S,, (t)+n'S,, (t)+m’n’S, (t) etc. (5.14)
11 12 22 66

where m = cos0, and n = siné.

Figure 5.3: Stress components resolved along non-principal material axes x-y
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The strain response to an applied stress state in non-principal material axes is

£ (t)= jS”(z a d+'[SH(t s) ()ds+js,6(z 5) 2

)ds (5.15)

Tests in non-principal material directions are sometimes used to determine the shear
compliance Sgg(t); for example, Sgg(t) appears in equation 5.14 for Su(t). To obtain all
four compliance functions, the following creep tests and analysis can be performed anal-
ogous to the elastic case[32]. First, a creep test in the direction of the cords gives

& (t)

11 (t) = (5.16)
1
and measuring the transverse strain vs. time during the same test gives
€ (t)
Spp(t) = (5.17)

l
Second, another creep test can be performed in the 2-direction, transverse to the cords to

give
&, (t
Sy (t)=-2 ( ) (5.18)
62
with a check on symmetry via
5,,() =2 (5.19)

2

which should also equal Sq,(t).

Determining transverse strain g;(t) with the creep stress applied in the 2-direction is
often difficult for cord-rubber composites, and it may be very non-uniform.

Thirdly, an off-axis test is performed at some angle 6 to the cord direction. Then

&(t) (5.20)
Og

S66 =
where &g (i.€., y15) and og (i.€., 115) are calculated from

g(t) =—(e, —¢,)sin20 +y,, cos 20 (5.21)
Oy = %GX sin 20 (5.22)

Alternatively, one could try to determine Sgg directly from equation 5.14. Methods to deter-
mine the Qij from the Sij are given in [28]. For example, the relation

fs%(t—s)Q%(s)dsﬂ 629

is used with specific functional forms, such as Prony series for Sgg and Qgg.
The most common representation of the orthotropic viscoelastic functions is with a
Prony series, similar to the case for isotropic viscoelasticity. For the modulus functions
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Qij this takes the form
N Qi) 0 onw Ohw) 0 | .

[0,0)]=|0,1) 0%1) 0 [+X|0ht) Ohtt) 0 |e™ (5.24)
0 0 oym| " 0 0 0L
and
Sy Syi) 0 o | Sh) Sha) 0 L
[S;0)]=|S)t) S5,@) 0 +Z_, Sh) Shit) 0 |d-e™) (5.25)
0 0o S w| " o 0 St

for the compliance functions. In equation 5.24, the T are the relaxation times, and in 5.25
the A, are termed the retardation times.

In'the simplest forms shown in equations 5.24, 5.25, the t,, are the same for all the Qij
and the 4, are the same for all the S;. In general, this may not provide the best represen-
tation. For example if both the cords and the rubber are viscoelastic, then the cord domi-
nated 1-direction and the rubber dominated 2-direction will likely need different relax-
ation/retardation times.

Finite element implementation

The prediction of response for a complex structure such as a tire is most readily accom-
plished by means of numerical methods such as finite element analysis (FEA). In this con-
text, the orthotropic viscoelastic properties of the cord-rubber layers can be input direct-
ly, or the cord and rubber properties can be given separately and the effective com-
posite properties are computed by the FEA code.

The same basic options for the FEA representation of elastic composite structures can
be used with viscoelastic composites: 1) solid 3-D elements with orthotropic properties,
2) shell or membrane elements with orthotropic properties, 3) 1-D stiffness (“rebar”)
elements added to solid 3-D elements, 4) 1-D stiffness (“rebar”) elements added to
membrane or shell elements, and 5) use of an RVE (representative volume element) or
unit cell to compute the effective properties. In the latter case, the procedure follows that
for the General Method of Cells (GMC) discussed previously for orthotropic elasticity,
except that for viscoelasticity, the properties of the cord and rubber can be time dependent.

In cases 1 and 2, the orthotropic properties of the cord-rubber layer as specified in 5.24
or 5.25 are input directly. For the solid representation, 3-D properties are required; the
3-direction properties, normal to the plane of the belt or ply, are often assumed to be the
same as the 2-direction properties, transverse to the cords.

For cases 3, 4 and 5, some interesting possibilities arise. Essentially, the cord and
rubber properties can be specified separately as in a micro-mechanics approach, with the
limitation that the “rebar” type elements, in cases 3 and 4, only contribute stiffness in the
cord direction — i.e., no transverse cord stiffness. However, this might be overcome by
using two layers of re-bars—one to represent the axial stiffness, and another at 90° to the
first to represent the transverse stiffness—or by increasing the (isotropic) rubber stiffness
in the host element. The versatility is in the capability to specify separate viscoelastic
properties, and in some cases nonlinear viscoelastic properties for the cord and for the rub-
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ber. In this manner, the measured results can be fit more precisely.

One relatively simple combination of rebar elements for cords and solid or membrane ele-
ments for rubber would be the following: linear viscoelastic properties for the cord—e.g.,
Prony series with initial and long-time modulus, and visco-hyperelastic properties for the
rubber. The visco-hyperelastic option available in most major FEA codes provides for the use
of a typical hyperelastic law coupled with a Prony series representation for viscoelastic
portion of the response [2].

Another advantage for specifying the properties of cord and rubber separately is that
the cords and rubber compounds can be tested separately and combined in the FEA code.
In this case, the numerous possible combinations of different cords and rubber compounds
do not need to be tested as composites. One disadvantage is that the potentially nonlinear
stiffness due to the elevated strain experienced in the rivet, or rubber between the cords,
will not be represented by the rebar, or any other “smeared” approach.

Dynamic oscillatory response

When optimizing composite properties of belts and plies for tire performances such as
rolling resistance, noise, vibration and harshness (NVH), oscillatory, or “dynamic”
properties are useful since the cyclic sinusoidal loading is similar to the cycles seen in
service. The composite stiffnesses and energy loss characteristics are especially important.
For example, for rolling resistance, a low energy loss is desired at lower frequencies (e.g.,
that corresponding to 1/revolution), while for NVH, a high energy loss in certain frequency
ranges is desired.

Oscillatory response is manifest by a sinusoidal input of either strain or stress resulting
in a steady-state response of the structure. The oscillatory response of cord-rubber
composites is treated in a manner similar to the oscillatory analysis of rubber compounds
where quantities such as the storage, loss, and complex moduli in shear, G’, G”, and G*,
respectively, are defined. However, due to the orthotropic response of cord-rubber
composites, additional moduli are needed to characterize the response of the composite.
Equations such as Halpin-Tsai have also been used to estimate the composite complex
properties from the constituent properties [72].

Energy loss

Consider the calculation of energy loss where the strain cycles are known from a FEA
calculation. For this discussion, 3-D solid elements are used for the belts and plies and the
energy loss is to be calculated. In general, the energy loss density is given by

W’ =§o,de, (5.26)

where W” is the energy loss per unit volume. With the strain cycles for one revolution for
a given element assumed known from the FEA solution, the stresses can be calculated
from Eq 5.11 and used with Eq 5.26 and then multiplied by the appropriate volume to
calculate the energy loss. As cords or wires do not dissipate much energy, the loss from
the cords is often neglected in comparison with the loss from the rubber [e.g., 34].

6. Durability of cord-rubber composites
In the first five sections of this chapter, theories to predict composite stress-strain
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response, stiffness, and thermal properties have been covered. These composite properties
together with similar properties for the rubber compounds can be used as input to a tire
analysis to predict performance such as rolling resistance, or handling. Tire durability
analysis requires additional properties to describe the fatigue behavior of the materials
and/or components.

Fatigue and fracture of cord-rubber composites can provide information for tire
durability assessment in different ways. With some limitations due to the complexity and
multiple factors involved with tire durability performance, the following investigations
can often provide some insight: 1) fatigue properties of tire composites combined with tire
finite element analysis for a tire life estimation, 2) fatigue of belt and ply composites to
assess their relative performance, 3) failure mechanisms of laboratory composites to
provide understanding of failure mechanisms in tires, and 4) crack growth properties of
rubber compounds combined with detailed fracture mechanics analysis of the cord-rubber
layers in tires. Some of the factors involved are: aging, temperature, deformation modes,
minimum stress or strain, strain rates, etc.

The scope of this section is limited to the fatigue and failure mechanics of cord-rubber
composite specimens produced in the laboratory. The range of stress, strain and
temperature, and the degree of cure and aging of the laboratory composites should mimic
the actual conditions in the tire of interest for meaningful results.

Composite fatigue testing

A typical geometry for a [+6/-0] two ply composite specimen is shown in figure 6.1. The
cord or wire, the rubber compound(s), the specimen thickness, and the cord angle are
chosen to simulate those found in the tire. The loading direction of the composite is the
circumferential direction in the tire. When a tensile load is applied and released, a
hysteresis loop is formed as shown in figure 5.1. The area inside the loop plotted as load
vs. displacement is the energy dissipated by the composite. As repeated cycles are applied,
the specimen temperature will rise, similar to the temperature rise in an operating tire.

The strain distribution in a specimen like the one in figure 6.1 is important to under-
stand in order to relate strains to observed failure mechanisms. A brief description was
provided in section 4. There are two major components of strain in this specimen, one is
the axial strain associated with the axial load, the other is the interlaminar shear caused by
the tendency for each ply to shear in an opposite direction, as shown in figure 4.8. The
distribution of this strain was described in section 4.

To simulate the deformation cycles in a tire, the minimum load or strain in the cycle could
represent the deformations due to inflation and the maximum load or strain could represent
the deformations due to the footprint load. Figure 6.2 shows example fatigue cycles; the
pulsed cycle may be more representative of an actual cycle experienced in a tire.

Figure 6.1 - 2-ply composite specimen

2 ply, angle-ply laminated composite
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The choice of load or strain control depends on the nature of the deformation cycles in the
tire component of interest. Deformation Index analysis [46,65] can be used to ascertain
stress control, strain control, or energy control cycles. A typical radial tire might have strain
controlled (bending) cycles in the sidewall, and “energy” controlled cycles in the belts [e.g.,
46, 60]. Energy control is difficult to achieve in the laboratory, so load control is often used.

Figure 6.2: Load or strain cycles for fatigue of cord-rubber composities, sine and pulsed
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Many investigators have studied the fatigue response of cord-rubber composite speci-
mens. The results and interpretations given here follow the work of Lee and co-workers [47-
49,74], Causa and co-workers [50-51], Kawamoto and Mandell [52], and Huang and Yeoh
[53]. Figure 6.3 shows specimen axial strain vs. time for a fatigue test under load control.
Note the curve looks much like a typical static creep curve, except here the phenomenon is
cyclic creep. After the initial or elastic deformation at time t = 0, the maximum (and also the
minimum) strain in the cycle continually increases until failure. For discussion purposes, the
curve is often divided into three regions: primary, secondary, and tertiary. Although the exact
mechanisms of damage may differ slightly depending on the type of cords (e.g., nylon vs.
steel wire) and rubber, some general observations can be cited. During the primary stage, vis-
coelastic response and softening due to temperature rise and Mullins effect in the high strain
regions account for most of the increased strain. Very small cracks near the cord-rubber inter-
face are also possible in this stage. A significant portion of these strains are recoverable over
time, upon release of the load. A typical recovery period might be on the order of hours, or
days to recover 99% of the creep strain.

In the secondary stage, further viscoelastic creep, cracking around the cords, cord-rubber
debonding, and small matrix cracks form to further soften the overall structure.

In the tertiary stage, crack coalescence and progressive delamination leads to specimen
failure. Figure 6.4 shows a schematic of this process with the socketing and delamination
cracks depicted.

Figure 6.3 - Maximum strain vs. time or cycles for load controlled composite fatigue test.

Load
B

-
8 R g
& - g
o E = (=]
- 5 -y
= |
E . Ricady Siate 2
Lewi
z ]
"
-

I stizue | e




Chapter 4. Mechanics of Cord-Rubber Composite Materials 171

Figure 6.4 - Cord-rubber creep and crack growth under load control

Some examples of cracking mechanisms are shown in figures 6.5 —6.7.

Figure 6.5 - Socket cracking in 2-ply wire-rubber composite specimens

Figure 6.6 - Cracks connecting between plies

Figure 6.7 - Delamination cracking towards the end of the specimen’s life.

One common method of comparing fatigue data from different composite specimens is
by plotting the applied stress range (load range divided by the original cross sectional
area) vs. the number of cycles to failure (Nf). An example is given as the schematic plot
in figure 6.8. This plot is called an S-N diagram, fatigue-life curve, or Woehler diagram.
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Multiple specimens are typically run at each stress range, since data are often scattered.
Plotting either: 1) all the data, 2) data ranges (as in figure 6.8) and/or 3) confidence
intervals, aids in interpreting the statistical nature of the results. Tests with no overall
failure, or “run-outs” are also possible at lower load ranges as indicated by the arrow in
the figure. Different cord angles, cord spacings, rubber compounds and other design
features can be investigated by comparing their composite fatigue results. An actual plot
of an S-N diagram for a cord-rubber composite is shown in figure 6.9. This plot shows the
effect of minimum stress on fatigue life.

Figure 6.8 - Typical stress-life fatigue plot

When the minimum stress in a fatigue test of a rubber compound is greater than zero,
the fatigue life is generally greater than the same test run with the same stress cycle and
zero minimum stress — as long as the maximum stress is well below the upper strength
limit. This effect is the opposite of that typically exhibited in fatigue of other materials.
This is sometimes termed the R-ratio effect, since R is defined as

o-min
R=—% (6.1)

The stress in equation 6.1 can be replaced with other loading parameters, and for rubber
it is usually the energy release rate G (see equation 6.2). A discussion of this effect can be
found in Mars and Fatemi [61]. The mechanism of increased fatigue life for R>0 in rub-
ber articles is often reported to be linked to strain-induced crystallization. A more gener-
al picture is to envision molecular orientation near a crack tip in the direction of maximum
principal strain. This orientation can act to inhibit “self-similar” crack growth and can
cause crack branching along weaker directions. A branched crack will propagate more
slowly than a single sharp crack. These combined effects contribute to the R-ratio effect
in many rubber compounds. Since cord-rubber composites generally fail due to cracking
in the rubber matrix, the same phenomenon can be observed in composite fatigue tests.
The R-ratio effect for cord-rubber composites was examined by Ku et al [49].
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Figure 6.9 - Stress-life fatigue plot with dependence on minimum stress [49].
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Figure 6.10 - Specimen geometries for evaluating crack growth in the rubber
between cords (rivet). After Kawamoto [52].
Left: tensile strip, right: constrained tension (or "pure shear").

Other specimen configurations are also possible to investigate fatigue in cord-rubber
composites. For cracking between cords, the specimen geometries in figure 6.10 have
been utilized [52]. If the cords are stiff in bending, the crack growth behavior of these two
geometries should be similar, since each approximates a small, constrained tension (i.e.,
pure shear) specimen with the height equal to the rivet between cords. If the cords are
compliant in bending, then the overall specimen behavior will act more like their cordless
counterparts, however, the crack path is still confined to a narrow strip of rubber between
the cords. A confined crack path may suppress the ‘knotty tearing” type of crack growth
associated with tough rubber compounds. Other geometries and x-ray micrographs of
crack propagation in cord-rubber composites were utilized in [53].

Another specimen geometry that has been investigated [52, 36] is a pre-cracked two
ply composite with initial cracks at the edges and between the ply layers as shown in fig-
ure 6.11.

The mechanism of failure for the edge delamination specimens was reported to be
simply a continuation of the delamination from the initial cracks.
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Figure 6.11 - Edge delaminated cord-rubber specimen with initial cracks [52].

Cord pull-out testing
Two cord-rubber composite geometries used to investigate cord pull-out behavior are
shown in figure 6.12 [54,76,77]. This test is most often used to judge adhesion of the

Figure 6.12 - Cord pull-out specimen
F

|

rubber compound to the cord. Figure 6.13 shows some examples of pull-out surfaces from
an aramid-rubber test, and figure 6.14 shows the same for a steel wire-rubber test. Good
wire or cord adhesion is obtained if all the failure occurs in the rubber, thus indicating that
the cord-rubber interface is stronger than the rubber itself. In figure 6.13, the outline of
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the cord and filament surfaces is clearly visible indicating that the failure is at least close
to the interface. Close inspection revealed some fracture in the cord dip and also some in
the dip-fiber interface. In figure 6.14, there is no indication of the wire geometry and all
the failure is in the rubber compound indicating good adhesion.

Figure 6.13 - Aramid cord-rubber surface from pull-out test, 20x and 50x. Some
failure occurs in cord dip and cord-dip interface [55].

Figure 6.14 Steel cord-rubber surface from pull-out test.
All failure is in the rubber adjacent to the wire [55]

Analysis of fracture in cord-rubber composites

Tearing energy, or energy release rate, is the commonly used mechanical driving force that
characterizes crack growth in many rubber compounds. Since fatigue failure of cord-
rubber composites often occurs due to crack growth in the rubber, expressions for the
energy release rate for typical rubber cracking modes are useful to describe durability and
failure in the composite. A discussion of energy release rate is given in chapter 2. As a
summary, if the work done by the applied loads is negligible during crack growth, then
the energy release rate for an elastic system is given by [45,54,56]

G=——
oA (6.2)
where U is the strain energy in the structure and A is the increase in crack area. Griffith’s
criterion states that a crack will grow when G in Eq 6.2 reaches a critical value, G.
Consider the cord pull out geometry in figure 6.12 under “fixed grip” conditions. For
an increase in the cylindrical crack around the cord of Ac, Griffith’s criterion gives [76]
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AU =2rrAcG, (6.3)

where G is the critical energy release rate (also called tear energy or fracture energy)
related to the cracking mechanism—e.g., cracking in the rubber adjacent to the cord or
cracking in the cord-rubber interface. The change in strain energy in the structure is
denoted by AU. The change in strain energy is deduced by considering the change in
volume for a portion of the rubber cylinder, away from the cord, that has a homogeneous
uniaxial strain field. The volume of this region increases by AA. = nir2Ac. Also, the strain
energy density in the homogenous region is given by

2 6.4
W = Eog = 1P2 ©4)
2 2A°E
Thus, the load at crack growth initiation is
P=[4n°R?rEG, | 65)

Simple energy release rate approximations can also be derived for two mechanisms of
cracking in the 2-ply composite specimen. The following discussion follows Breidenbach
and Lake [36,37] and Huang and Yeoh [53]. Consider first the case for delamination
starting from the edges of the specimen as illustrated in figure 6.11.

