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ABSTRACT: Nanoindentation of cellulose diacetate-graft-poly(lactide)s (CDA-g-PLLAs)
synthesized by ring opening graft copolymerization of L-lactide in bulk onto the residual
hydroxyl positions on CDA were conducted to investigate the effect of the molecular
composition and thermal aging on mechanical properties and creep behavior. Continu-
ous stiffness measurement (CSM) technique was used to obtained hardness and elastic
modulus. These material properties were expressed as a mean value from 100 to 300
nm depths and an unloading value at final indentation depth. The hardness and elastic
modulus in all CDA-g-PLLAs were higher than those in pure CDA, indicating that the
introduction of PLLA increases the hardness and elastic modulus. With an increase of
crystallinity by thermal aging, the hardness and elastic modulus were increased in both
CDA-g-PLLA and PLLA. The creep test performed by CSM showed that the creep
strain of CDA was decreased by the grafting of PLLA. Thermal aging decreased the
creep strain of CDA-g-PLLA and PLLA. With an increase of holding time, hardness was
decreased, whereas elastic modulus was kept almost constant. ©2007 Wiley Periodicals,
Inc. J Polym Sci Part B: Polym Phys 45: 1114-1121, 2007
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INTRODUCTION

With the recent importance attached to “green”
concepts, copolymerization and polymer blending
of cellulose and its derivatives with synthetic bio-
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degradable polymers, for example, aliphatic poly-
esters and copoly(ester-carbonate)s, have been
actively investigated to produce novel multi-com-
ponents polymers for extending their applica-
tions to bio-based high functional biodegradable
thermoplastics.”™ In particular, graft-copoly-
merization could be one of the most promising
ways to increase the utility of cellulose by incor-
porating different polymer ingredients at a mo-
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lecular structural level.'*'® This leads to the
desired control of general material properties,
including biodegradability.'*'6

Teramoto and Nishio have recently summar-
ized their work on cellulose acetate-based graft
copolymers.!”"® They described the preparation
of cellulose diacetate-based graft copolymers with
a wide range of compositions and the effect of
molecular parameters on mechanical and ther-
mal properties. For instance, in tensile measure-
ments conducted at 80-100 °C for sheets of melt-
quenched cellulose diaceate-grafted poly(i-lacti-
de)s (CDA-g-PLLAs), it was observed that the
elongation increased drastically with increase of
degree of molar substitution (MS) of lactyl unit.
Thermal transition properties also varied de-
pending on MS of lactyl unit, as represented by a
drastic Ty depression with increasing MS (0 <
MS < 8) and a subsequent crystallization of the
PLLA side chains (MS > 14). Physical aging
experiments showed that for aged copolymers
with lower MSs of 4.7 and 22, the overall relaxa-
tion time and the distribution of relaxation times
were, respectively, rather longer and much nar-
rower compared with the corresponding data for
plain PLLA. It was also found in crystallization
experiments that the growth rate of spherulites
in crystallized copolymers of MS 22-77 were
much lower than that in PLLA, and the texture
developed usually contained banded extinction
rings, unlike the homopolymer PLLA.

The purpose of this study was to investigate
the effect of the molecular composition and ther-
mal aging of CDA-g-PLLAs on mechanical and
creep behavior by nanoindentation with the con-
tinuous stiffness measurement technique. In
fact, the CDA and PLLA are not a miscible poly-
mer pair but are strongly incorporated mutually
in nanoscopic order in CDA-g-PLLA copolymer,
even though a material composed of an immisci-
ble polymer pair on the nano-scale is generally
difficult to be obtain. Furthermore, the brittle
behavior of CDA-g-PLLA copolymers at room
temperature makes their mechanical behavior
difficult to fully characterized by means of con-
ventional bulk mechanical tests. Therefore, ten-
sile properties were collected at selected tempera-
tures between 80 and 100 °C that spans the Tys
of CDA and PLLA homopolymer, as mentioned
above.