In a manner similar to the energy release rate analysis for the pure shear geometry [56],
consider the change in strain energy in the structure as the edge cracks grow by a small
amount Ac. The plies in the cracked region are assumed to have negligible strain energy
compared to the central region. The volume of material that has significant strain energy
is reduced by an amount: (length)(thickness)(Ac). If there is a region of homogeneous
strain energy density Wy, (e.g., the central region of the specimen away from the cracks)
that is also reduced by this volume, then the energy released as the crack grows by an
amount Ac is

AG =W, t AC (6.6)

where the thickness t represents the rubber gage between the cord layers. This is the same
expression used for the pure shear geometry. Given the distribution of interlaminar shear
strain in figure 4.14 for a typical cord-rubber specimen, it may be difficult to define the
quantity Wy, but nonetheless, Eq 6.6 can be useful in an approximate sense.

If the mechanism of cracking is socketing, as in figure 6.15, rather than delamination,
then the strain energy analysis remains the same, but the calculation of new crack area
changes to

AA = DeAc (6.7)
where D is the diameter of the cords and e is the number of cords per unit length. Then,

G =2 (6.8)
weD
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Note the similarity to the pull out problem considered above.

In order to judge whether socket cracking or delamination will occur, the material
crack resistance for the socket cracking mechanism needs to be known. Socket cracking
can occur in the cord-rubber interphase, interface or in the rubber compound surrounding
the cords. If the cord-rubber adhesion is sufficient, then cracking is often in the rubber
layer surrounding the cords, and the same rubber crack growth properties are used for
socketing as well as for delamination.

Once the energy release rate is known in the cord-rubber structure, an attempt to
predict the crack growth rate in the structure can be made by combining the structural
analysis with the characterization of crack growth rate vs. energy release rate for the
rubber. This is a simple approach, but it may give good indications in many cases. An
example application is given in [35]. Complicating factors such as multi-mode
deformations, environmental conditions, and aging may require a more detailed analysis.

Figure 6.15. Socket cracking schematic in two-ply cord-rubber composites [37].
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Finite element analysis (FEA) can provide more accurate estimates for energy release
rate than the simple closed form solutions given above. Many studies with finite element
analysis have been performed for cord-rubber composites, some by Pidaparti and
co-workers [17,38-41]. With FEA, a more representative material model and the actual
geometry of the structure and the observed crack(s) can be included. However, for cracks
such as those in figures 6.6 and 6.7, the actual geometry may be difficult to represent, and
even if the actual crack was represented, the analysis might provide only a specific result
that is not useful in general. Thus, finite element analysis of the more general situations,
such as those treated above, may be the best approach. Examples of analysis of cord-
rubber composite fatigue with fracture mechanics methodology is provided in the
references [53, 60].

Continuum damage analysis

The preceding section presented some ways to analyze crack growth in cord-rubber
structures, which, in general require one to know something about the mechanism of
cracking causing failure in the structure. Continuum damage mechanics (CDM) provides
another alternative to assess progressive damage in a structure. With the advent of
computational mechanics and FEA, CDM becomes a powerful tool to predict durability
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in many complex structures without a priori knowledge of how the structure will fail.

In general, fatigue damage is the progressive loss of mechanical integrity of the
material and/or structure. It is often a complex phenomenon that can be driven by many
factors. In the critical regions of highly localized stress, strain, and/or temperature, failure
could be caused by any one, or a combination of these quantities. In addition, other
non-critical damage mechanisms such as local loss of cord-rubber adhesion or chemical
degradation due to reversion or oxidation could become the primary cause of failure, or
they could accentuate the state of damage. Some typical damage in the form of cracking
mechanisms were shown in Figures 6.5-6.7. Damage mechanisms due to micro-cracking
and chemical aging are not as easily seen and must be evaluated through their effects on
mechanical properties.

Damage often starts in the rubber compound at the micro level by developing
microcracks or cavitations in the neighborhood of micro defects, or at the interface of
inclusions such as reinforcing particles or long reinforcing cords. Other failure modes
could also exist such as rupture of the reinforcements under extreme loading conditions,
delamination by macrocracks between layers, or creep rupture under applied cyclic stress.
The underlying physics of each one of these failure modes might differ in the initiation
stage, but the subsequent damage could be similar in the accumulation stage. Therefore,
different approaches are typically employed. For example, one such combination of
approaches is to use CDM to predict initiation of a macro-crack, and to use crack growth
analysis to predict propagation of the crack.

One simple expression of continuum damage is the Palmgren-Miner approach [42]
which is based on the S-N diagram. The damage estimate is made from the following

n.
=3 (69)

Ny

where the damage d; associated with the ith set of cycles at a given load or stress is equal

to the number of cycles n; at the associated stress amplitude, divided by the number of
cycles to failure at that stress amplitude, Ng. Then failure is defined when

n;
D= ZN_ =1 (6.10)
i Ny

This is called a linear damage law since each cycle at a given amplitude contributes the
same fraction to the damage. Equation 6.10 allows for no load sequence effects or depend-
ence on the current state of damage. In actual cases, load sequence and aging effects
probably exist [e.g., 62].

A more general approach parallels the CDM method advocated by Kachanov [43] and
Rabotnov [44]. It is a phenomenological model which depends on laboratory testing to
describe the evolution of the damage and contains a scalar damage parameter to describe
the collective effect of material degradation, similar to d; in equation 6.9.

The method will be illustrated for a 2-ply composite [+0,-6] specimen under cyclic
tensile loading as in figure 6.16. In equation 6.9, the damage is attributed to stress cycles,
since the data is given by an S-N diagram.
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Figure 6.16 - 2 ply [+18, -18] composite specimen
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The following analysis is based on the premise that the cyclic interlaminar shear strain (y,y
cyclic) is the primary cause of damage. The model constants are derived from fatigue data at
room temperature, and the numerical simulation of the test was conducted using ABAQUS.
The stress-life data from the S-N curve was transformed to interlaminar shear strain cycle vs.
life data for use in this example.

The damage law is expressed in a rate form as

Cy,"

(-0
where & is the damage rate expressed in terms of the driving force, y,, and the current state
of damage, . Material constants C, n, and m are to be determined from the Y, vs. life
information. Note that the rate in equation 6.11 can be expressed in terms of time or
fatigue cycles with time = #cycles/frequency. Also note that with m = 0 in equation 6.11,
the linear damage rule of Equation 6.10 is obtained.

Integrating Equation 6.11 using the conditions that »=0 at t=0, and »=1 at t=t;, where
t¢ is the failure time yields:

o= (6.11)

-Nn

t, = Y (6.12)
C(1+m)

The instantaneous damage state, , can be then derived to be:
1

t 1+m
ot ):l—l:l— t:l

; (6.13)
The effect of the current state of damaged material can be incorporated into the constitu-
tive law of the material using an expression such as

U=(1—a)(t))U0 (6.14)

where U is the undamaged strain energy function. This creates a softening of the mate-
rial as damage progresses.

The following is an example to demonstrate the potential utility of this technique to
predict the number of cycles to failure of a 2 ply composite laminate. The increase of the
damage parameter w was monitored throughout the analysis, and failure is predicted when
 reaches one in one of the elements. Note that this is a simple definition of failure, and
it is inherently mesh size dependent, but it is used here for simple illustration. Localized
softening can actually drive the damage parameter towards one at a rate depending on the
size of the mesh [e.g.,78].
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Figure 6.17 shows the finite element model used for the calculations. Membrane
elements with rebars were used to represent the cord-rubber layers. The location and the
magnitude of the damage parameter at different loading conditions is indicated.

Figure 6.17 - Evolution of the damage as predicted
by FE implementation of the CDM model

Temperature prediction

Since viscoelastic and fatigue properties of cord-rubber composites depend on temperature,
and elevated temperatures can accelerate aging processes, the distribution of temperature
within a specimen or structure should be determined for a more accurate durability assess-
ment. The temperature prediction is accomplished by a method similar to [34] where three
modules: 1) an elastic structural solution, 2) a viscoelastic calculation of energy dissipation,
and 3) a heat transfer model for temperature prediction, are linked together. The FE geome-
try shown in figure 6.17 is also used for this example. The Mooney-Rivlin law is used for the
rubber elements with slight compressibility

w=C, (11—3)+c01(12—3)+% (6.14)

The nonlinear elastic behavior of the reinforcing cords is captured by using the
Hypoelastic option in ABAQUS where the rate of change of stress is defined as a tangent
modulus matrix multiplying the rate of change of the elastic strain:

do=D"deg (6.15)

where do is the rate of change of the Cauchy (true) stress dg, is the rate of change of
the elastic strain, and D®! is the tangent elasticity matrix with entries provided by giving
the Young’s modulus E, and Poisson’s ratio v of the cord as functions of the strain invari-
ants. Rebar elements embedded in membrane elements are used to represent the cord-rub-
ber layers.

To simulate the cyclic effect of the loading conditions, the sample was statically
subjected to the maximum and minimum loads in the cycle. The cyclic load, coupled with
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the hysteretic behavior of the rubber compound generates heat.

Coupled or uncoupled heat transfer analysis can be performed with most commercial FEA
codes. This example shows an uncoupled analysis conducted where the steady-state temper-
ature field was calculated throughout the composite laminate based on the heat produced by
hysteretic losses in the rubber. The analysis includes conduction and convection without any
boundary radiation. Radiation effects can be included in an approximate sense by adjusting
the convection coefficients. The same discretization developed for the structural analysis was
used to conduct the heat transfer analysis with minor modifications. Shell elements with
through-thickness integration have the capability to represent a temperature gradient through
their thickness. Thus, additional constraints are needed to couple the thermal degrees of free-
dom between the shell elements and the neighboring continuum elements.

The volumetric heat flux is calculated from the following approximate relationship
AH=V e fe2retanse(SED,, —SED,, ) (6.16)

where AH is the heat flux in (BTU/hr.in3), V is the volume of the element, f is the frequency
or the number of deformation cycles per second, and tan & is the loss tangent for the material.

The effective orthotropic conduction in a membrane is calculated using the rule of mix-
tures with thermal conductivity of rubber k=0.014 (BTU/ hr.in.F), and k. =2.016
(BTU/hr.in.9F) for the cords. The heat transfer film coefficient used is relatively small
because of the low speed of the test that causes a pseudo laminar flow around the sample. A
value of h=0.055 (BTU/ hr.in2.9F) is used, which is slightly larger than free convection.

By subjecting the structural model to a sinusoidal load range, a temperature distribution is
developed throughout the sample. In this case, the concentration of the stresses and strains at
the free edges creates a large strain energy density and consequently the volumetric heat flux
at the same location. The temperature is also maximum near the free edges as shown in
figure 6.18.

Figure 6.18: Predicted temperature distribution in a 2-ply cord-rubber composite

Experimental infrared (IR) camera measurements of the 2-ply composite specimen are
shown in figure 6.19, which depicts the temperature at the edge of the sample during the
early stage of a fatigue test (a) and the latter stage of a fatigue test (b). The average
measured temperature around a cord in the early stage of damage evolution where
socketing is the predominant mode of failure is on the order of 64.5°C or 135.2°F. This
temperature agrees well with the temperature calculated (129 - 130 °F) by the finite ele-
ment analysis. In the later stage of the failure mode where delamination is more dominant,
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the experimental data shows a shift in the location of the maximum temperature and a
reduction of its magnitude (56.5°C or 122.4°F). The maximum temperature is lower on
the surface, since socketing and delamination have caused the region of high stress/strain
concentration to occur in the interior of the specimen, while the IR camera is seeing the
surface where the material has become largely unloaded.

Figure 6.19 - Thermal images (°C) of the edge of a 2-ply composite at an early
stage of damage (a), and a later stage (b).

@ (b)
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Chapter 5
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by Stephen M. Padula

1. Introduction

A primary responsibility of The Tire and Rim Association, Inc. (TRA) for over 100 years
has been the establishment of interchangeability standards for tires. This chapter presents
the evolution of the TRA load formula for passenger car tires from the early years to its
current application. The load formula is then compared to one based upon constant rela-
tive deflection. This alternative method provides a possible methodology for future research
and review. Although the focus of this work is passenger tires, the same model and
methodology can be used for other pneumatic tires including light truck tires.

TRA was founded in 1903 to establish and promulgate interchangeability standards for
tires, rims, valves and allied parts. These standards include tire loads and dimensions, and
rim contour and valve dimensions. The formulae used to calculate tire loads are empiri-
cally based, are derived from information and field experience from member companies,
and are fundamentally similar in format for all types of tires, except aircraft. In the interest
of brevity, only the formula for calculating passenger car tire loads will be analyzed. The
load limits calculated and shown in the TRA publications are considered maximum for the
pressure shown and, conversely, the pressures shown are considered minimum for the corre-
sponding loads shown. Higher pressures for high speed and other special circumstances are
often recommended by vehicle and/or tire manufacturers and are acceptable as long as
they do not exceed the maximum pressure marked on the passenger car tire. TRA and
other standardizing bodies provide guidelines for adjusting the tire load/pressure relation-
ship as a function of speed.

The intent of the formula from a standards perspective is to:

a) Determine a load rating that allows a tire manufacturer to design and produce a tire
that can perform satisfactorily to the tire manufacturer’s individual design
requirements and still be interchangeable with the same tire size produced by other
manufacturers;

b) Provide rational increments of load carrying capacities over the range of tire sizes of a
given type and series;

c) Take into account the requirements of the vehicle manufacturer and service conditions.
A load capacity formula ideally should be:

a) Scientifically based and contain the physics that allow accurate predictions;

b) Calculated from obvious, easily measured tire characteristics.

2. History: TRA load formula
There is no detailed, documented explanation of the origins of the formulae but the
following is based on related documents and working papers in the TRA files. Prior to
1928 TRA’s maximum load ratings were established by agreements among member tire
companies. Analysis of the load rating tables of that time reveals the following:

a) Loads were not dependent on rim diameters;
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b) Loads varied in relation to tire section width;
c) Loads varied in direct ratio to the air pressure.

For lesser loads the ratings were determined by taking a direct proportion of the maximum
inflation pressure as illustrated by the formula below:
L=Lo (P/P) (1)

Where: L =load limit at pressure P
Lo = maximum load limit at P

In 1928 tire load ratings were adjusted to take into account the rim diameter, but this again
was done by agreement and not by calculation.
The first formula adopted by TRA was developed in the mid 1930’s by C. G. Hoover,

a mathematician who later served as the staff director of TRA. The formula was
empirically derived, based on the effects of inflation pressure, tire section width (or
section diameter as it was called for the early circular section tires) and rim diameter. It is
thought that this formula was based on maintaining a uniform degree of deflection in the
tires at their assigned loads and inflation pressures. The formula for what were called
“Low Pressure” passenger car tires was:

L=6.65xP0-585xS1.702x[(D+S)/(19+S)] )

where:

L = tire load carrying capacity at pressure P

P = tire inflation pressure

S = tire section width (on rim width = 62.5% of tire section width 1

Dg = nominal rim diameter

The above formula was revised in 1936 to the following:
L=Kx0.425xP0-585¢S1.39% (D +S) (3)

The structure of this formula, with input for tire dimensions in the form of section width S
and rim diameter Dg, and inflation pressure P, has essentially not changed since its inception
for most ground vehicle tires. However, it has been updated by adjustments to the coefficient
K and the exponents for P and S to accommodate changing tire service requirements and tire
sizing as well as a change from U.S. customary system of units to S.1. units.

3. Basic formula

As stated above, the origins of the load formula are not well documented. However, based
on the available information, Hoover related the tire load carrying capacity to the tire
volume in developing the formula. Assuming this to be the case, Schuring, in an unpub-
lished paper written in 1985, provided the following plausible speculation of how and why
the various terms were selected:

a) The direct proportionality, L = Ly (P / Py ), was adjusted to L = Ly (P / Py ),,, with
n = 0.585, since it was thought that the load-pressure relationship would not really be a
linear one (more information on this change is given below under the explanation of the
exponent).
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b) The new relationship indicates that for each tire design, a constant value exists for
the ratio L/ P"=Lg/Pg".
c) The tire load carrying capacity was assumed to be directly proportional to the air
volume V. Thus, L/P" would depend linearly on air volume V:
L/P" = const. V.

As the cross-section of a tire was approximately circular in the 1930’s, the volume V was
given by
V =const. S 2 (Dg + S),

where Dg is rim diameter, and S is section diameter. Combining the above two equa-
tions yields:
L =const. P"S2(Dg +S).

However the volume of a circular annulus is not exactly proportional to S2. Thus it
must have soon become apparent that a load formula based on this approximation would
produce overloads for larger tires. Hence, the exponent of 2 for S was reduced to 1.39 —
probably based on field experience of tire performance at that time — so that the basic tire
load formula became:

L = const. PN S 1.39 (D, + S).

4. Constant

The “constant” is a very significant part of the load formula. It is referred to as the “K”
or “service” factor. Different values are assigned for different types of tire (passenger
car, truck and bus, agricultural, etc.) and for different service applications. The addition-
al numerical factor of 0.425 in equation (3) was included simply to keep the value of “K”
at approximately 1.00.

In the first application of the formula, K was made equal to 1.00 for truck and bus tires,
and to 1.10 for passenger car tires. When P-Type (metric) tires were introduced in the mid
1970s, conversion factors to allow input of millimeters and kilopascals were included in
the formula and the factor of 0.425 was incorporated into the new value of K.

5. Pressure exponent

The exponent of inflation pressure gives the tire load over the range of pressures
standardized for a specific tire. The reason for selecting an exponent of 0.585 was that as
the inflation pressure increases in a given tire size, the stress in the carcass and tread area
will increase. Consequently introducing a positive exponent for P will tend to limit the
deflection of the tire, and therefore the stress, as the inflation pressure increases. A value
of 0.585 was adopted for passenger car tires in the 1950s and 1960s (alpha-numeric series)
and a value of 0.50 was adopted for P-Type tires in the 1970s based on service
considerations and tire performance.

When P-Type tires were developed, tires were selected for a vehicle based on two
criteria [both given in a TRA guideline and as part of the National Highway Traffic
Administration (NHTSA) regulations]. The “normal” operating vehicle load must be
equal to or less than a Design Load, and the maximum vehicle load had to be equal to or
less than a Tire Maximum Load. Passenger car tires existing at that time used the
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alpha-numeric system for Standard Load (Load Range B) tires with a maximum inflation
pressure of 32 psi and a Design Load based on a lower pressure of 26 psi. The TRA
committee that developed the P-Type tires thought that higher inflation pressures should
be required for Design Load applications as well as for maximum load conditions. The
Design Load pressure for P-Type tires was therefore increased to 28 psi and the pressure
associated with the maximum load was set at 35 psi. An exponent of 0.5 for pressure kept
the Design Load at 28 psi for P-Type tires equal to that for alpha-numeric tires at 26 psi.
Similarly, the maximum load for P Type tires was only slightly increased above that for
alpha-numeric tires of the same dimensions, but at 35 psi instead of 32 psi. No differen-
tiation was made between bias and radial tires other than in the tire designation: symbols
D, B and R were introduced for diagonal (bias), belted bias, and radial tires, respectively.

6. Tire section width (section diameter)

Originally, tire sections had a circular shape, and the diameter Dg was identical to both the
section width S and the section height H (that is the aspect ratio, H/S, was 1.00). In order
to maintain a consistent tire shape for calculation purposes, the section width S used in the
load formula is always adjusted to have a constant relationship to the rim width. Initially,
S was calculated for a rim width equal to 62.5% of S (see Figures 5.1 and 5.2 of Appendix
1). Later, as section widths were widened and section heights reduced (making the sec-
tion height smaller than the section width), and rim widths were increased, tire sections
acquired an oval shape. Nevertheless, the concept of an equivalent circular section was
retained in the formula by introducing an “adjusted” section diameter Sy. The adjustment
was made by equating the perimeter of the low aspect ratio tire (which was assumed to be
elliptical around the top half and circular around the bottom half of the tire section) to the
perimeter of a corresponding theoretical tire with a circular cross-section. Figures 5.3 and
5.4 of Appendix 1 show the calculation for the theoretical section width Sy that is used in
the load calculation formula.

7. Need for review
In the early years, the number of tire sizes was very limited in comparison with today’s
mix of sizes. Table 5.1 shows the range of sizes and the load ranges for B tires (alpha)
and standard load tires as given in TRA yearbooks for 1950-51, 1975, and 2003. Note
that during the mid 1970s there was a rapid transition from alpha-numeric to P-Metric siz-
ing, and from bias to radial constructions.

As passenger tires evolved to increased widths and lower section heights, a substantial

Table 5.1: TRA passenger car tire size comparison - 1950 - 2003

TRA yearbook 1950-512 19751 20031

Number of sizes 21 91 254

Nominal section width (mm) 105 2205 155 295 145 >345

Aspect ratios 96->100 50, 60, 70, 78, 80 30,35,40,45,50,55,60,65,70,75,78,80
Rim codes 1215&16 13 ->15 12 >22

Nominal OD (mm) 545 5845 560 >765 540 -840

Max load: 430 735 430 1000 370 1320

LR ‘B’/SL (kg)

1L oad Range B and/or Standard Load Tires
24 & 6 Ply Rating Tires; OD & AR estimated
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departure occurred from the “round” cross section (Aspect Ratio = 1) upon which the
formula was originally based. Even larger rim widths and section widths are under
consideration. Areview of the load formula is therefore necessary, especially as new rules
are introduced in connection with Tire Pressure Monitoring Systems (TPMS). Under the
proposed TPMS rules, tires could be allowed to operate at reduced pressures (thus at
increased deflection) for extended periods of time before a warning light would be
activated.

For decades, the basis for the maximum load was to first consider the ‘normal load’
from the regulations and then select a pressure coefficient that had the effect of limiting
the deflection at maximum load. It is believed the intent of the ‘normal’ load as defined
by the federal regulations (FMVSS110) was to take into account how vehicles are
‘normally” used in service, that is, at less than full occupancy and not fully loaded.
Moreover, as defined by this same regulation, the normal and maximum load on the tire
is based upon a passenger weight of 68kg (150 Ibs.). In contrast, certain FAA regulations
use 170 Ibs. for occupant weight and one might argue that even this number is rather low.
What basis should be used today for weight of occupants in vehicle load calculations?

8. A new approach

Over the decades, much work has been done in the tire industry and in the academic world
to study the effect on tire performance of stresses, temperatures, load distribution and
many other factors. Much of the fundamental work, that still applies, was described in the
NHTSA-funded monograph, “Mechanics of Pneumatic Tires”, edited by S. K. Clark and
published in the early 1980s. However, it is now an opportune time to explore changes
that might be made to the tire load formula, for the following reasons:

Tire sizes continue to evolve towards larger rim diameters and wider section widths.

The historic differentiation between passenger cars and ‘light truck’ has changed with
the wide usage of passenger car tires on SUVs. This fact has been recognized by NHTSA
with the recent promulgation of FMVSS139 which essentially combines the regulations
for these two types of tires for use on vehicles with gross vehicle weight ratings (GVWR)
of 10,000 pounds or less.

There is a need for a formula that is more closely related to the physical characteristics
of today’s tires.

The following section develops a methodology and presents relevant data for this pur-
pose. An equation is developed, based upon constant relative deflection, and compared to
the current formula. Guidance is given as to further verification of the result, with sug-
gestions for future work.

9. Tire load/deflection and stiffness

A great deal has been written concerning tire structure and the calculation of the tire’s
ability to carry load, notably the works of Gough? and Koutny.34 Koutny used thermo-
dynamic studies of tire stiffness. In his treatment of the ring model for a tire, he postulat-
ed that the air pressure in the tire is the primary component of elasticity. Other researchers

2\.E. Gough, "Chapter 4, Structure of the Pneumatic Tire", Mechanics of Pneumatic Tires, S.K. Clark, Editor,
NHTSA, circa 1981, pp. 203-248.

3Koutny, F., "A Method for Computing the Radial Deformation Characteristics of Belted Tires," Tire Science
and Technology, TSTCA, Vol. 4, No. 3, Aug. 1976, pp. 190-212.
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in the industry generally concur that the stiffness of pneumatic tires is controlled primari-
ly by the inflation pressure and the tire dimensions, principally the tread width and out-
side diameter. The tire structure itself only accounts for about 10 to 15% of the tire’s load
carrying capacity at typical operating pressures.

In a more recent work, Rhyne> extended the ring model used by Koutny and applied it
directly to the question of vertical stiffness. We can adopt Rhyne’s stiffness model to cal-
culate the deflection for any given tire size and operating pressure and thus develop a new
load formula.

First, one must look at typical load-deflection curves at various operational inflation
pressures, as shown in Figure 1. The tire stiffness at a given pressure is derived from the
slope (the tangent vertical stiffness) of the individual curves, which appear to be quite
linear over normal ranges of operating load. As tires become lower in aspect ratio and
develop a square footprint, the value of the tangent stiffness approaches that of the secant
stiffness.®

Figure 5.1

Secondly, as a result of Rhyne’s work’, we know that the tangent stiffness, K, is a
function of tire pressure, footprint width and outside diameter and may be expressed as
follows:

K, =0.00028P W xOD +3.45 (4)

where:
K = Tangent Stiffness - kg/mm
P = tire inflation pressure - kPa
W = tire footprint width — mm
OD = Outside diameter - mm

4Koutny, F., "Air Volume Energy Method in Theory of Tyres," Plasty a Kaucuk, 15, No. 4, 1978, pp. 100-105,
(English translation in International Polymer Science and Technology, Vol. 5, No. 8, 1978).

SRhyne, T.B., "Development of a Vertical Stiffness Relationship for Belted Radial Tires," Presented at the 23rd
Annual Conference of the Tire Society, 20 September 2004, Akron, Ohio.

6See Appendix I1, Figure 2-1

7Rhyne, T.B., ibid.
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For initial verification, the predicted K was calculated for 50 different tires of 34 sizes
for which tangential stiffness had been measured at various loads and inflations pressures.
Figure 5.2 shows the very strong correlation between the measured and predicted valuess.

In order to make the stiffness equation more practical for use by standardizing bodies
it is desirable to have the equation written in terms of parameters that these bodies
normally deal with. First, a large sample of tires was evaluated to determine the
relationship between footprint width and nominal section width. The following
relationship results:

W =(—0.004AR+1.03)S, = axS8, ®)

where:
W = Footprint width - mm
AR = Aspect Ratio
Sy = Nominal Section Width — mm
a = Factor from Table 5.2

Figure 5.2: Tangential stiffness correlation
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Thus the above value for W may be introduced into equation (4) as follows:

K, =000028 P,/(-0.004 AR +103) S, x OD +345 ©)

The effect of equation (5) is that as the Aspect Ratio decreases, the factor ‘a’ by which the
nominal section width, Sy, is multiplied, increases, as shown in Table 5.2 below. Thus,
for lower aspect ratio tires, the footprint width as a percentage of the width of the tire sec-
tion, is inversely proportional to the aspect ratio.

It is also known from the TRA Engineering Design Information manual®:

8Rhyne, T.B., ibid.
9Available by subscription from: The Tire and Rim Association, Inc., 175 Montrose West Ave., Suite 150,
Copley, Ohio 44321.
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OD=2H +D, %

where:
H = Design Section Height - mm
Dr = Rim Diam Code — mm

and

AR
H= SN XW (8)
where:

Sy = Nominal Section Width — mm
AR = Aspect Ratio
Thus OD may be expressed in terms of section width, aspect ratio and rim code as follows:

S, XAR
OD=—-"X +D, ©)

and equation (6) may be expressed in terms useful to the engineer and standardizing
bodies as shown below:

SN><AR+

K, = 0.00028P\/(—0.004AR +1.03) S, X( 50

D, J+3.45 (10)

Table 5.3 lists values of Dg for current rim codes.

Using equation (10) we can now compare predicted versus measured values of K for a
large sample of tires. Figure 5.3 shows the correlation for more than 2000 data points
taken from over 1000 tires of 144 different sizes. This data set included rim codes rang-
ing from 13 to 24, section widths from 175 to 305 mm, and aspect ratios ranging from
35 to 80, as well as multiple brands of tires.

Table 5.2: Factor ‘a’

Aspect ratio a
25 .93
30 91
35 .89
40 87
45 85
50 .83
55 81
60 .97
65 a7
70 .75
75 .73
80 71
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Table 5.3: Values for Dg (=rim code x25.4)

Rim Diameter Code Dg - mm
12 305
13 330
14 356
15 381
16 406
17 432
18 457
19 483
20 508
21 533
22 559
23 584
24 610
Figure 5.3
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10. TRA load formula vs. deflection

Having shown that the tangential vertical stiffness is correlated for a wide range of tires,
we now look at the TRA load equation and calculate the relative deflection of tires at
maximum load and under normal load.

It should be noted that tire standardizing bodies of other countries, such as ETRTO10
and JATMAZL, use empirically-based load equations that may differ from those of TRA.
For example, in one case the load formula is based upon the contained air volume.
Attention is focused here solely on the TRA formula.

11. Methodology
Tire designers and vehicle engineers generally speak in terms of tire load and inflation
pressure. In fact, what they are really concerned with is the deflection of the tire at a given
load and pressure. As the deflection increases, the tire is strained more severely and there-
fore more heat is generated. Consequently the operating temperature increases. The
energy expended in rolling also increases. Thus any review of load capacity should
consider the corresponding deflection.

Figure 5.4 shows a schematic of a tire mounted on a rim at a given inflation pressure.
As a load is applied, the tire will deflect by the amount “d”.

Using equation (10) for tangential stiffness, an equivalent static deflection may be
calculated for any combination of load and pressure in the linear range of operation, for
any given size tire:

L
d=—

X (12)
where:

d = deflection — mm
L = load — kg
K = tangential stiffness — kg/mm

The deflection under load is considered to be the main determinant of tire durability
and for different types of tire the relative deflection is the appropriate measure. Thus, to
compare a variety of tire diameters, aspect ratios and rim diameters, it is desirable to
express the deflection as a percent of the section height (SH) as defined in Figure 5.4.
Thus:

vsd=-% %100 =

LY 1))
SH (OD-FD)/2

(12)

where:
FD =rim flange diameter — mm
SH = section height (above rim flange) — mm
OD = outside diameter - mm

10The European Tyre and Rim Technical Organisation
11The Japan Automobile Tyre Manufacturers Association, Inc.
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Figure 5.4

e =

[

A listing of standard dimensions for today’s rims is presented in Table 5.4.
Using equations (10) through (12), deflections for the entire range of tire sizes may
easily be calculated.

Table 5.4: Basic rim dimensions!2

Rim diameter code Rim diameter (D) mm Flange diameter (FD) mm
14 354.8 389.8
15 380.2 415.2
16 405.6 440.2
17 436.6 471.6
18 462.0 497.0
19 487.4 522.4
20 512.8 547.8
21 538.2 573.2
22 563.6 598.6
23 589.0 524.0
24 614.4 649.4

12. Deflection analysis

The percent deflection for a number of tires was calculated using the current TRA load
formula at a range of operational pressures. Figures 5.5 & 5.6 are for 75 series tires at
respective pressures of 180 and 240 kPa. Both figures show that as the section width of
these tires is increased the relative deflection decreases slightly, but as the rim code
increases there is a more significant increase in deflection.

The same types of graphs were prepared for 45 aspect ratio tires as shown in Figures
5.7 & 5.8, with the results showing the same trend.

Figures 5.9 and 5.10 show the effect of rim code while keeping the section width
constant. It should be noted that for a given aspect ratio and section width, the cross
section profiles of the tires are identical - only the diameters change. Yet, for a given
aspect ratio, as the rim diameters are increased there is a significant increase in relative
deflection, and the rate of increase is similar for all aspect ratios.

The above graphs clearly show that the existing TRA formula penalizes larger rim
diameters, that is, it requires the tire to deflect more as the rim diameter increases.

12Courtesy of The Tire and Rim Association, Inc.
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Figure 5.5: 75 series - standard load - 180 kPa

Figure 5.6: 75 series - standard load - 240 kPa

Figure 5.7: 45 series - light load - 180 kPa
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Figure 5.8: 45 series - light load - 240 kPa
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Figure 5.9: P225/arRrc - TRA - light load

Figure 5.10: P225/arRrc - TRA - light load
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13. Proposed load formula
In order to avoid this penalty for tires with low aspect ratios and larger rim codes, a new
load formula based upon constant deflection is described below.

From equation (11), for the linear case, we see that load is equal to the product of
deflection and stiffness, and we have already developed equation (10) to calculate
stiffness. From Tables 5.3 and 5.4 we also find that D =~ D, and that today’s passenger car
rims have a constant flange height of 17.5mm. Transposing equation (12) to give the
deflection in terms of the nominal section width and aspect ratio results in the following

equation:
S, XAR
0 N —
d_%dx(H—17.5)_ﬁdx( 100 ]7'5) (13)
a 100 B 100

Combining equations (10) and (13) results in a deflection-based general equation for
load for any size of passenger car tire.

(14)
Sy xAR

%dx(
L:

—115)
0 xlo.ooozs P\/(—0.004AR +1.03)S, x(SN:%JFDR ]+3.45}

In order to calculate maximum loads, the pressure may be assumed to be 240 kPal3.
Using a coefficient chosen from a table of coefficients in terms of aspect ratio, the percent
deflection can be calculated for comparison with the current formula.

Solving equation (14) for a range of standard load tires with an aspect ratio of 70 we
can select a percent deflection and generate loads for comparison with the existing TRA
formula as shown in Figure 5.11.

Figure 5.11: % calculated load/TRA load (70 aspect ratio)
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The penalizing effect of increased rim codes with the current formula is again clearly seen.

13Reference pressure associated with maximum load of today's standard load P-metric tires
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14. Work to be done

A method has been presented to determine loads at constant relative deflection and com-
pare them with the values calculated using the current formula. However, further work is
needed to determine the appropriate operating deflections for tires. Studies for a range of
sizes are needed to create, based upon performance data, the rules for various types of
tires. For example, should different relative deflections be used for 75 versus 30 aspect
ratio tires? Also, the stiffness model may need to be further refined, to ensure that it
encompasses tires being developed today and anticipated in the future. Discussion of the
method proposed here has already begun in international standardizing bodies.

15. Summary

The basic load formula for tires has been in existence for many decades and should be
reviewed to bring it into accord with today’s requirements. The methodology presented
here can be used to evaluate the maximum loads that are currently accepted. Test pro-
grams could determine optimum deflections and provide guidelines for future tire load
calculations.
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Appendix 1
Notes from The Tire & Rim Association, Inc.

Figure 5.1.1: Relation between section width/rim width ratio — Part 1

11 With tire of circular section

S; = Section width
W, = Rim width
o = Angle subtended by rim Wy
®=al2
SIN® = (W1/2)/(Sll2) = W1/81

When Rim width W, equals 62.5% of section width
W, =0.625 S;
SIN © = 0.625S, / S; = 0.625

© =38.67°

180 - ©® = 141.33°
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Figure 5.1.2: Relation between section width/rim width ratio — Part 2

Where tire periphery P1=pP2
It can be shown that:

Rl / R2 = (180 - az) / (180 - al)
Section (S;) = 2Ry
Section (S,) = 2R,

Therefore: S,/S; = (180 - a,) / (180 - a;)

To get Sg, 5 from measurement S; on any rim:
(1) 180 - IZ =141.33> 862_5/81 =180 - Il /141.3

(2) Therefore: Sgp 5 = S1[(180-SIN-1(W4/R;))/141.3]

(3) It can be shown: S, = S4[(180-SIN-1(W,/R;))/135.6]
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Figure 5.1.3: Theoretical section width Sy - Part 1
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Figure 5.1.4: Theoretical section width Sy — Part 2

The perimeter of a tire having a depressed crown and a section S; on a rim width W;=

180° —sin™ (W,/ S 1
7 S,% sin” (W/S) 7 4
180° 2
Sq=depressed tire equivalent section on a 62 .5 % rim
PERIMETER,, \ =7 S —141'3 @)
(Sp) A 180°
Setting (1) = (2):
.3° 180° —sin™ (W,/ S
s, 141.3 _— sin” (W, ,)_ch
180° 180° 2
180° —sin™ (W,/S,) dC( 180
S, =5, -—— —
141.3° 2 \141.3
Sy =8).525—0.637d (C)
S¢=Sp.625 - (F)d  where F=0.637xC
d/So70  d/Spezs Speps/d M K C F S4/So.625
0 0 : 0 1.000 1.000 .637 1.000
.05 .0521 19.19 .055  1.00076 .986 .628 .967
.10 .1042 9.60 116 1.00325 972 .619 .936
A5 1563 6.40 .185 1.0086 .954 .608 .905
.20 .2083 4.80 .263 1.017 935 .596 .876
.25 .2604 3.84 .352 1.031 912 .581 .849
.30 3125 3.20 455 1.052 .886 .564 824
.35 .3646 2.74 574 1.082 .857 .546 .801

40 4167 2.40 714 1.128 821 .523 .782

F(TRA)
637
630
620
610
597
583
568




Chapter 5.Tire Load Capacity

205
Appendix 2
Figure 5.2.1: Secant versus tangent stiffness
Typical tire load-deflection curve
2 Secant stiffness
3

Tangent stiffness

Deflection




206 Chapter 6. Tire Stress Analysis

Chapter 6

Tire Stress Analysis
by M. J. Trinko

INTFOAUCTION .o
. Fundamentals of tire Shape ...
. Structural @analysis Of TIFES ......ccoiiiiiiie i
THFE CONA TENSIONS .ttt
cREIATE TOPICS ..o
. Experimental approaches ...
CPIODIBMS .o et eneas
CRETEIENCES e

O ~NO OB WN PR



Chapter 6. Tire Stress Analysis 207

Chapter 6

Tire Stress Analysis
by M. J. Trinko

1. Introduction

The pneumatic tire presents a challenging stress analysis problem. It is a pressurized mem-
brane structure of revolution reinforced by a network of cords laid at an angle to the circum-
ferential direction. The cords are folded around a rigid hoop of steel wires, which anchors the
tire to the rim.