Nanoindentation is a nearly nondestructive
and sensitive method to provide valuable infor-
mation about the morphology and mechanical
properties of polymeric materials on the nano or
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submicron scale.?°~23 Especially, nanoindentation
has become a very useful technique to search for
quantitative structure-property correlations in
multi-component polymeric materials.?*2¢ In
these materials, the mechanical properties of
materials in fine spatial resolution depend on mo-
lecular orientation, degree of crystallinity, crys-
tallite textures, and other morphologies formed.**
For instance, the hardness in a poly(ethylene
terephthalate) (PET)/poly(ethylene naphthalate)
(PEN) blend is affected by thermal aging and
PEN composition due to the crystallization devel-
opment of PEN in the blend.?’

EXPERIMENTAL

Materials

CDA was supplied by Daicel Chemical Industries.
The degree of substitution was 2.15, and its
degree of polymerization was about 160. The syn-
thesis and characterization of the CDA-g-PLLAs
have been described in a previous paper.'® CDA-
g-PLLAs with different molar substitution (MS),
degree of polymerization (DP) and degree of sub-
stitution (DS) of lactyl unit, PLLA weight content
(wPLLA), and PLLA weight content were coded
as CDA-g-PLLA-1, -2, and -3. The values of mo-
lecular compositional parameters are listed in
Table 1.

Thermal Aging

Different thermal treatments were conducted as
the following. For quenching, the sample was
heated at 220 °C on a Teflon sheet for 5 min in an
oven under nitrogen atmosphere and was quickly
cooled to 25 °C. For thermal aging, after heating
to 200 °C and holding for 5 min, the sample was
immediately transferred to another oven regu-
lated at 123 °C and maintained there for 24 h.
Table 2 shows thermal aging conditions, glass
transition temperatures, and the relative crystal-
linity of the graft copolymer and PLLA employed
in this work.

Preparation of Specimen for Nanoindentation

The quenched and thermally aged samples were
cut into a small blocks and glued to an acrylic
block for microtoming. The specimens (2-mm
thick sheet) were cut in a direction parallel to the
sheet surface using a glass knife. A final cut was
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Table 1.
in this Study

Sample Code and Composition of Cellulose Diacetate-Grafted PLLAs used

Lactyl Unit

Sample Sample Code MS DP DS Wprra (%)
Cellulose Diacetate CDA - - - 0
Cellulose Diacetate-Grafted = CDA-g-PLLA-1 3.8 57 0.670 51.6
Poly(r-lactide) CDA-g-PLLA-2 6.9 9.7 0.714 66.0
CDA-g-PLLA-3 579 80.5 0.719 94.2
Homopoly(r-lactide) PLLA - - - 100

MS, degree of molar substitution of lactyl unit; DP, average degree of polymerization of the
lactyl side chains; DS, degree of lactyl substitution; Wpr,a, PLLA weight content.

made with a diamond knife to obtain a smooth
surface. The root mean square (rms) surface
roughness, obtained from the topography by
AFM XE-100 (PSIA Inc.), was in the range of 10—
20 nm for all specimens. Finally, the specimens
were conditioned for at least 24 h at 21 °C and
60% relative humidity in the same room that
housed the nanoindenter.

Nanoindentation

A Nano Indenter II (Nano Instruments), incorpo-
rating continuous stiffness measurement, was
used for nanoindentation. Measurements involv-
ing a progressive series of loading and partial
unloading cycles were conducted to a final inden-
tation depth (300 nm), generating a series of
hardness and modulus values as a function of the
indentation depth. Ten experiments were con-
ducted at 21 °C and 60% relative humidity at dif-
ferent locations on the samples. Nanoindentation
was performed in six steps: approaching to sur-
face, loading to peak load, holding the indenter
at peak load, unloading to 90% of the peak load

in 50 s, holding the indenter for 50 s, and finally,
unloading completely.