The bias-ply pneumatic tire was in commercial use for decades before engineers were able
to solve any but the most basic problems. Calculations of the initial inflated shape were devel-
oped to assist the tire designer determine fundamental relations between the shape of the mold
and width of the building drum, but they required substantial manual calculation. A by-prod-
uct of the shape calculation was the prediction of cord force distribution in the mounted and
inflated tire. Virtually nothing was known about the cord loads and rubber stresses in the
loaded tire. In the early 1970s, the combination of the development of the finite element
method and the availability of reasonably high-speed computers made it possible to analyze
the pneumatic tire in more detail. Initially, only axisymmetrical analysis was possible, but
within a few years solutions were obtained for the statically loaded tire. More advanced prob-
lems were tackled using the static solution as a starting point. Several years passed before
usable solutions for the rolling tire problem appeared.

At about the same time that the computer-based tools became available to study the bias-
ply tire, the shift to radial tires had begun in the U.S. Application of the new analysis tech-
niques to radial tires became critical as the shape of the mold and the location of components
in the cross section of the radial tire are much more important than those same quantities in
a bias-ply construction. The transition from bias analysis to radial analysis was relatively
smooth as the input information for the structural analysis programs only needs to describe
the dimensions, material properties and loadings. In a way, the analysis of the radial construc-
tion is less complicated, as the radial cords do not change orientations significantly as the tire
deforms. The cord angles in the more flexible bias tire are directly related to the distance from
the axis of rotation when the tire is under inflation loading. As the tire is loaded, the cords
behave like a netting structure and change their orientations in response to the relative loads
in the circumferential and meridional direction. At the time, the commercially-available finite
element codes were not able to take these angle changes into account. Radial tires do not
exhibit this behavior, so problems introduced because of orientation angle changes were
small or zero.

The discussion given in this section is based on a combination of analysis and application
of the basic principles of mechanics. The results of finite element analyses (FEA) provide
insight into the behavior of the tire under various loading conditions, that would otherwise be
difficult to understand. By evaluating the results, we can determine the appropriate design
parameters that affect the behavior.
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2. Fundamentals of tire shape

Bias construction

We begin with a discussion of the bias-ply tire because it may be analyzed using classical
mechanics. The inflated natural shape is determined by the rim width (distance from
flange to flange), the diameter of the building drum, and the bias angle and length of the
cords laid on the drum. The term “natural shape” has been used to describe the shape that
the tire cross section would assume if the cord network could respond independently of
any forces created in the rubber. The tire designer must make this calculation and set a
building drum diameter and drum width that will allow the tire to be formed into the cur-
ing mold with the proper amount of cord tension and will produce an inflated tire of the
desired diameter and width. Two approaches have been developed to determine the “nat-
ural shape” of the tire. They were developed independently and either held back as pro-
prietary information or published with little notice. Both of them use the basic relation-
ship p ( / cos 6, = p / cos B, where p is the radius to any point on the tire cross section
measured from the wheel axle and 0 is the angle of the cord relative to the circumferen-
tial direction at that point. The subscript can refer to any reference location.

This relation can be derived from geometric considerations treating the cords as inex-
tensible and having pinned connections at their intersections. For bias tires, two layers of
fabric-reinforced rubber are wrapped on a cylinder with the cords lying at opposite angles.
The cords form small parallelograms with major and minor axes in the circumferential
and transverse directions. As the tire is formed into its characteristic shape, the increase in
diameter causes the cords to rotate - the parallelograms extend in the circumferential
direction and contract in the transverse direction. This applies to bias tires built in the con-
ventional fashion. It is possible to envision other cord paths, but these are impractical to
build in production.

Figure 6.1: Cord orientations change

The Purdy equation
John Purdy was a mathematician with the Goodyear Tire and Rubber Company from the
1920s to the 1960s. He began a fundamental study of inflated shapes and developed math-
ematical bases for tire behavior. During the 1930s he developed a relationship for the nat-
ural shape of a bias tire. .
Purdy considered the equilibrium of a representative section of the tire - a full 360" ring
located at a radius p and having an elemental length As measured in the contour direction.
In addition, a triangular ring of air on the inside surface of the ring was included to allow
the effect of the air pressure to be applied along the axial and radial directions. This trian-
gular ring is shown in figure 6.2.
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Figure 6.2: Purdy’s elemental section
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By applying equilibrium conditions in the axial and hoop directions, along with a
moment balance, Purdy derived a single integral equation for the natural shape, in the
form of a hyper-elliptic integral. Details of this calculation are given in “Mathematics
Underlying the Design of Pneumatic Tires”1. Note that Purdy’s solution is valid for any
cord path. However, for each combination of cord angle, drum width and diameter, a
numerical integration was required, involving extensive calculations that were initially
done manually, using only a slide rule.

Another approach to the solution of this problem was developed by Bidermann,
Hofferberth and Walter using a combination of “thin shell” theory and netting theory.
Their contribution is included in the approach described here. These equations describe
various features of tire behavior. The first uses the relation between cord angle and radius
that was described previously. The second is the relation between in-plane stress result-
ants and cord angle. By calculating the values of the circumferential (Ng) and meridion-
al (N, ) stress resultants for a network of cords with cord tension t and at an angle a, typ-
ically measured from the circumferential direction, it follows that

tanz(X:Nd)/Ne.

This can also be derived by considering the equilibrium of a free body diagram of a sec-
tion of a doubly-curved membrane.

The third equation is derived from the equilibrium of a section of the tire lying between
the radius of the widest section ( py,, ) of the tire and the centerline radius. The force bal-
ance in the axial direction includes the pressure term and the meridional stress resultant.

Ny=p6(r2-ry?)/2r2

The fourth equation is the equilibrium equation for a doubly-curved surface. It is an exten-
sion of the equilibrium equation for a circular cylinder, which is derived in introductory
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statics textbooks. For a cylinder of radius R and thickness t, under internal pressure p, the
hoop stress o is given by

c=pR/t

By substituting N = o t, then p = N / r. Extending this to a doubly-curved surface, the
equation becomes
The curvatures, pg and py , are the radii of curvature in the circumferential and meridion-
al directions, respectively. At the tire centerline, pg is interchangeable with p, and is the
radius to the reinforcement package. The final equations define the curvatures of a surface
of revolution. These come from examining the geometry of a surface of revolution:

py = [LH2)?J321z"
and

po = r[1+(z")2V2/z'
where z' = dz / dr and 2" = d2z / d2r.
These equations can be combined by substzituting for the values of o P45 Po > Ng and Ny
leading to the equation:

2+ 7 [1+(Z)2] {rcos? o/ (rg-r2cos2a)-2r/(r2-r,)}=0

This equation can be transformed into an integral equation for z by reducing the order to
z', decomposing using partial fractions and applying the boundary condition at the center-
line. The integral equation can then be solved numerically, yielding the inflated shape of
the cross-section.

This is the “natural’ shape of the tire that it would take if it behaved as a membrane with
no resistance to bending. If the mold shape deviates from the natural shape, the inflated
cross section will not attain a true natural shape because of resisting forces generated in
the rubber.

3. Structural analysis of tires

With the development of high speed computational capability and the technology needed
for tire analysis, the tire engineer could now evaluate design variations without having to
build prototype tires and test them, either in the laboratory or on the test track. As the com-
puting capacity increased and the cost of computers decreased, sophisticated analyses
could be done in reasonable times and the results evaluated and used effectively.

Finite element analysis (FEA) began in the 1960s and commercial FE codes were
developed in the 1970s that gave the engineer the capability to solve problems that, pre-
viously, could not even be attempted. During the 1980s the commercial codes were
enhanced, allowing tire engineers to make significant contributions to the understanding
of tire behavior. New capabilities are continually being developed.

Challenges of tire analysis

The tire presents a unique combination of challenges. Unlike conventional structural
analysis, the final shape of the structure and the applied loads are part of the solution
instead of being part of the problem definition. The materials are not necessarily linear
elastic materials, although use of a linear material model in particular locations is useful.
Rubber is a highly non-linear material, and the reinforcing cords also behave in a non-lin-
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ear fashion. These materials are also temperature and rate dependent, exhibit creep and
have different stiffnesses in tension and compression. Two common cord materials, nylon
and polyester, undergo shrinkage during the curing process. Finally, the cord reinforce-
ment, the primary contributor to the tire stiffness, is placed at bias angles giving the struc-
ture orthotropic characteristics. Moreover, the cords change their orientation somewhat
during loading. All of these features contribute to the tire analysis problem and must be
addressed in order to obtain useful results.

Implicit and explicit finite element methods

Before discussing the use of finite element methods in the analysis of tires, we point out
some fundamental differences in two approaches. The current commercial finite element
programs are designed to make the analysis process as simple as possible. This allows one
to carry out sophisticated analyses without understanding all of the intricate details that
are required for that analysis. The analysis process is reduced to the generation of a com-
plete geometric description of the structure, a definition of the material behavior, and a
definition of the applied loads and constraints. However, the more the engineer under-
stands the process, the better the likelihood of successful analysis. A basic overview of the
finite element process is given here.

The implicit approach

The initial, and more common, finite element method is the implicit approach. This is
applied primarily to static or steady state problems. As an example, consider a rectangle
with points located both on the boundary and in the interior. Now add a number of
‘springs’ that are connected to the points so that the entire rectangle is covered by areas
surrounded by springs but no spring crosses over another spring. Next, arbitrarily con-
strain some of the points and apply forces to some or all of the remaining points. At each
point, equations of equilibrium can be written which involve the stiffness of the springs
connected to that point and the displacements of the points connected to that point via
springs. For each degree of freedom in the whole structure, there is one equation available
to represent equilibrium at that location. If these equations are put into matrix format, the
row containing the equilibrium equation for a particular point will have non-zero entries
only in the columns representing the points that are directly connected to that point. If the
equations are carefully ordered, the maximum width of any of the equations can be min-
imized. The advantage of minimizing this width (called bandwidth) is that it leads to a
reduced computational requirement. Commercial finite element programs typically include
an automatic bandwidth minimization scheme.

Many structures have some type of symmetry, which can be used to reduce the size of
the model, which in turn reduces the amount of resources needed to run the problem. Tires
have geometric symmetries that are obvious, but they also have a material symmetry, hid-
den under the surface. The geometric symmetry is a mirror symmetry at the equator of the
tire tread. Here the displacements normal to the surface are zero. For the conventional
radial tire, the two belts under the tread area require special treatment if one wishes to take
advantage of symmetry. If the belts were cut at the equator, and the cut section placed
against a mirror, one would see an incorrect chevron pattern instead of the straight contin-
uous belt cords. We will call the situation where the belts are at +/- angles a “skew-sym-
metry”. For skew symmetry, one half of the tire must be rotated 180° about a vertical
diameter in order to duplicate the other half. The vertical displacement of a node on one
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side of the vertical diameter must be set equal to the vertical displacement of the corre-
sponding node on the other side of the vertical diameter and the other two components of
the displacement on one side of the vertical diameter must be set equal and opposite of
those on the corresponding point on the other side. A problem with bandwidth arises
because these constraints connect nodes, which would not normally be connected geomet-
rically. This results in a few rows in the matrix that are substantially wider than the aver-
age. The wider rows cause symmetry considerations in tire problems to give less compu-
tational benefit that in conventional problems.

For a typical linear static analysis, the stiffness matrix must be solved once to obtain the
final solution. But tire analysis is not typical. There are a number of non-linearities in the
analysis, which require a more advanced approach. The dominant problem is that the final
loaded shape is substantially different from the initial shape. This means that the stiffness of
the structure, the loading locations and directions all change as the structure responds to the
external loads and constraints. To successfully solve this problem, the loading is typically
applied in increments which yield a stable equilibrium configuration at the end of each incre-
ment, that serves as the starting point for the next increment. The initial stiffness of the
unloaded structure is used as a starting point. The first increment of load is applied and the
system is solved. The process is repeated using the same load until there is no change in the
response from successive iterations. The stiffness is re-calculated using this new configura-
tion, the next increment of load is applied, and the next solution is obtained. This process is
repeated until the loading sequence is completed. The size of the allowable load steps depends
on the severity of the non-linearity at that loading level. If there are other types of non-lin-
earity in the problem, they can usually be addressed concurrently with the large deformation
non-linearity using the incremental loading approach. Since this method requires the creation
and solution of a matrix, whose size is determined by the number of degrees of freedom, the
required run time and storage requirement grow at least in proportion to the square of the
number of degrees of freedom.

The explicit approach

The explicit finite element approach was developed to solve dynamic problems. In this
approach, the equations of motion are written and solved at each nodal point. Starting with
the static structure, the external loads and constraints are applied to each nodal point, with
resistance supplied by inertia of elements connected to the nodes. A time step length is
selected based on the stress wave speed and element size in the model. An acceptable
value for the time step is approximately equal to the minimum time required for a stress
wave to cross the smallest element length. This choice is based on the concept that the
influence of a force or displacement at any node cannot travel the distance to any adjacent
node in a single time step.

Nodes in the structure respond to the applied loads for the duration of the time step. At
the completion of the first step, all free nodes have been displaced and have acquired
velocities. The deformed shape at the completion of the first time step is used to calculate
the new element reaction forces, which are now combined with applied loads (which may
have changed direction due to the change of shape of the structure). Using the current
nodal velocities and the new accelerations from the applied loads, a second configuration
is calculated at the end of the second time step. This process is continued until the
response from the applied loading has stabilized, for a steady state problem, or until the
analyst has determined that the complete time segment has been completed. It is not
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unusual for thousands of time steps to be executed in a single analysis.

Note that it is not necessary to create and solve a complete stiffness matrix with this
approach. The equations describing the motion at each of the nodal points may be solved
independently. This means that the time required to complete the solution is linearly relat-
ed to the number of nodes or elements. For the implicit approach, the time is exponential-
ly related to the number of nodes or elements, so for certain large problems, the explicit
approach may have an advantage. It is not limited to dynamic problems, however, both
static and steady state motion problems can be solved using this approach.

In an actual tire structure, the materials convert mechanical work to thermal energy.
Since there is no natural damping in the computer model, artificial damping must be
included to absorb energy. Since the solution procedure is a forward integration process,
using the current loading and stiffness to predict equilibrium at a future time, a small error
is introduced at each step. If the time step is appropriate, this error is corrected in the fol-
lowing step. Damping also tends to stabilize the solution but if damping is set at too high
a level, the accuracy of the solution may be adversely affected. And if there is insufficient
damping, it may be impossible to reach a stable solution. In most cases, the FE programs
provide guidance in choosing an appropriate size of time step and the level and type of
damping. These limitations of the explicit approach should not deter the analyst from
using the method as it provides a very powerful and accurate analysis tool.

Inflation analysis and bead fitment

The analysis of the axisymmetric tire gives basic information about cord loads and inflated
shape. It is an easier problem because rotational symmetry and absence of road contact
allows the use of a representative cross section. The results can be used to evaluate inflated
shape and to determine cord loads throughout the cross section. The burst pressure can be pre-
dicted, that is the inflation pressure that causes failure of one of the components of the tire:
belt, ply or bead. The burst pressure would be the lowest of these values.

The problem of bead fitment on the rim can also be studied. The basic approach is to
treat the rim as a rigid surface and the contact as frictionless. The results of this study
would show the magnitude and distribution of the interference forces acting on the rim.
This would simulate the situation where the tire was seated on the rim and rolled for a
number of revolutions. The small relative motions caused during rolling would relieve the
frictional forces generated during the mounting process.

The next step is to include friction in the model and simulate the bead seating process.
Motion of the bead sliding up the tapered rim flange is simulated, with frictional resist-
ance. Friction would tend to deform the bead area axially while the increasing diameter
of the tapered rim would cause a radial deformation. Key issues in obtaining a valid solu-
tion are the proper treatment of friction and the use of correct material properties.

In order to retain the advantages of treating this as an axisymmetric problem, we neg-
lect the effect of the safety hump on the rim. Typical passenger tire rims are made with a
safety hump about 3 mm high and located inboard from the rim flange. This hump is
designed to help retain the tire on the rim if the tire loses inflation pressure during opera-
tion. Keeping the tire mounted on the rim allows the vehicle operator to better control the
vehicle after a sudden loss of inflation pressure.

Mounting
As of this writing, no publications have reported a successful simulation of the actual



214 Chapter 6. Tire Stress Analysis

process of mounting a tire on a wheel. The problem is neither axisymmetric nor static. It
resembles a buttonholing action where the bead slides over the safety hump at one point
on the circumference and then continues the seating process around the circumference
until the whole bead is seated against the flange. This is a dynamic process, which requires
using a dynamic solution procedure along with simulation of the frictional resistance at
the bead/rim interface. The explicit finite element approach would appear to be the appro-
priate choice for solving this problem. A successful analysis would give an increased
understanding of the mounting process and predict the inflation pressure necessary to
fully seat the tire bead on the rim.

Static inflated and deflected analysis

This is one of the fundamental problems facing tire analysts. A solution yields vertical
stiffness, contact patch size, shape and pressure distribution, as well as internal stresses
and strains. In addition to the direct results, further studies such as rolling resistance and
frequency/vibration calculation can be addressed using the results of the static solution as
a starting point. Even more challenging problems, such as rolling, cornering and impact,
start from the static solution.

When internal stresses and strains are desired, the models require a mesh that contains
sufficient detail to provide information on cord loads, along with rubber stresses and
strains. This requires that each material layer be represented by at least one element. Such
a detailed representation leads to relatively large models. If the construction contains a
large number of components, the analyst may choose to combine a few layers into a sin-
gle element in order to reduce the size of the problem. This simplification must be used
with care as, in areas of high gradients of stress and strain, it may produce erroneous
results.

The analyst must consider several factors when carrying out these analyses. First, the
contact algorithm in common use has a basic contact/no contact condition at the surface
nodes. This means that the contact patch is only determined within an element length.
Also, contact pressures are usually calculated from nodal contact forces. Thus, the size
and shape of the contact patch, and the normal forces, are defined to within one element
length of accuracy. As a result, the size of the contact patch is usually under-estimated.

Rolling resistance

Among other performance requirements, automobile manufacturers stipulate that tires do
not exceed certain levels of rolling resistance, as this quantity has a significant effect on
fuel consumption. Rolling resistance is principally the total effect of the hysteretic losses
that occur as a tire rolls. Using the results of a static deflection analysis, the engineer can
extract stress and strain values for every element in the model. By assuming that the stat-
ic stresses and strains are the same in a slow rolling tire, we can calculate a ‘cycle’ repre-
senting a complete revolution by examining the stresses and strains in a ‘ring” of elements.
Each ring is the set of elements that are traced around the circumference by a single ele-
ment. These results can be combined with material energy loss data to predict the energy
loss in each ring during one complete revolution. Combining this result for all rings in the
model yields a total loss for the tire for one revolution. The tire engineer can use these
results to modify the design. Options include choosing less hysteretic materials in critical
regions or adjusting the location of components within the tire cross-section to reduce the
energy loss.
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Modal analysis

Automobile manufacturers also require information describing the vibration characteris-
tics of tires so that the tire and vehicle system can be ‘tuned’ to provide the best possible
ride. To meet this requirement, a model that represents the inflated and deflected tire is
required as a starting point. The model must provide the natural vibration frequencies and
the corresponding mode shapes for frequencies up to 200 Hz. Since the extraction of
modal information over the range of interest requires substantial computing resources and
the calculation of internal quantities such as local stresses and strains are not of direct
interest, a simplified model made up of layered elements is the usual choice. With this
simplification, we are able to obtain the required results quickly and accurately.

The typical modal tire model uses shell elements in which all of the reinforcing mate-
rial layers and rubber layers are ‘smeared’ into a single layer. In the tread area, an addi-
tional layer of 8-noded bricks is added to represent the rubber tread. This layer of rubber
could include circumferential grooves if desired. The contact patch points are fixed to the
road while the rim may be either fixed or allowed to move as a rigid body. The tire is
mounted on the rim, inflated, and deflected against the road surface. The mode shapes
and natural frequencies are extracted using the stiffness matrix from the static deflection
loading. A description of this method was given by Sundaram et al2.

The rolling cornering tire

The primary objective of simulating the rolling cornering tire is the prediction of corner-
ing force, aligning torque and contact patch forces, along with internal stresses and strains.
This is significantly more difficult than the static deflection problem and there are a num-
ber of decisions that will affect the results. Three common approaches are used.

The first is the quasi-static direct rolling method. In this approach, a detailed model of
the complete tire is assembled which may or may not include the tread pattern. The cir-
cumferential mesh is uniform and relatively fine around the complete circumference, as
the model will typically be “rolled” at least one full revolution. The loads and enforced
displacements are applied which simulate the effect of rim mounting, inflation and road
contact. To simulate rolling, the mesh is rotated around the axle axis and the ground plane
or the axle is allowed to translate, driven by friction forces at the tire/road interface.
Camber can be simulated by rotating the model around a horizontal axis in the direction
of travel. Drive and brake torques can be simulated be applying a constraint force to the
moving road surface. This approach is very computationally intensive. In order to repre-
sent a typical tread pattern, a large number of nodes are required. In addition, the circum-
ferential mesh density must be sufficient to simulate small angular rotations.

In rolling, the model is rotated slightly around the axle axis and equilibrium must be
satisfied in the new orientation. The traction forces developed in the contact patch are usu-
ally evaluated using a Coulomb friction law. If the shear force at a node point exceeds the
prescribed coefficient of friction times the normal force, the point is released and allowed
to slide. If the force is less than the Coulomb maximum, the node remains “fixed’. This
check is made for every node in contact with the road. Another increment of rotation is
then applied and the process is repeated. This sequence continues until the solution stabi-
lizes and an additional cycle repeats the results of the previous cycle.

The combination of the physical size of the model along with the need to complete a
substantial number of load iterations to reach a solution, make this approach very expen-
sive and time consuming. However, when a solution is obtained it gives a good represen-
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tation of the physical situation.

Rothert and Gall3, reported a study using this approach. They assembled and ran a
detailed model with a smooth tread. They also added a complete tread pattern on a section
of the tire spanning a distance larger than the length of the contact patch. The model was
loaded on a section of the circumference adjacent to that where the detailed tread was
located. It was then rotated so that the detailed tread region rolled into the contact patch.
This simulated the rolling tire without using a complete 360-degree tread pattern. Even
with this simplification, the model required 4 months to reach a solution. The authors also
mentioned two other approaches that would reduce the time required to obtain a solution.
One method was a combination of global and local approaches. A coarse model of the
structure is first run to obtain a global solution. A second model with more detail in the
area of interest, is then created and run using the results of the first solution as prescribed
loads and displacements. This method suffers from a lack of interaction between the
coarse and detailed models. With tire tread patterns, it is possible that the carcass is not
loaded uniformly, an effect that is not included in the coarse model.

The authors also commented on the advantages of parallel processing, using a special-
ly designed computer and specially written programs that apply multiple processing units
to a single problem. In this way, the time to run an analysis can be reduced significantly.
For example, the processing time can be reduced by almost 50% with one additional pro-
cessing unit, and by almost 75 % with three. In practice, it is not possible to reach the the-
oretical reduction, the inverse of the number of processors that are assigned to the prob-
lem, because there are times during processing that some processors are waiting for the
results of a calculation running on another processor. Moreover, this failure to attain the
maximum improvement becomes more severe as more processing units are added.

The second approach is an Eulerian-Lagrangian transformation, which takes advantage
of the rotational symmetry of the tire structure to transform a steady-state dynamic prob-
lem into a static one. A mesh is assigned to the tire in the usual fashion, but the rotation
of the tire is treated as a flowing motion of material moving through the mesh, similar to
a fluid flow analysis. This requires that the finite element program has the appropriate
capability. The technique is described by Becker et al 4 and Padovan 5. Additional forces
must be included to represent the inertial effects of the rotating mass of the tire material
and spatial derivatives taken on the tread surface tangent to the direction of motion must
be calculated to address the contact patch behavior. The road surface element is assigned
a magnitude and direction representing the vehicle velocity. The velocity of the nodal
points on the tread surface of the tire are calculated from the angular velocity of the tire
and the location of the nodal points along streamlines of surface nodal points. At each
nodal point in the contact patch, the velocity of that point is compared with the velocity
of the road surface. The difference between the two velocity values defines the slip veloc-
ity. This quantity is used to calculate the frictional force at that point. The friction law sug-
gested by Becker generates a frictional force proportional to the slip velocity, the normal
force and the surface coefficient of friction for slip velocities up to a specified value. For
slip velocities above the specified value, the dependence on speed is eliminated with the
force proportional to the normal force and the surface coefficient of friction. The direction
of the friction force is opposite to that of the slip velocity.

This approach effectively turns the problem of a rolling, cambered, cornering tire into
one that is only slightly more computationally intensive than a typical mounted-inflated-
deflected static problem. The advantage of the significant reduction in processing time



Chapter 6. Tire Stress Analysis 217

which comes with this approach, does not come without some penalties. The model must
be precisely axisymmetric. For tires with smooth treads or straight circumferential
grooves, such as aircraft tires and some farm and racing tires, this provides a workable
approach for analysis. Estimates of force and moment quantities, contact patch pressures
and traction forces are obtained. However, although tires with conventional tread patterns
may be analyzed this way, details of the tread pattern can not be represented exactly.

The third approach is to use the explicit finite element method described previously.
This method lends itself to the calculation of global force and moment quantities generat-
ed by a rolling tire, and the response of a rolling tire to an impact with a road irregulari-
ty. Koishi, Kabe, and Shiratori © reported results for a passenger tire operatln% at varlous
slolp angles. The results of lateral force vs. time were shown for slip angles of 0, 1°, 2% and
3. Inthese analyses, ‘time’ refers to the time for the dynamic event and not the computer
time needed to complete the analysis.

The results exhibit two characteristics. The first is an oscillation from step to step of
0.6 kN for all the loading conditions. For comparison, the measured lateral forces for the
four conditions were approximately 1, 5, 9 and 13 kN. The second feature is that the aver-
age result for a sequence of steps also shows an oscillation of approximately 1 kN. These
oscillations do not negate the validity of the solutions but the analyst must take them into
account in assessing the precision of the results.

Kamolaukus and Kao 7 analysed the problem of a rolling tire impacting a full width
cleat on a rotating test wheel using the explicit method. Results showed the vertical and
tangential reaction force traces immediately after the tire strikes the cleat, along with the
frequency content of the vibrations following impact. During the static inflation and load-
ing step, they carefully applied nodal damping and observed the results as the structure
reached static equilibrium. To assure that all of the kinetic energy had been dissipated,
they allowed the process to continue through a number of additional time iterations. The
tire was then rotated against the load wheel until equilibrium was reached at the desired
speed. The steady-state dynamic equilibrium was evaluated for stability. Finally, the cleat
effect was introduced, causing horizontal and vertical reaction forces and the harmonic
response. To demonstrate the stability of the solution, they allowed the analysis to contin-
ue until the bump had made a total of six passes through the contact region. The predict-
ed vertical and lateral peaks were larger than those measured experimentally, but the fre-
quency content and shape of the response curves were similar to experimental curves. The
authors suggested a number of causes for the discrepancy. This analysis was the first
attempt at a difficult problem, and the objective was to show that the explicit approach
could be applied successfully.

These examples show the types of problems that can be addressed with finite element
analysis. Other applications could be included. The list will expand as FE programs add
capabilities, and as faster and more powerful computers become available.

4. Tire cord tensions

For a radial tire construction, no corresponding equations have been published for natural
shape and internal cord tension as for a bias-ply construction. We can, however, use fun-
damental mechanics principles to calculate certain quantities. Key to this approach is
selecting appropriate free body sections of the tire. We shall evaluate a few different sec-
tions.
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Simplified estimate of belt cord tension at centerline
If we treat the belt as a cylindrical hoop under internal pressure, we can make an estimate
of the cord tension at the belt centerline using the basic equation for stress in a cylinder:
o =pr/t, We typically use the stress resultant in place of stress and the relationship
between them is ¢ t, = N. For the case of a two-belt layup, with the cords at an angle of
o to the centerline, inflation pressure p, cord tension t, and a cord count of n, cords per
length measured perpendicular to the cords, the hoop stress resultant, N, is given by
Ng=2tn,cos2a=p pg.
One of the cosine terms arises from the cords making an angle of o while the second
comes from the reduction in the cord end count because the cords intersect the meridian
at an angle, 90° + a.. , to the cord direction. Solving for the cord tension t gives
t=ppy/(2n,cos?a).
This is an upper bound for the cord tension at the crown of a radial passenger tire, because
the calculation is made assuming that the belt has an infinite width and a perfectly flat
cross section. The transverse tread curvature and the sharing of load with the ply cords
reduces the total load on the belt.

Improved estimate of belt cord tension at centerline

We now include the effects of belt curvature in the meridional direction and of the load
that is carried by the ply cords, using the equilibrium condition for a doubly curved mem-
brane surface and the mechanics of composite material. The first step is to calculate N, at
the centerline by using a free body diagram of a 360° section of the tire that has been cut
at the centerline and at the location of the widest point of the sidewall. This is the same
equation that was used in Section 1. We treat the centerline circumferential curvature pg,
the centerline meridional curvature p,, , and the radius to the widest point of the tire pp,
as known quantities. (See figure 6.3)

Figure 6.3: Equilibrium section

o fon

At equilibrium, the effect of air pressure acting in the axial direction is balanced by the
meridional force at the tire equator:
27mpg Ny =p 7 (po? = Pm?).
This equation yields N, in terms of known quantities, where Ny is the sum of the stress
resultants in the belt, N¢b , and body ply, N¢P:
Nj=Ng” +NyP
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Using the equation for the equilibrium of a doubly curved surface,

No =pg (P + Ny /pgy)

yields the hoop stress resultant, Ng. The value of the curvatures p, and pq can be taken
directly from the tire mold or from an actual measurement on the tire. The circumferen-
tial curvature pg is the radius to the belt package and is equivalent to p,. Note that only
the belt cord tension contributes to the circumferential stress resultant Ny as there is no
circumferential contribution from the radially-directed ply cords.
Using the value for Ng, the belt cord tension t,, can be calculated from

ty=Ng/(2nycosa)
or in terms of initially-known quantities,

ty =P po [ 1- (P02 = Pm2) / (2 py Po) 1/ (2 My cos2 ).

Note that as p, becomes larger, i.e. as the belt becomes flatter, t, approaches the value
obtained using that for a simple cylindrical hoop. To obtain the ply cord tension, we apply
the netting relation to the belt cords to calculate that portion of N, , denoted N¢P , that is
contributed by the belt cords:

N¢P = N tan? o

We now calculate that portion of Ny, which comes from the body ply cord tensions NyP
by subtracting the portion that comes from the belt from N,. This gives
NgP =Ng - NP

With NgP, we can calculate the belt and ply cord tension using
to = NgP / (nP n

where nP is the number of ply layers. Substituting the value of NP , the ply cord tension
in terms of the given quantities is

to = [{(po? ~ pmd( 1 - po tan? / py) }/2 po? - pg I (0P «

This calculation, using the additional information of the meridional curvature and sidewall
shape, gives an improved estimate of the belt cord tension compared to that assuming a
simple cylindrical shape and also gives an estimate for the centerline body ply cord ten-
sion under inflation loading.

Sidewall cord tension
For a radial tire, there is no equilibrium approach that will allow the calculation of the
sidewall cord tension directly in terms of measurable geometric quantities. The sidewall
tension is directly proportional to the radius of curvature of the sidewall, and this quanti-
ty is related to the length of the sidewall cords and the distance from the edge of the belt
to the bead. If we can make an estimate of this curvature, we can estimate the cord ten-
sion. For a relatively flat sidewall the cord tension is relatively high, while for a rounded
sidewall, the cord tension is relatively low.

It should also be noted that the forces in the sidewall cords pull the belt edges radially
inward. If this force is large, as for a flat sidewall, the characteristic stress concentration
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at the belt edge is reduced. If the force is small, as with a more curved sidewall, the stress
concentration is increased. On the other hand, the handling performance typically
improves with a flatter sidewall. Achieving the proper balance is a major challenge for
the tire designer.

Bead tension

The bead tension is a result of the interference fit between the tire bead and the rim and
the tension in the cords that are anchored around the bead due to the inflation pressure.
The interference is required to retain the tire firmly on the rim so that the tire does not
rotate relative the to wheel under driving and braking maneuvers nor unseat from the rim
under extreme cornering maneuvers. The load in the bead due to the interference fit may
be estimated by combining known information (bead bundle diameter, rim diameter,
thickness of material underneath bead, etc.). For the radial tire, the load due to the cord
tension is estimated by the equation

Bt =ts py COS

where tg is the sidewall cord tension, py, is the radius of the bead, and ¢ is the angle of
approach of the cords to the bead. However, care must be used when combining these two
results as the interference load is reduced as the inflation load is increased. It is important
that the interference between the bead and the rim is sufficient to hold the bead firmly
under all of the conditions mentioned above. There appears to be no published data on
bead bundle cord tensions.

Total belt loading - A special case

We can calculate the total load carried by the belt package. This calculation uses a care-
fully-chosen free body diagram of the inflated tire and requires knowing the sidewall cord
tension at the widest point of the tire. Some aspects of the performance of a tire are
improved by increased tension in the belt, and hence increased “rigidity”. For example,
both handling and tread wear are generally improved.

The free body diagram for this case is a 909 wedge section, cut at the equator along the
tread centerline and along the sidewall following a circular arc at the widest point of the
cross section. For ease of calculation, the cavity air is included in the section. In addition,
the cavity with inflation air is extended all the way to the rotational axis, as shown in fig-
ure 6.4.

Summing forces along a diameter involves the inflation pressure p acting on the rec-
tangle p,, x z and the area between p, and py,, the stress resultant acting along the side-
wall at the widest point, N¢ X p,,, and (one-half) of the total load in the belt B. The stress
resultant at mid-sidewall must be obtained from either an experimental measurement or
from a calculation based on the measured radius of curvature at mid-sidewall. For the area
between pg and py,, the term =t z (p,, - pyy) represents the area of an ellipse with major and
minor axes, z and (p, -pyy)- The term z p,, is the area between the widest point on the tire
contour and the axis of rotation. If the area of the actual shape could be calculated more
accurately, that term may be used in the equation in place of the value for an assumed
ellipse.

PZpm* 7 (Po-pPm)l=B/2+N¢pp
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Figure 6.4: Free body diagram for belt tension

This equation shows that the total belt tension can be increased by increasing the total
width of the tire and/or by increasing the area under the belt but above the line through the
widest point on the tire cross section. It also shows that the shape of the sidewall from the
widest point on the cross section to the bead area has no influence on the total belt tension.

5. Related topics

Stored energy in an inflated tire

The work that is expended in forcing air into a tire is stored as potential energy in the com-
pressed air in the tire cavity. The amount of energy stored is substantial and a sudden
release of this energy due to a catastrophic failure of the carcass can be damaging. In the
interest of safety, it is important that any person working in the vicinity of tires be aware
of this danger and take appropriate precautions to avoid injury.

Tire manufacturers routinely test their product for ultimate pressure to assure the car-
cass integrity under normal operating loads. The burst pressure is usually 6 to 10 times
greater than the recommended operating pressure. To assure the safety of laboratory per-
sonnel, water is used to fill and pressurize the tire, because water is relatively incompress-
ible and when the tire bursts, only very little stored energy is released, and the carcass
remains relatively intact, except in the immediate area surrounding the failure. If air were
to be used as the inflation medium instead, sudden release of the much greater amount of
stored energy would cause substantially more damage to the tire and the surrounding area.

The equation for calculating the stored energy W in the compressed air within a tire is
given by

W= (paVy-pVy)/(1-k)
where k is the gas constant for air. The pressure is absolute pressure. State 1 refers to the
compressed pressure and volume and state 2 refers to the free air pressure and volume.
Table 6.1 lists the amount of energy stored in different types of tire.
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Load transfer

Many structures carry their intended load by creating tensile or compressive forces with-
in their volume. These structures are stress free in the unloaded state and become stressed
in the loaded state. Tires, on the other hand, actually transfer a portion of their intended
load by relieving the pre-stress caused by inflation pressure. At the interface between side-
wall and belt, the contact patch flattens the belt package and displaces it towards the rim.
This causes the sidewalls to bulge outward, reducing the radius of curvature in the side-
wall, which results in a reduced cord tension. For an inflated tire under no load, the side-
wall tire cords are anchored to the beads and they pull the beads radially outward. When
the tire is loaded at the contact patch, the reduced tension in the sidewall cords in the con-
tact region reduces the loading by the cords on the bead, causing the bead to be pushed
against the rim. This increased load on the rim is the end of the load path from the road to
the rim.