The hardness (H) and the elastic modulus (E)
can be calculated from the load-displacement
data. Figure 1 shows the experimental schema
for nanoindentation. Nanoindentation hardness
is defined as follows:

A’ (1)

where P, .x is the load measured at a maximum
depth of penetration (4) in an indentation cycle
and A is the projected contact area. As the in-
denter penetrates into the sample, both elastic
and plastic deformation occurs and only the elas-
tic portion of the displacement is recovered dur-
ing unloading. The elastic modulus can be
inferred from either the initial unloading contact
stiffness (S), that is, the slope (dP/dA) of the ini-
tial portion of the unlading curve, or the stiffness
measured by the continuous stiffness technique.
A relation among contact stiffness, contact area,
and elastic modulus can be derived as follows:

Table 2. Thermal Aging Conditions and Thermal Properties

Thermal Aging

Temperature Time T, Stability
Sample Code o) (h) (°C)  Crystallinity, X, Parameter, ¢
CDA-g-PLLA-3 (Q) - - 63.3 - -
CDA-g-PLLA-3 (A) 123 24 66.9 0.329 0.44
PLLA (Q) - - 64.3 - -
PLLA (A) 123 24 64.6 0.705 0.19

Q and A represent “quenched” and “thermally aged,” respectively.
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Figure 1. Experimental schema for nanoindentation.

S = Zﬁ\/%Era (2)

where f is a constant that depends on the geometry
of the indenter ( = 1.034 for a Berkovich indenter)
and E, is reduced elastic modulus, which accounts
for the fact that elastic deformation occurs in both
the sample and the indenter. The sample elastic

modulus (E,) can then be calculated as follows:
1 12
E-0-d(g-pt).  ®

where v¢ and v; (0.07) are the Poisson’s ratios of
the specimen and indenter, respectively, while E;
is the modulus of the indenter (1141 GPa). Pois-
son ratios of all samples used in this study were
assumed to be 0.3.

Creep Experiment

The schema for nanoindentation creep experiment
is shown in Figure 2. The indents were instantane-
ously made to achieve the final load. The final load
was kept constant during a holding segment for
200 s. During holding segment, the series of inden-
tation depth, hardness, and elastic modulus were
monitored as a function of holding time.

RESULTS AND DISCUSSION

Effect of Molecular Composition on Hardness
and Elastic Modulus

As mentioned in Introduction, the CDA-g-PLLA
is so brittle at room temperature that its mechan-
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Figure 2. The schema for nanoindentation creep
experiment.

ical behavior is difficult to be fully characterized
by means of common bulk mechanical tests at
the temperature below T,,. Nanoindentation is ca-
pable to measure the mechanical properties in
small area in a constrained manner, so the brit-
tleness is not a critical factor in nanoindentation.
Nanoindentation with continuous stiffness mea-
surement used in this study provides an accurate
and continuous record of indentation load and
penetration depth during the indentation pro-
cess. From the dependency of hardness and elas-
tic modulus on indentation depth as shown in

1 8
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O E
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2 04 g
= 14
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0 50 100 150 200 250 300

Digplacement, h (nm)

Figure 3. The dependency of hardness (@) and elas-
tic modulus (M) on indentation depth. Sample code:
CDA-g-PLLA-3(Quenched).



1118 LEE ET AL.

0.5
M Mean value from 100 to 300 nm depth
=] Unloading value at final indentation depth
04 F
T
= — }' [ —.T—
£ 03t — = r
©] = =
S — —
2 = =
_g 02 — =
5 = =
I — —
0.1 = =
00 ) =R . =R
CDA CDA-g- CDA-g- CDA-g- PLLA
PLLA-1 PLLA-2 PLLA-3
Sample code

Figure 4. Hardness of CA, CDA-g-PLLAs with dif-
ferent MS and pure PLLA. All samples were
quenched.

Figure 3, two different expressions for hardness
and elastic modulus are possible. A mean value
from 100 to 300 nm indentation depth and the
unloading value at final indentation depth were
obtained for hardness and elastic modulus.
Figures 4 and 5 show the values obtained for
hardness and elastic modulus of CDA, CDA-g-
PLLA with different MS and pure PLLA. The
unloading value at the final indentation depth
can be lower than the mean value, because of the
creep effect during nanoindentation. In this
study, however, there was no significant differ-
ence between two values, indicating that creep
effect of these materials during nanoindentation
is not critical. A statistical ¢-test revealed no sig-
nificance at a confidence level of 0.95. All values