Table 6.1
Type of tire Inflation Stored energy Height that a bowling ball
pressure (ft-Ibs) would be thrown (feet)
Automobile 35 10000 625
Automobile 250 68000 4250
Truck 105 80000 5000
Farm tractor 45 136000 8500
F-4J jet fighter 480 394000 24625
Eathmover 75 597000 37313
C-130 military transport 570 2889000 180563

Data supplied by Dr. Joseph Walter

However, the load follows a second path from the contact patch to the rim. When the
belt hoop deforms, it flattens in the contact patch area and is also displaced vertically by
a small amount. For a typical passenger tire, the section of the tread opposite the contact
patch displaces away from the rim by approximately 10% of the displacement at the con-
tact patch. This motion causes two related changes, which aid in the load transfer. First,
in the area of the tire directly opposite the contact patch, the sidewall curvature increases
slightly which causes the bead to pull away from the rim slightly, in the opposite manner
to that at the contact patch. Second, in regions that are about 90° from the contact patch,
cords that were directed radially are now angled slightly upward. This helps to lift the rim
and transfer the load.

So we see that, although the load from the contact patch is applied in one portion of the
tire tread, the load path into the rim involves the complete circumference of the tire.

6. Experimental approaches

Interest in radial tire construction began in the domestic tire market in the early 1970s. At
that time, FEM was only beginning to be developed as an engineering analysis tool.
Analysis of an inflated tire was available in the mid 1970s but the capability to analyze an
inflated and deflected tire did not become available until the late 1970s. Because there
were no analytical techniques available to understand radial tire behavior in the beginning,
new experimental methods were developed to measure properties related to the perform-
ance of radial (and bias-belted) tires.
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Rubber strains

The level of strain in the rubber in various regions of the tire is an important quantity for
tire designers and compounders. If the strains approach the limit that the compound is
capable of withstanding, failure may occur. Key areas of interest include the outer surface
at the mid-sidewall and regions near the belt and ply endings. In addition, strains in the
inner surface and the crown area were of general interest to better understand the basic
behavior of the tire.

Because strain is a tensor quantity, it is necessary to measure strain in three directions
on the surface. Typically, three gauges are placed at 09, 450 and 900 to the radial direction,
and offset slightly around the circumferential direction. The values of maximum and min-
imum elongational strain, and their directions, along with the maximum shear strain, may
be calculated from the three measurements.

One of the challenges in measuring rubber strains on the surface of a tire arises from
their large magnitude. Typical commercial strain gages are designed for use on metal,
where strains are of the order of 0.5% or less. But typical operating strains on the surface
of a tire are of the order of 20% to 50%. A number of techniques have been developed to
measure them. One, first suggested by Kern 8, is a simple thin metal strip formed into a
“U” shape (figure 6.5) with a conventional strain gage attached to the base of the “U”.
The pointed tips of the “U” are pressed into the surface of the tire. Relative movement of
the tips creates a bending deformation in the base of the “U” that can be measured by the
attached strain gage. This device typically has a gage length of 10 to 20 mm, so it is not
capable of making the local strain measurements that can be done with smaller gages. This
limitation is common to all of the gages described in this section. Figure 6.5 shows vari-
ous gages used for measuring tire surface strains.

A second type of gage consists of a rubber cylinder with a fine wire wrapped in a hel-
ical pattern around the diameter. This combination is attached with an adhesive to the tire
surface. The level of strain can be measured by the change in resistance of the helically
wound wire.

A third type of gage is made by molding a rubber block with a small cavity running
along the long axis of the block. The dimensions of the block are approximately 3 x 3 x
30 mm. The cavity is filled with a continuous column of liquid mercury and the device is
attached with an adhesive to the tire surface. Small lead wires are inserted into the ends
of the cavity and the small changes in resistance of the mercury column that occur when
the block is stretched or compressed can be calibrated to yield the magnitude of the
strains.

Figure 6.5: Types of elongation gauges
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Walter and Jannsen @ applied a number of these gages to the internal and external sur-
faces of bias, bias-belted and radial tires. They examined the strains at approximately six
locations on the outer surfaces and five locations on the inner surfaces. The results
showed that the patterns of surface strains are different for each type of tire.

Cord loads

Until the finite element method was developed to the level where it could be applied to
mounted, inflated, loaded tires, it was not possible to determine cord loads. The tire indus-
try had gained sufficient experience to design bias-ply tires successfully, but with the
advent of belted tires an understanding of cord tensions in these constructions became
important. Experimental methods were therefore developed to measure cord tensions
directly. Walter10.11 applied a technique using a small metal billet with holes at each end,
and with strain gages attached to the billet between the holes. Cords were threaded
through the holes in the billets. At this point, the assembly can be calibrated in a test
machine equipped with a standard load cell to determine the relation between strain gage
output and cord tension. Cords were then removed from a “green” uncured tire and
replaced by the test assembly, with the billet at the site of interest. The tire build was then
completed, with the leads from the strain gage being carefully led out of the tire carcass.
The tire was then cured in the mold and the finished tire tested in the laboratory under con-
trolled conditions. Results are shown in the following figures for cord loads at the center-
line for bias and radial tire constructions.

Another type of gage was developed by Clark and Dodgel2. It consisted of a small
beryllium copper cylinder, sized to slip snugly around the cord. Small strain gages were
attached to opposite sides of the cylinder, thus minimizing the effect of bending in meas-
uring tensile forces. The cylinder was attached to a single cord in the “green” uncured tire
the cord at the point of interest, using an epoxy adhesive. [An earlier version was clamped
between the two ends of a cut cord.] The tire building process was then completed and
the tire cured, as with the billet type gage.

CORD LOADS

CORD LOADS -LBS

=180

1}
et CENTER OF CONTALT <o

Bead seat pressures

The contact region between the rim and the bead region of the tire is another area that has
been studied experimentally. Initial results were imprecise because the large size of stan-
dard pressure transducers made them unsuitable in regions of high pressure gradients.
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Walter and Kiminecz13 developed a small pressure transducer that could be installed in an
axial hole in the end of a standard 8/32 inch bolt, as shown in figure 6.6.

Using a 8/32 inch nut welded on the outside surface of the rim, relative to the tire cav-
ity, the bolt was inserted so that the end of the transducer was flush with the inside sur-
face of the rim. Measurements of rim pressure could be made in this way while the tire
was rolled under various combinations of load, pressure, camber and steer.

Figure 6.6: Bead seat pressure gauge

Contact patch forces and displacements

The forces, both normal and shear, and slip motions in the contact patch are important
because they affect the tire’s resistance to wear. Wear can take different forms. Long-
term wear occurs when the tire wears uniformly and slowly. Non-uniform wear refers to
any one of a number of different types of wear. Shoulder wear is a rapid loss of tread mate-
rial at the inside or outside edge of the tread. It can be caused by a defective mold shape,
excessive cornering loads or incorrect wheel alignment. Heel-toe wear is excessive wear
on the trailing edge of a sequence of tread elements. Rib wear is excessive wear on one or
more ribs and may be caused by a combination of mold shape and carcass design. Truck
tires can exhibit a wear pattern in which the edges of the ribs have eroded away while the
center of the rib appears normal.

All of these wear types are related to the combination of normal and shear force and
the amount of slip that occurs as tread elements pass through the contact patch. Even when
the tire is rolling straight ahead, and not generating a significant lateral force, shear forces
are generated in the contact patch. Characteristically, a radial tire will roll forward a dis-
tance equal to the circumference of the belt package with each full revolution. Since the
actual circumference of the tire is greater than the circumference of the belt package
because of the thickness of the tread, the tire must accommodate the difference in distance
rolled. Typically, the fore-and-aft component of the shear force grows uniformly from
zero at the leading edge of contact, reaching a maximum towards the trailing edge. At this
point, the tread elements are released from the road surface and recover their unloaded
shapes. This buildup and release of shear displacement is the cause of the difference
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between the tire circumference and the distance traveled in one revolution. Under brak-
ing, accelerating, camber and cornering loads, the slip patterns are more severe and more
complex (see chapter 7).

In order to study forces and displacements in the contact region, a number of test meth-
ods were developed. For example, a cylindrical rod carrying strain gages, and calibrated
to measure normal and lateral forces, was mounted in the surface of a model track, with
the end flush with the track surface as shown in figure 6.7.

A tire was rolled over the track with desired steer and camber settings and also with
applied drive or a braking torques. It was rolled at least one complete rotation to allow the
shear forces to reach stable values representing continuous rolling. For a tire with a tread
pattern, multiple passes were necessary to obtain data for the complete pattern. But with
a single transducer, a substantial amount of time was required to test a tire under a single
loading condition.

Figure 6.7: Footprint pressure transducer
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Another test machine was developed at NASA-Langley Research Center by Howell,
Tanner and Voglerl4. It was designed to apply the loads and inflation pressures of large
aircraft tires and it had a series of load transducers located across the width of the tread,
to reduce the number of passes required to study the complete contact area of the tire. This
machine was able to measure contact forces accurately, but not the actual slip that took
place in the contact patch.

In a test device developed at Smithers Scientific Services, the transducer was capable
of measuring motions at one location in the contact patch. The transducer consisted of a
thick-walled tube, strain gaged and calibrated as in earlier test machines. A thin needle-
like rod passed through the center of the tube, carrying gages to monitor displacement of
the tip (see figure 6.8).

As the tire rolled over the transducer, both normal and shear forces and the surface
motions were measured. The shear force and displacement could be combined to obtain
the energy expended in slip. However, these test devices were limited to rolling at slow
speeds.

Lazerationl® designed a test machine in which the actual slip motion of a point on the
tread in the contact patch could be observed directly. A thick glass plate was used in place
of the road surface, and a loaded tire was slowly rolled over it at a specified steer and cam-
ber angle while a video camera recorded motions in the contact patch of marked points on
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the tire surface. Using image recognition software, the motion of each mark was record-
ed and the slip path plotted. This information was combined with data from a force trans-
ducer similar to those described earlier, and the values of slip energy were calculated.
Although the glass surface does not have the same characteristics as an actual road, this
approach gives a visual record of slip behavior with no restriction on the magnitude of
slip. Contact patch and footprint phenomena are fully described in chapter 7.

The process of designing and building the special transducers required to measure the
surface and internal stresses, the tedious process of installing the transducers in tires, and
the careful handling required during testing, made testing a time-consuming and expen-
sive process. In addition, a transducer was a single use item and many were required to
obtain a complete picture of the stress pattern in a complete tire. As a result, after labora-
tory experiments were found to validate FEM results, tire designers tended to rely on FEM
calculations, rather than on experimental measurements .

Figure 6.8: Footprint pressure and motion transducer
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7. Problems

Tire Description

Size: P235/75R15
Inflation Pressure 30 psi

Diameter 28.25 inch
Section Width 9.50 inch

Belt Cord Angle 220

End Count for Belt 18 epi (ends/inch)
Tread Rubber Thickness 0.60 inch

Belt Width 7.75 inch

Number of Body Plies 2
End count for Body Plies at Bead 28 epi

Bead Construction 5x 5 (25 strands )
Rim Diameter 15 inch

Rim Width 6 inch

Tread Radius 42 inch

1. Calculate an approximation for the centerline belt cord tension in the tire described
above, using only the first six lines of information.

2. Repeat the calculation using all of the information available for a more accurate
approximation.

3. Estimate the contained air volume in the tire. Using this volume, calculate the energy
stored in the air of the inflated tire.

4. By measurement, you determine the sidewall radius of curvature at mid-sidewall is
9.5 inch. Determine the cord tension in the sidewall cords. Using this value, estimate the
bead tension due to the inflation loading.
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Symbols
po. e — Centerline radius
6 — Cord angle at the centerline,
measured from the circumferential direction
p,r  — Radius to general point on carcass line
As — Element of length along carcass line
Ng — Stress resultant in circumferential direction
N — Stress resultant in meridional direction
o — Cord angle
Pm, f'w — Radius to the widest point on tire cross section
p — Inflation pressure
R — Radius of cylinder
T — Thickness of cylinder
c — Stress in cylinder wall
Po — Radius of curvature in circumferential direction
Py — Radius of curvature in meridional direction
z — Auxial distance to point on tire carcass line
t — Cord tension
t, — Cord tension in belt cord
t — Cord tension in carcass cord
Np — Number of cords / length — belt
Ny — Number of carcass ply layers
B¢ — Bead tension
ts — Ply cord tension
) — Carcass tangent angle
Ph — Radius of bead
B — Total load in belt package
W — Energy stored in air contained in tire
Py, p, — Pressure at conditions 1 & 2

V1 .,V, — Volume of air at conditions 1 & 2
k — Adiabatic gas constant
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Chapter 7
Contact Patch (Footprint) Phenomena
by M. G Pottinger

1. Introduction

The tire has three boundary regions. One is the zone of contact with the road or test sur-
face and the other two are the zones of contact between the tire bead areas and the rim.
This chapter is concerned with the contact between thetire and aroad or test surface.1 The
road surface is assumed to be dry and rigid, with limited texture unless otherwise noted.
The term footprint is employed in place of the commonly-used alternative: contact patch.
If aterm is not defined in the text, the definition found in SAE J2047 [1]2 applies.

The study of the tire footprint is a very complex matter for several reasons.

Thetire is a doubly-curved surface. It is curved both circumferentially and transversely.
A doubly-curved surface is not a devel opable surface and cannot be made to conform to
aflat or round surface simply by bending. Conformance requires that the tire structure be
stretched and compressed as well as bent.

The tire is a relatively soft or flexible, pneumatically pre-stressed structure whose
behavior depends on applied loads and operating conditions.

The friction of the road or test surface affects the deformation of the tire and, hence,
the tire’s footprint.3

In spite of these difficulties the obvious association between the tire footprint and other
properties of the tire, including traction, tire/pavement interaction noise, ride over road
irregularities, and wear, motivated engineers to study tire/road contact.

It is uncertain when the first studies of the tire footprint were conducted, but at least
prints of the footprint area were commonly made by the early 1930s [2]. This work was
preceded by mathematical studies of the contact of high-modulus elastic bodies from the
time of Hertz [3], with practical applications to gears, rolling bearings, and contact
between railroad wheels and rails. Certainly, contact studies related to the endurance of
roads and rutting were well underway before the dawn of the twentieth century.

In the two editions of the book, “The Mechanics of the Pneumatic Tire”, edited by
Clark, footprint literature is reviewed up to 1981 [4,5]. In this chapter the discussion is
primarily based on sources published since 1981. The earlier literature is discussed only
when it provides the single or best source of information on a given subject.

This chapter primarily covers footprint physics and experimental techniques.
Analytical technigues such as finite element analysis are mentioned as appropriate, but no
attempt is made to discuss these techniques thoroughly. In order, we discuss the terminol-
ogy used for describing the tire footprint, equipment and methodologies that have been
used for studying the footprint, and footprint physics, followed by a few concluding
remarks.

1The surface is called a road surface from this point onward.
2Numbers in [brackets] denote references at the end of the chapter.
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2. Describing thetire footprint

A general discussion of tire footprint mechanics or physics involves footprint geometry,
tread pattern geometry, stresses, sliding displacements of the tread elements, and so on.
Given the complexity of the situation different authors have chosen to adopt different
viewpoints and ways of discussing the phenomena. The result can be confusion for an
engineer reading several articles, because either the same phenomena is described differ-
ently, or the viewpoint and definitions used are not clearly stated. To avoid confusion, this
section makes clear the geometric viewpoint adopted and the definitions used in this chap-
ter. Further, whenever possible, figures taken from the literature have been transformed to
fit the viewpoint and definitions used here. If it was not feasible to transform afigure, the
descriptive parameters employed are provided along with the figure.

2.1 The basic viewpoint

In this chapter the footprint isviewed asif it were anink impression, block printed, on top
of the road, figure 7.1. Thisis consistent with the ink footprint images commonly used in
the tire industry. The footprint is viewed either straight down, a plan view, as in figure
7.1, or from above and to the left or right rear, generating isometric images as shown later
in this chapter.

Figure7.1: Ink print of atirefootprint

2.2 The footprint axis system (FAS)

The tire footprint is described here in terms of an axis system based on, but not identical
to, the SAE Tire Axis System, see Chapter 8. The Footprint Axis System (FAS) establish-
es aviewpoint and provides a coherent description of tire footprint behavior.4 The differ-
ences between the two systems arise from the fact that instrumentation for measuring tire
footprint behavior has afixed orientation with respect to the road surface whileinstrumen-

3Plainly, a deformable road surface is going to affect the tire footprint. In the case of awet surface, which is
discussed later, water can alter the effective road surface topography preventing physical contact between the
tireand road. This can completely ater the mechanics occurring in the tire footprint.
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tation for measuring gross tire forces and moments has a wheel based orientation. Thus,
it makes sense to discuss footprint behavior in terms of an axis system which is road sur-
face fixed, but which can be readily related to the Tire Axis System.

The FAS, figure 7.2, is aright-handed, three axis, orthogona Cartesian coordinate system
with its origin at the contact center in the road plane. The road plane is the plane tangent to
the road surface at the contact center. In experimental footprint studies it is the active plane
for footprint sensing instrumentation. The contact center is the point in the road plane where
theline defined by the whedl plane (the plane halfway between the rim flanges) to road plane
intersection is cut by the projection of the spin axis onto the road plane. Thus, the contact cen-
ter isdefined by the wheel, not thetire®, and isacommon point for both the FAS and the SAE
tire axis system. The FAS X-axisisin the road plane and is coincident with the tir€'s trgjec-
tory velocity. Positive X isin the direction of thetire contact center’svelocity V over the road
plane. The FAS Y-axis lies in the road plane perpendicular to the FAS X-axis. Positive Y is
to the right when the system is viewed from the rear looking in the positive X-direction. The
FAS Z-axis is defined by the cross product of + X into + Y. It is perpendicular to the road
plane with its positive sense into the road plane.

Figure 7.2: Footprint axis system (reprinted from tire science and technology,
vol. 20, no. 1, 1992 with Tire Society permission) [6]
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Data in the FAS system may be transformed into data in the tire axis system or vice
versa by asimple rotational transformation about the Z or Z' axes involving the sines and
cosines of the slip angle, o.