8 L [ Mecan value from 100 to 300 nm depth
B Unloading value at final indentation depth

6 F =

Elastic modulus (GPa}
S~

(A

0 1 1 1 1
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PLLA-I PLLA-2  PLLA-3
Sample code

Figure 5. Elastic modulus of CA, CDA-g-PLLA with
different MS and pure PLLA. All samples were
quenched.

for hardness and elastic modulus were higher in
CDA-grafted PLLAs than in CDA and pure
PLLA homopolymer. Such an increase of mechan-
ical properties could be explained by the molecu-
lar structure of graft copolymer. PLLA itself has
a relatively higher hardness and elastic modulus
and its properties were further improved by
incorporation with CDA, because CDA can play a
role as a crosslinker and/or a structural sustainer
of side chain PLLA with low molecular weight in
CDA-g-PLLA. Both hardness and elastic modulus
were lower in the CDA-g-PLLA with a higher MS
than with a lower MS. The reason why CDA-g-
PLLA with a higher MS shows a lower value for
both hardness and elastic modulus could be that
the lower content of grafting point in the high-
MS copolymer induces the less frequent cross-
links and effect of the CDA sustainer for PLLA
side chain.

Effect of Thermal Aging on Hardness
and Elastic Modulus

In a previous study, it was described that PLLA
side chain of CDA-g-PLAs with more than 14 of
MS (Wprra > 79 wt %) becomes crystallizable at
temperature above their respective glass transi-
tion temperature (Tg).18 Thus, the CDA-g-PLLA
with the MS of 57.9 was chosen to investigate the
effect of crystallization on hardness and elastic
modulus and pure PLLA was also used. Figures 6
and 7 show the effect of thermal aging on the
mean value for hardness and elastic modulus of
CDA-g-PLLA and pure PLLA. Hardness and
elastic modulus were increased by developing

0.5
= 04 r
Qq -
2
g
=
T 03 r
T

0.2 1 1 1

CDA-g-PLLA-3 CDA-g-PLLA-3  PLLA (Q) PLLA (A)
Q@ (A)
Sample code

Figure 6. Effect of thermal aging on the mean value
for hardness of CDA-g-PLLA and pure PLLA. Q and
A represent “quenched” and “thermally aged,” respec-
tively.
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Figure 7. Effect of thermal aging on the mean value
for elastic modulus of CDA-g-PLLA and pure PLLA.
Q and A represent “quenched” and “thermally aged,”
respectively.

PLLA crystal in both samples, whereas the
extent of the increase was higher in PLLA than
in CDA-g-PLLA. This difference can be explained
by the difference of the degree of relative crystal-
linity and crystal morphology. The relative crys-
tallinity (X,) of the PLLA fraction in CDA-g-
PLLA copolymer was calculated by the following
equation:

~ Wpria AH
Xe="00 93" (4)

where AH is the observed enthalpy of fusion and
93 (J/g of the polymer) is the enthalpy of melting
of the PLLA crystal having the infinitely large
crystal thickness, as reported by Fischer et al.??
The relative crystallinity of pure PLLA was
higher than that of the CDA-g-PLLA (Table 2).
Furthermore, a stability parameter of PLLA,
which is related to morphological factors concern-
ing the size and degree of perfection of the
formed crystal, was higher than that of the CDA-
g-PLLA. The PLLA side chains in CDA-g-PLLAs
develop spherulites with different morphology
than pure PLLA.'® Banded extinction rings were
observed during the spherulitic growth of CDA-g-
PLLAs that were not present in the PLLA homo-
polymer. This phenomenon indicates that the mo-
lecular chains of PLLA were distorted in the
spherulitic texture of the CDA-g-PLLAs. This is
likely caused by the connection of PLLA molecu-
lar chain end onto the CDA backbone. The distor-
tion of molecular chain alignment also may cause
the decrease in relative crystallinity. The CDA
fraction was incorporated into the interlamellar
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Creep strain

0 50 100 150 200
Holding time (s)

Figure 8. Effect of holding time on creep strain.
Sample code: ® CDA, B CDA-g-PLLA-1, A CDA-g-
PLLA-2, @ CDA-g-PLLA-3, load 500 uN, loading rate
20 uN/s. All samples were quenched.

regions within the spherulites, without showing
the segregation of the noncrystallizable CDA
component in both the intraspherulitic region
and the spherulitic contact region. This molecu-
lar chain distortion and the CDA incorporation
into the interstitial regions of the spherulite may
decrease the hardness and elastic modulus by
nanoindentation.
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Figure 9. Effect of holding time on creep strain.
Sample code: ® CDA-g-PLLA-3 (Q), O CDA-g-PLLA-3
(A), B PLLA (Q), J PLLA (A), load 500 uN, loading
rate 20 uN/s. Q and A represent “quenched” and
“thermally aged,” respectively.
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Figure 10. Effect of holding time on hardness and
elastic modulus of CDA-g-PLLA. Sample code: CDA-g-
PLLA-3 (A), load 500 uN, loading rate 20 uN/s.

Creep Behavior

Nanoindentation is a convenient method to esti-
mate the creep behavior of materials, similar to
conventional tensile or compression experiments.
In depth sensing nanoindentation, creep behav-
ior can be investigated by analyzing the change
in nanoindentation displacement during holding
time at a constant load. Figures 8 and 9 show the
effect of holding time on creep strain, which is
defined as the change in displacement during the
holding time divided by the displacement at the
start of the holding time. As shown in Figure 8,
the creep strain was observed to be lower in
CDA-g-PLLAs than in CDA, indicating that creep
resistance is higher in CDA-g-PLLAs. This is
because PLLA with a higher creep resistance is
rich in copolymer. Among CDA-g-PLLAs, the
CDA-g-PLLA with a higher MS of lactyl unit
showed a high creep resistance. This can be the
beneficial effect of the introduction of PLLA to
reduce the creep deformation of CDA.

Figure 9 shows the effect of thermal aging on
the creep strain. The creep deformation was
decreased by thermal aging in both CDA-g-PLLA
and pure PLLA. This higher creep resistance in
thermally aged samples may be due to the crys-
tallization of PLLA molecular chain. This result
is consistent with the hardening phenomena by
thermal aging as discussed above. A higher creep
strain of the amorphous CDA-g-PLLA than
PLLA homopolymer can occur by the incorpora-

tion of CDA with a large creep strain and a low
molecular weight of the grafted PLLA side
chain.

Figure 10 shows the relationship between the
hardness and elastic modulus of CDA-g-PLLA3
(A) and the holding time at an applied load of 500
uN with a 20 ulN/s loading rate. The hardness
decreased as the holding time was increased.
Elastic modulus was kept almost constant. This
could be caused by crazing during the holding
segment,and indicates that plastic deformation is
more critical than elastic deformation for the
holding time used in this study. For amorphous
polymers, the free volume of a molecular chain is
so small at temperature below T, that the creep
due to molecular motion should not be critical.>
Under such a condition (amorphous and below
Ty), creep behavior may be mainly attributed to
crazing. This explanation for low hardness and
almost the same elastic modulus during holding
time seems reasonable for the given experimen-
tal conditions. All specimens displayed a similar
phenomenon.

CONCLUSIONS

Mechanical properties of the CDA-g-PLLA
copolymers are very difficult to be fully charac-
terized by conventional bulk mechanical testing
methods at room temperature because of their
brittleness. However, the nanoindentation con-
tinuous stiffness measurement procedure used in
this study was successful in investigating the me-
chanical properties and creep behavior of brittle
materials at room temperature. The effects of the
molecular composition and thermal aging on me-
chanical properties and creep behavior of CDA-g-
PLLAs were investigated. The results showed
that hardness and elastic modulus in all CDA-g-
PLLAs were higher than those in pure CDA and
were increased in both CDA-g-PLLA and PLLA
with an increase of crystallinity by thermal
aging. Creep experiment showed that the graft-
ing of PLLA and thermal aging increased the
creep resistance of CDA-g-PLLA and PLLA
homopolymer. With an increase of holding time,
hardness was decreased, whereas elastic modu-
lus was kept almost constant.
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