2.3 Footprint stress definitions

Figure 7.2 shows the orientation oy, oy, and 67 in the FAS. The indicated directions are
the positive senses. In each case the stress is reported as the road acting on the tire. This
is done for consistency with the SAE Tire Axis System and because the concern in
tire/vehicle engineering is with the vehicle's path. As a consequence:

4The FAS s the author's suggestion to fill agap in tire technology and has not so far been adopted by any
standards organi zation.
S5This avoids a definition in terms of the tire center of contact, which has no fixed location.
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ox* pushes the tire forward (tending to accelerate the vehicle) and oy~ pushes the tire
rearward (tending to cause deceleration). 6y has both positive and negative values.

oy * pushes the tire to the right and o~ pushes the tire to the left. oy has both posi-
tive and negative values.

G~ supports the tire - it prevents the tire from sinking into the road. Thus 6 has only
negative values.

2.4 Footprint geometry

Figure 7.3a shows a top view of atire rolling toward the top of the page. Figure 7.3b is
the resulting footprint image. The X and Y axes have been laid over the image and the
edges of the footprint and tread elements have been designated. The edge of the footprint
with the most positive X-value is referred to as the footprint leading edge. The edge with
the most negative X-valueisreferred to asthe footprint trailing edge. For blocks, elements
generated by grooves cutting across the ribs, the first edge to enter contact, the block lead-
ing edge, isreferred to as the heel. The last edge to enter contact, the Block Trailing Edge,
is referred to as the toe. Note that the leading and trailing edges of the footprint and the
blocks are reversed with respect to each other.

Ribs are counted from left to right along the Y-axis in order of increasing Y.

Figure 7.3: Positioning definitions for the footprint (based on a figure from Tire
Science and Technology, Vol. 27, No. 3, 1999 with Tire Society permission) [7]
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2.5 Footprint Displacements

Figure 7.4 shows the footprint image shown in figure 7.3b with addition of agraphicillus-
trating dliding displacements of points on the tread surface relative to the road. Two dis-
placements are considered: u in the X-direction and v in the Y-direction. During contact,
dliding displacement of a tread surface point is described by the difference between the
instantaneous position of the point on the road surface and its position on the road surface
at the time it first made contact. In figure 7.4 thisisillustrated by a curved path S begin-
ning at time tg showing uand v at atime t;.

Figure 7.4: Definition of tread surface displacementsrelative to the road
(reprinted from Tire Science and Technology,
Vol. 27, No. 3, 1999 with Tire Society permission) [7]
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3. Equipment and methodologies
This section is concerned with equipment and methods for studying the tire footprint and
the mechanics of contact as the tire interacts with a road surface. Specific devices will be
mentioned as representative of various technologies. Their mention should not be taken as
a recommendation of these devices in comparison with similar ones available from other
manufacturers.

For adiscussion of the physics of the footprint see section 4 and its subsections.

Trailing Edge of Footprint

3.1 Pure visualization
Animprint or picture of atire footprint provides useful information: the gross size of the foot-
print (width and length), footprint shape (how the front and back of the footprint are curved),
the amount of rubber actually in contact with the smooth printing surface (net contact area)®,
the amount of void area (the area of grooves, sipes, and so forth in the contact area), and,
under the right circumstances, an idea of whether grooves are opening or closing in use.
Certain technologies, which will be discussed later in Section 3, provide data for nor-
mal stress, contact pressure, and slip displacement simultaneously with simple footprint
visualization.
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3.1.1 Ink block printing

For many centuries it has been common to produce pictures by carving a design on a
wooden block, inking the block, and then pressing the block against a sheet of parchment
or paper. Sometime early in the development of the tire, someone realized that if the sur-
face of the tire were coated with ink, a paint, or other appropriate material, then an image
of the tire as it sat statically on a smooth road could be produced by pressing the tire
against apiece of heavy paper or cardboard. Figure 7.1 is an example of anink block print.
Figures 7.3 and 7.4 are prints made using carbon paper as the printing medium.

Making and measuring a good ink block print of atire footprint takes skill: see ASTM
F870 [8] for instructions. The method is usually only applied statically, because arolling
inked footprint does not contain information about the shape of the leading and trailing
edges of the footprint. As discussed in section 4.1.1, static and rolling footprint shapes are
not identical .

A variant of the ink block technique, in which a tire whose surface is coated with a
release agent is statically loaded onto a surface covered with a sufficiently deep puddle of
molding material, can yield information about changesin tread groove shape produced by
loading as well as an image of the footprint surface.

3.1.2 Glass plate photography or video
Glass plate visualization is away to study the tire footprint under dynamic as well as stat-
ic conditions. Figure 7.5 is a photograph of atire footprint taken while the tire operating
at adlip angle was rolling at low speed.” The shape shown would not be available in stat-
ic loading. In this picture, theimage, which was taken from below, was flipped | eft to right
so that the footprint itself appears asit would on the road surface in conformance with the
viewpoint preference stated in section 2.1.

Sections 3.3.2 and 3.3.3 discuss methods in which modern computer-enhanced imag-
ing can be used in conjunction with glass plate visualization to measure not only basic
footprint shapes, but also to determine surface sliding or slip of the tread simultaneously.

Figure 7.5: Glass plate photo of the footprint of atire at a positive slip angle

6For a surface with texture, like areal road surface, the actual area of tire/road contact is smaller because the
tire's surface within the footprint cannot conform perfectly to road surface irregul arities.

7The axes shown in Figure 7.5 are the SAE Tire Axes, as discussed in Chapter 8, not the FAS X and Y axes
discussed in Section 7.1.2.



Chapter 7. Contact Patch (Footprint) Phenomena 239

It is also possible to adapt glass plate photography to determine simultaneously both nor-
mal stress in the footprint and to image the footprint, see section 3.2.4.

Imaging of tire footprints operating at speed over flooded glass plates has long been
important in hydroplaning studies [9]. Indeed, it is possible to apply shadow Moiré to
ascertain the depth of water existing between various portions of the tread in the footprint
and the surface of the glass plate. In recent years, combination of finite element methods
with computational fluid dynamics has allowed the prediction of the contact area existing
under wet conditions [10,11] as illustrated in figure 7.6.8

Figure 7.6: Footprint shape for atire operating on a
flooded pavement (reprinted from Tire Science and Technology,
Vol. 25, No. 4, 1997 with Tire Society permission) [10]

3.2 Sress measurement techniques
Contact between the tire and road leads to a distribution of forces across the interface.
Both anormal component and a shear component are generated at each point in the foot-
print. The precise nature of the distribution depends on the global forces and kinematic
conditions existing at a given instant,® the tire's structure, and the tire-to-road friction. In
a practical sense, it is best to discuss the force distribution in terms of the three compo-
nents of stress defined in section 2.3 and shown diagrammatically in figure 7.2.
Footprint stress measurement techniques began with normal stress or pressure determi-
nation and have evolved, sometimes simultaneously, in two directions: determination of
all three stress components, and ever finer dimensional resolution in an attempt to char-
acterize what happens at the edges of tread elements and to avoid errors due to partial cov-
erage of transducers,10,11

80nly the right half of the footprint is shown since symmetry could be used to reduce the amount of computa-
tion required.
9For a general discussion of the global forces and kinematic conditions existing during operation, see Chapter 8.
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3.2.1 Pressure sensitive film

If an ink block print of the footprint is produced by interposing a sheet of soft carbon
paper between thetire and the paper or cardboard on which the image is recorded, the test
engineer will notice that the density of theimage is variable. The image density is an indi-
cator of the maximum pressure that exists in the footprint at a given location. With the
invention of papers with encapsulated inks as a replacement for carbon paper sheets in
business forms, it became possible to produce sheet materials that have a precise change
in image density with applied pressure.

Fuji Photo Film used this observation and developed the first commercial product of
this type, Prescale, which uses an encapsulated dye on a Mylar film. When this material
is used to produce a static footprint image, the image density is proportional to the normal
stress applied between the tire and the road. Using an appropriate densitometer and soft-
ware, the maximum normal pressure can be determined at each point in the footprint with
excellent resolution.

3.2.2 Individual force transducers

Miniature force transducers have been used to measure contact stresses for many years
[12]. Thisisthe only technology that allows determination of pressure plus the two shear
stresses, using three-component force transducers.

Figure 7.7 is a schematic representation of a miniature force transducer installed in a
test surface. Besides basic alignment of the sensitive directions with the FAS, there are
three important installation requirements.

The transducer must be installed so that its top is flush with the plane of the test surface.

There must be a gap around the transducer to prevent grounding, i.e., a path for force
transmission parallel to the transducer, leading to erroneous measurements.

Figure 7.7: Schematic of a miniature force transducer
installed in the bed of a test machine

10Partial coverage is discussed in detail in section 7.2.2.2.
11The dimensional resolution problem can be regarded as an experimental analog to the problem of mesh
refinement in Finite Element Analysis.
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The gap must be small so that the stresses derived from the measured forces are given
correctly by equation 7.1.

Figure 7.8 shows schematically the effect of a transducer installation that is not flush
with the test surface. If the transducer is installed with its top flush with the test surface,
the forces sensed are representative of those over the rest of the plane surface. However,
if it isinstalled with the top above the road surface, it gives readings that are erroneously
high, because it is supporting stress from a larger area than the top surface of the trans-
ducer. If it isinstalled with its top below the road surface, then the readings are erroneous-
ly low.12

The necessity for the gap, figure 7.7, has consequences with regard to cleanliness of
the test facility. Particles that become lodged in the gap can short-circuit the force path.
Thus, it is important to be able to clean the gap and avoid production or introduction of
particles. Thus the best work is done with tires that have a clean surfacel3 and when abra-

Figure 7.8: Miniature force transducer
installation heights: correct and incorrect

Transducer
Transducer
Transducer

Flush High Low

sion during the experiments does not produce particles.

The gap width must be reasonably small, a small fraction of a millimeter, because if it
is large the question of how to deduce stress from the transducer force measurement
becomes uncertain. Equation 7.1, which is commonly used, approximates the stress vec-
tor by dividing the force vector by the area of the transducer top. This implies that the
transducer measures only the forces arising from that part of the tread that is in contact
with its top.

6 = FlAtop (7.1)

Further, equation 7.1 yields three stresses which are assumed to be uniform on the

12An irregular tread surface can produce effects like those caused by incorrect installation of the transducer.
Thusit is important to remove mold stubble and other local surface irregularities from new tires prior to test-
ing. When testing worn tires, dirt adhering to the surface should be removed, but the surface irregul arities due
to wear are areal part of the sample and should not be removed.

B3pParticles are not the only troublesome form of surface contamination. Chemical contamination will change
the surface friction. Thus, it is necessary to clean surfaces periodically with a solvent and to try to maintain a
constant coating of diffusion products on the tire surface. For example, after surface cleaning, 8 to 10 passes
of the tire may be necessary to approximately stabilize surface friction.
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transducer top. Given that the contact stress field on atire tread can change rapidly with
distance over the tread surface, as will be seen in section 4, and that many tread elements
are not large, the transducer top must be reasonably small if a reliable approximation to
the stress field is going to be determined. Ideally, the transducer top should be vanishing-
ly small, but in practice it is typically from one to five millimeters square or in diameter.

In regions of the footprint where the stresses are changing very rapidly, as illustrated
in figure 7.9, appreciable moments can exist on the top of the transducer. The transducer
should be designed so it rejects the effect of these moments, otherwise the resulting forces
and, hence, stresses will be in error. It would be possible to use the moment information,
if available, to generate couple stress components in the analysis, but this has not been
done in systems designed to date.

Figure 7.9: Moments on a footprint transducer with a
finite top surface areain a rapidly changing stressfield

Another problem in three-axis transducersisthe problem of cross-talk, an applied force
in one direction that gives rise to not only the direct signal, but also to signals in one or
both of the other measurement channels. Thisrequires either atransducer design that thor-
oughly minimizes cross-talk, or a calibration and analysis procedure that corrects cross-
talk. In section 4.3, a discussion is given of the calibration and analysis solution to this
problem, couched in terms of the load cell system on aforce and moment machine.

The assumption behind equation 7.1 can also be violated if the transducer top is only
partially covered, figure 7.10. In this case the proper top areais not A, but rather some
other unknown value. It isimportant to reject data from partial coverage.

In order to reject data from partially covered transducers, the position of the transduc-
er with respect to the tire tread pattern must be known. The position can be determined in
anumber of ways, but the most practical one is to produce a footprint print image of the
tire tread pattern at the test location on top of the transducer, or with the transducer at a
known position with respect to the image location, as discussed in Reference 7. This
requires longitudinal and lateral transducer indexing. Longitudinal indexing involves a
combination of linearly encoding the transducer position along the FAS x-axis and angu-
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larly encoding the tire's circumferential position, both synchronized to a mutual registra-
tion location, for example, the point where the FAS y-axis and the projection of the spin-
dle center onto the road plane coincide. The lateral position of the transducer must be
indexed so that it is known with respect to aknown lateral position on the test surface, for
example, the origin of the SAE Tire Axis System. This combination allows the coverage
state of the transducer to be determined for al other positions of interest in the region of
the tire under test. The result is an intelligent form of a data acquisition grid like the one
superimposed on a footprint image in figure 7.11.

Figure 7.10: Partial coverageillustration

Partial Coverage Complete

Coverage

Obvioudly, testing at every point in the grid shown in figure 7.11 would be impossible
within a reasonable period of time using a single transducer. Thus, there is a need to take
data at multiple tread points every time the transducer system is within the footprint. This
requires an array of transducers. Given the physical constraints on sizing and arranging
transducers into an array, 3-D force transducer arrays have been used as line arrays.

Figure 7.11: Tread pattern with a superimposed data acquisition
grid (reprinted from Tire Science and Technology,
Vol. 27, No. 3, 1999 with Tire Society permission) [7]

The dark circles represent a sampling that might be chosen by an

experimenter using a single transducer. An experimenter with an

array could readily sample the entire matrix zeroing uncovered

locations and partially covered locations.
One form of line array is a lateral or transverse line of transducers, as portrayed in
figure 7.12.1415,16 Ancther form isalongitudinal or fore-aft line, shown schematically in
figure 7.13. It is possible to apply either line array in a flat-surface (plank) test machine,
figures 7.14 and 7.15, or curved-surface (roadwheel) test machine, figure 7.16, or in area




244 Chapter 7. Contact Patch (Footprint) Phenomena

road. However, in the literature the lateral line array has been applied most often in a
low-speed plank type machine [7,15] or in areal road. The example shown in figure 7.12
is arranged in the test surface of the test machine as indicated in figure 7.17[7]. The
longitudinal line has been most commonly applied in roadwheel machines. An example,
taken from reference 16, is shown schematically in figure 7.18.

Figure 7.12: A lateral array of coaxial stressand
displacement transducers (reprinted from Tire Science and
Technology, Vol. 27, No. 3, 1999 with Tire Society permission) [7]

Figure 7.13: Schematic of a longitudinal array of stresstransducers

X O O O O —

\
Transducer 1 ‘
Transducer 2
Transducer 3
Transducer 4

14The specific transducer spacing shown in Figure 7.12 is a particular designer's concept. There are many
other feasible spacings depending on the detailed mechanical design of the transducers and the array. Indeed,
the patent [13] for the array shown in Figure 7.12 shows another possible transducer spacing, as does Figure 4
in Reference 15.

15The exampleis actually a combined stress and dlip displacement transducer. It will be discussed in Section
7.26.1

16The first commercialy produced line arrays appear to have been made by the Precision Measurement
Company in the 1980s.
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Figure 7.14: A Sationary carriage, moving bed, flat-surface
machine now installed at Smithers Scientific Services, Inc.
(reprinted with permission from SAE 770870 © 1977 SAE International) [14]

Figure 7.15: A modern, moving carriage, stationary bed, flat-surface machine
manufactured by MTS Systems, Inc Bridgestone/Firestone Co.
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Figure 7.16: An MTS 860 RoadWheel T™™,
an example of a curved-surface test machine

Figure 7.17: Relationship of tire, machine bed, and transducers
during operation (reprinted from Tire Science and Technology,
Vol. 27, No. 3, 1999 with Tire Society permission) [7]
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Figure 7.18: Drawing of the drum test stand at Continental AG for " stochastic
footprint measurement technology” (reprinted from Tire Science and Technology,
Vol. 31, No. 3, 2003 with Tire Society per mission) [16]

The efficient use of alateral line array to map the tread surface, as indicated by the cir-
cles in figure 7.11, requires that the array have a carefully controlled lateral position,
which can be adjusted from footprint pass to footprint pass. Thisis combined with circum-
ferential position tracking/setting, discussed earlier in connection with rejecting data from
partially covered transducers. The inability to precisely control and track their position
makes experiments involving force transducer arraysin real road surfaces much less sat-
isfactory than those conducted using testing machines.

The efficient use of alongitudinal array requires that the tire position also be carefully
controlled and tracked, as noted above. Reference 16 provides an interesting solution to
the problem of tire lateral position through precise stepwise change of tire position over
the course of an experiment.

In the force transducer form of rolling footprint experiments engineers have historically
made atacit assumption that the force transducer is in contact with a given sample of the
tread surface throughout contact. This tread surface sample is inherently thought of as a
point on the tread surface. Thus, the results from a transducer are ascribed to a point.
Indeed, it is common to say that the stresses were thus and so at that point during contact.
In reality, slip during contact causes the portion of the tread sampled by a transducer to
change throughout contact. If dlip is small, this deviation from assumed behavior is not
important. If slip becomes large enough, however, the simple concept no longer applies
and the test engineer cannot decide which point on the tread is associated with the results.
For that matter, with appreciable slip, partial coverage has adifferent definition from loca-
tion to location throughout the footprint. The exact dlip conditions at which these complex
changes have to be taken into account depend on the physical size of the transducers
among other things. For 5 mm diameter transducers, as used in Reference 13, the problem
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becomes severe at dlips corresponding to a slip angle of just over 2 .

3.2.3 Normal stress (pressure) mats
It is possible to make measurements of normal stress or pressure over a large area using
1-D transducers employing printed circuit technology to generate an array of small force
sensors. These can be resistive, capacitative, or piezoelectric. The basic concept came out
of biomedical technology where there are many references to the technique.

Figure 7.19 is a schematic example of how aresistive array of this sort is constructed.

Figure 7.19: Resistive mat pressure transducer construction sketch

A grille of conductive, but force insensitive, leads is deposited on a flexible Mylar shest.
A second layer of Mylar acting as a mask is laminated over the sheet. An ink with pres-
sure sensitive conductivity is deposited over the mask and the excess removed leaving an
array of ink dots through the thickness of the mask. Finally, a second grille of leads running
at right angles to the initial grille is bonded to the sandwich to form aflexible circuit card.

By rapidly querying the leads, one pair after another, the state of the sensitive element
at each crossing point can be obtained, allowing production of a 2-D matrix of pressure
measurements. It is possible with current technology to obtain pressure images under slow
rolling conditions as shown in Section 4.1.1.17

At thistime, mats have very limited durability under conditions of applied global shear
such as those imposed by slip angle or torque. Thus, mats are basically limited to either
static loading or straight-ahead free rolling.

3.2.4 Optical measurement of normal stress (pressure)

The most common method of obtaining pressure optically isreferred to as Frustrated Total
Internal Reflectance [18]. Light is shoneinto the edge of aglass plate at such an angle that
the light is essentially totally reflected within the plate provided that nothing touches the
surface of the plate and interferes with total reflection (except for the very limited leak-
age associated with the presence of an electrical disturbancein the air within afew wave-

17The pressure mat results in Section 7.3.1.1 were obtained using a Tekscan, Inc, resistive mat [17].
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lengths of light of the glass surface). The angle at the glassair interface exceeds the crit-
ical angle determined by Snell’s law, see figure 7.20.
This situation can be changed if a third medium with a high optical density is brought

Figure 7.20: Schematic of a frustrated total internal reflectance apparatus
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closeto theinterface. Light isthen partially transmitted acrosstheinterface, the total inter-
nal reflectance is frustrated, and an illuminated spot appears in the field. In figure 7.20 a
thin vinyl sheet with small dimplesisintroduced between the test tire and the glass.18 The
brightness of the illuminated spot at each dimple depends on the intimacy of contact at the
dimple location, which depends on how firmly the sheet is pressed against the glass. Thus
the field, interpreted in terms of brightness, is a measure of the applied pressure. Using a
video camera and appropriate software, a pressure image like that in figure 7.21 can be
produced. The method works statically or in slow free-rolling, but is not suitable for test-
ing when thetireis subject to significant shearing forces such as those encountered in cor-
nering or when spindle torque is applied.

A related procedure using absorption of light at a rubber/glass interface is described in
reference 19. This method, which works with a matte rubber surface, does not require any
intermediate sheet when used with a properly conditioned tire. Thus it will work in the
presence of global shear if improved optics can be developed. It has been used only stat-
ically. A variant, based on enhanced optics, might offer resultsin rolling operation.

18Fortuitously, a very inexpensive textured vinyl table cloth with atiny diamond pattern repeating at a small
fraction of a millimeter is an adequate sheet.
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Figure 7.21: Example footprint pressure result obtained by
applying frustrated total internal reflectance
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3.3 Displacement measuring techniques

Slip of the tread surface across the road surface as defined in described in section 2.5 and
shown schematically in figure 7.4 is associated with the generation of shear forces. These
motions, which can be thought of as analogous to the motions of a sanding block over a
wood surface, are associated with wear. They are not routinely measured. Three ways to
determine these motions are discussed in this section.

3.3.1 Instrumented needles

Instrumented needles are the oldest dlip displacement measuring technique in use. In this
technique a very compliant and sharp needle instrumented to measure tip displacement
passes through a small hole in the test surface, as shown schematically in figure 7.22.
Assuming that the holeis not too large and that the vertical location of the needle tip with
respect to the test surface is appropriate, it is possible to obtain a reasonable approxima-
tion of footprint slip displacements.19

It is immediately obvious that the geometric problems mentioned in section 3.2.2,
which affect measurement of footprint stresses using miniature force transducers, are also
a problem for needle measurements of slip displacements. However, if an adequate sys-
tem is devised for mapping transducer results to positions on the tread surface, a needle
system can also yield semi-automated results in a similar way.

It is aso immediately obvious that the largest displacements that can be measured
using a needle type transducer are those which force the transducer into contact with the
side of the hole. Consequently, the requirement that the hole around the needle be of small
diameter limits the technique to small dlip displacements. For example, when testing mod-

19Correlation with Moiré studies carried out on a smooth glass plate confirm that properly designed needle
systems [7,13] can give reasonable slip displacement results.
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ern radial passenger tires, the system described in reference 13 only works up to about 1.5

dlip angle.
Needle type transducers adapt well as line arrays. Figure 7.12 shows the system used

Figure 7.22: Schematic of a dlip displacement needle apparatus
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inreference 7. A line array of displacement transducersis mounted coaxially within aline
array of force transducers. Figure 7.23 shows the system used in reference 15. In this sys-
tem separate line arrays of stress and motion transducers are used. The coordinated use
of stress and displacement transducer results is discussed in section 3.6.1.

To date, the displacement needle method has only been applied at low speeds due to trans-
Figure 7.23: An array produced by Precision Measurement Company
(reprinted from Tire Science and Technology,

Vol. 30, No. 2, 2002 with Tire Society permission) [15]
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ducer dynamics. It would be possible to apply this method at appreciably higher speeds, if
high-stiffness, low-mass, composite materials were applied in transducer fabrication.

3.3.2 Motion analysis video
Motion analysis technology, used in biomechanics to study human gait and sports-rel ated
questions, can be applied to the problem of dip displacements on a glass plate test sur-
face. In this technology, small optically-contrasting or reflective targets are placed at
points of interest on the test object and their position is tracked by computer analysis of
successive video images. For atire, white spots on the tread, as shown in figure 7.24 [20],
are adequate targets for observing slip displacements over the surface of a glass plate.
The principal advantage of this method is that it will work under almost any slip con-

Figure 7.24: A tread surface prepared for a motion analysis study
(reprinted from Tire Science and Technology,
Vol. 25, No. 2, 1997 with Tire Society permission) [20]

dition. Thus, studies of behavior at high slip and inclination angles or under appreciable
torque are possible. It does, however, require special tire preparation and the attention of
askilled operator.

Like the needle method it works best at modest rolling speeds. This is due to constraints
on frame rates while maintaining good optical resolution.

3.3.3 Line scan analysis of edges

An automated optical method that tracks the dlip displacement of the edges of tread
blocks?C is a feature of the machine shown schematically in figure 7.18 [21].21 Glass
plates are placed in the measuring track to allow optical access for the line scan camera
arrangement shown diagrammatically in figure 7.25. In the figure, the camera can only
see the laser line arising at the surface of the glass where the tread element contacts the
road (point b). The camera cannot see the line where the laser shines on the tire groove

20Displacements internal to the tread blocks are not available using this method.
>, The drum of this machine has no side plate on its top, thus, instrumentation can be easily mounted inside the
drum.
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(point a). At successive times the line scan camera sees a different image as the tread ele-
ment slips across the window. Thisisillustrated in figure 7.26 where the evolution of the
image from time 1 to time 2 to time 3 is illustrated. The rectangle surrounded with the
heavy line in the figure is the block location at the indicated instant.
The example shown in this section is for slip displacement in one direction. To consid-
Figure 7.25: Line scan camera dip displacement measuring equipment schematic

(reprinted from Tire Science and Technology,
Voal. 32, No. 2, 2004 with Tire Society permission) [21]

Reflection No Contact: b)

b)

Tire

Reflection Contact: a)
Glass plat
Camera
Laser

Figure 7.26: Evolution of the line scanned image (reprinted from Tire Science and
Technology, Vol. 32, No. 2, 2004 with Tire Society permission) [21]

P
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er displacement of the block edgesin both directions, it is necessary to have two systems,
one providing u-displacement and the other providing v-displacement. Again, tracking
which point on the tread surface is associated with the data is very important.
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This arrangement does not have severe dynamic limitations and functions in an auto-
mated way at reasonable test speeds up to 40 km/hr.

3.4 Temperature in the footprint

Tread temperature can be taken to refer to the surface temperature of the tread material,
or within a fraction of a millimeter of the tread surface, or to the bulk temperature in the
interior of the tread. In this section we are concerned with the tread surface temperature
and in particular the change of that temperature as the tire passes through contact. The
change in the surface temperature during a single pass through contact is a measure of
energy dissipation due to dlip, because tread compounds are reasonably good thermal
insulators.?? Indeed, the temperature change in the footprint might be regarded as a sur-
rogate for the mechanical work dissipated in the footprint and, hence, as a possible pre-
dictor of uneven wear. This aspect is discussed in Section 3.7.2.

The abradability, stiffness, and coefficient of friction of the tread compound all depend
on its temperature. Thus, wear resistance and vehicle handling also depend on the tire
temperature in the footprint region, which, in turn, primarily reflects compound hystere-
sis and the magnitude of operational deformations. The bulk temperature is usually meas-
ured by use of some form of needle probe that is pushed into the tread.

3.4.1 Thermocouples

Miniature thermocouples, figure 7.27, have been applied to measure the change in tread
surface temperature during passage through the footprint [22]. In reference 22, the exam-
pledataarefor a6 dip angle, whichisasevere condition in terms of wear, and for a par-
ticular test surface texture which produces a contact area of about one-tenth of that meas-
ured on a smooth surface. Fujikawa and his associates [22] provide experimental datato
support the use of a one-tenth factor. Whether this factor is precisely correct or not, the
idea that the real tread contact area on a textured surface is less than that measured on a
smooth surface is definitely correct. Figure 7.28 [22], based on computations known to
correlate with experimental results, shows the effect of the thermal properties of the test
surface on the tread surface temperature in the footprint. This is briefly discussed in
footnote 22.

Figure 7.27: Schematic of coaxial thermocouple asperity (reprinted from Tire
Science and Technology, Vol. 22, No. 1, 2004 with Tire Society permission) [22]

220bviously, the effect of heat transfer with the test surface isimportant. If the test surface is highly conduc-
tive and not at a temperature reasonably near the mean tread surface temperature, the results of tread surface
temperature studies will be markedly affected.
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Figure 7.28: Effect of pavement thermal properties on computed temperaturerise
in tire contact (reprinted from Tire Science and Technology,
Vol. 22, No. 1, 2004 with Tire Society permission) [22]
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3.4.2 Infrared methods and thermography

In an earlier study [23], Fujikawa and his associates used an infrared transparent window
in an abrasive paper surface on aroadwheel to study temperature risein the contact at var-
ious slip angles. The results were similar to those in Reference 22, but less severe.

It is possible to apply thermography to measure the change in surface temperature
between the front and rear of contact, using an arrangement like that shown in figure 7.29.
In the case of roadwheel with an infrared transparent window in its surface, it should be
possible to apply thermography to study the process within the footprint.

Figure 7.29: Schematic of setup for observing tire temperatures at the front and
rear of contact using a single thermographic camera
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Walters [24] observed, as noted at the outset of Section 3.4, that it is possible to attrib-
ute the temperature rise to the shear energy developed as the tire rolls through the foot-
print. It is necessary to start with the tire and an insulated test surface at the same temper-
ature, and gather datafor only a short period after rolling begins at a given set of test con-
ditions. For example, one might test at a given load, slip angle and speed, from the start
of rolling for a period of 90 seconds to two minutes, and then take data. The tire would
then be removed from the test surface, allowed to cool, and test using the next set of con-
ditions initiated after about 15 minutes or so. This procedure could be repeated as neces-
sary to gain related data at many test conditions in a reasonably short period of time.

3.5 Tread topography measurement (worn surface characterization)

We stated at the beginning of this chapter that “the road surface is assumed to be a dry
rigid surface with limited texture unless otherwise noted.” In Section 3.2.2 we discussed
the necessity of installing stress transducers in the plane of the test surface in order to pro-
duce valid and comparable engineering data over the footprint. Figure 7.8 is an illustra-
tion of why transducers need to be installed in the plane of the test surface.

When contact unevenness is due to the tire, it can have an important effect and must be
considered in footprint studies. It isapotential cause of uneven wear, which is one of the the
most serious wear problems.23 Uneven wear causes the tread surface to lose the smoothly
curving topography it had when new: different areas of the tread wear at different rates.

Because of the economic importance of uneven wear, the tire and automobile compa-
nies have developed equipment to quickly characterize the precise tread topography
developed on worn tires. These measurements are very important to understanding con-
tact geometry, footprint stresses, and slip displacements occurring in worn tires. Specific
examples of the effects of uneven wear will appear scattered throughout Section 4.

3.5.1 Laser scanning

In the late 1980s work began on systems for mapping the topography of worn tires. Laser-
triangulation based measurement systems have been used by a number of tire and auto-
motive manufacturers since the early 1990’s. Many of these systems were developed “in-
house”. However, a number of commercia systems have been marketed. Probably the
first and best known of these is the CTWIST™ system developed by Bytewise
Measurement Systems [25]. It is based on a licensing of Bridgestone/Firestone's
(Circumferential Tread Wear Imaging System version Two) [26]. Laser scanning gives
very detailed topography and profiling as indicated in figure 7.30.

3.6 Characterizing tire usage for engineering purposes
Tire behavior in the footprint is highly dependent on tire usage parameters of which the
lateral and longitudinal forces are the most critical [27]. What happens in the footprint
depends not only on the magnitudes of these forces, but also on how they are generated.
Equation 7.2, awidely accepted relationship, is discussed briefly in Reference 27 and
noted in both References 24 and 27. It shows the tremendous sensitivity of overall tire
R=KF (7.2)

23Today, almost all customer dissatisfaction with tire wear performance arises from uneven wear, which either
produces unsatisfactory vibration and noise performance or leads to locally severe wear in an otherwise good
tread.
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Figure 7.30: Example of laser triangulation tread topographic data (reprinted)

Where: R = Wear Rate (mm/1000 km or other appropriate set of units)
F = Tire Shear Force
K = Constant (depends on tread compound and pavement)
n = Exponent between 2 and 4.
In most cases the exponent is between 2.0 and 2.5. For the road surfaces and small tires
used by Walters [24] he quotes n = 2.3 for cornering and n = 2.0 for driving and braking.

wear rate to the magnitude of the shear force. Different drivers generate shear forces that
can vary enough on a given course so that the wear rate varies by a factor of six [28].
Different courses can lead to wear variations by as much as a factor of 10 [28].

Reference 29 demonstrates that the exact way the forces are generated, the combina-
tion of slip and inclination angles existing due to suspension characteristics, has a dramat-
ic influence on the uneven wear pattern developed even if the gross tire forces are nearly
unchanged. Plainly, it is not appropriate to study footprint behavior under conditions that
are unrelated to real operation. For example, straight free-rolling does not occur at zero
slip and camber angles as noted in Chapter 8, Section 4.1.4.1. Therefore, a proper under-
standing of actual tire operating conditions is necessary if rolling footprint studies are
going to be relevant.

R=KF (7.2)

Where: R = Wear Rate (mm/1000 km or other appropriate set of units)
F = Tire Shear Force
K = Constant (depends on tread compound and pavement)
n = Exponent between 2 and 4.
In most cases the exponent is between 2.0 and 2.5. For the road surfaces and small tires
used by Walters [24] he quotes n = 2.3 for cornering and n = 2.0 for driving and braking.

3.6.1 Characterizing tire usage
Stalnaker and Turner [30] provide an excellent discussion of characterizing tire usage,
with agood list of references. Thisis a brief synopsis of their discussion.

The path of a vehicle over the road, its course, can be described in terms of its longi-
tudinal acceleration (ay), lateral acceleration (ay), normal acceleration (a;), and vehicle
forward velocity (V). Figure 7.31 is an example of course description data for 8 km of
the Uniform Tire Quality Grading Wear Coursein Texas. The fact that an acceleration and
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velocity description of a course-time history permits actual experimental replication of a
test with reduced variance in the results was recognized in the 1970s [31] and formalized
in a compact form in the 1980s [27].
Figure 7.31: Course description data for an 8 km sample of the UTQG wear cour se
(reprinted from Tire Science and Technology, Vol. 30, No. 2, 2002 with Tire
Saociety permission) [30]
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Different vehicles, with different tires, operating according to the acceleration and
velocity description of a course will develop different force and alignment details. Thus,
it is necessary to extend the course description into a force description applicable to the
individual tires operating on the test vehicle24: longitudinal force (Fy), lateral force (Fy),
inclination angle (g)2>, normal force (F,), and velocity (V), if footprint studies are to
yield redlistic results.

The force description can be determined experimentally, but in practice it is more effi-
cient to derive the individual tire force description from the acceleration and velocity
imposed by the course, by applying vehicle dynamics. This can be done by complex mod-
eling [32] or by a blend of modeling and experiment [30].

The direct use of the force descriptions astime functionsis briefly discussed in Section
4.3.3.

3.6.2 Route spectra

In apractical sense, the force versus time spectra are not useful for footprint studies due
to the amount of time required for individual footprint experiments or simulations. To
reduce the number of computer or physical experiments, the acceleration and course time
description can be formulated as a probabilistic description like that illustrated in figure

24The operational conditions of atire on a single vehicle depend on the position in which the tire is mounted.
Front and rear are not the same. Left and right are not the same.

25Since lateral force is anonlinear function of slip and inclination angles, it is necessary to alow the angles to
be determined individually. See Chapter 8.
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7.32. This approach has been applied in many publications such as [7], [15], [21], and
[33]. Then, the force descriptions appropriate to each bin are computed.

Figure 7.32: Route spectra for a truck tire public road wear course
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The engineer conducting the footprint study must decide which of the bins to examine.
If the intent is to produce a description, the route spectra can be used as discussed in
Section 4.3.3.

3.7 Shear energy determination
It has long been accepted that the energy generated due to shear in the footprint is direct-
ly associated with wear (see the section by Schallamach and Grosch in Reference 5).
Unfortunately, there is no way to determine shear energy directly. It is necessary to deter-
mine both the shear stresses (Section 3.2.2) and dlip displacements (Section 3.3) at a suf-
ficient number of representative points in the footprint and apply the following calcula-
tions [7].26

Here, shear energy intensity denotes the total energy crossing the boundary between
the tire and the road, arising from shear stresses and displacements at the interface, and
reported on a per-unit area basis.2’ For each pass through contact, the path integral of
Equation 7.3 can be computed at each location in the tread pattern-sampling grid where a
point on the tire tread is located.

W,=F.*dS, (Eq.793)

Where:

Fj= Footprint force vector at point ij on the tread surface, a function of S.

i = Lateral position index with respect to the tread surface.

j = Circumferential position index with respect to the tread surface.

dSij = Differentia footprint displacement vector (local motion/diding).

S = Path of integration. Physically, the path of motion of a point ij on the tread relative

26|n Finite Element Analysis the shear stresses and displacements should be computed so that the computation
of energy can be easily added to the analysis.

27Energy also crosses the boundary in the footprint due to vertical deflection of the tire and heat transfer.
These energy fluxes are not considered in this discussion.
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to afixed point on the road surface during contact, figure 7.4.
W;; = Shear work at point ij.

Equation 7.4 is the differential form of Equation 7.3. In