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ABSTRACT: In recent years, natural fiber-reinforced biodegradable thermoplastics are being recognized as an emerging new environ-
mentally friendly material for industrial, commercial, and biomedical applications. Among different types of natural fibers, silk fiber
is a common type of animal-based fiber, has been used for biomedical engineering and surgical operation applications for many years
because of its biocompatible and bioresorbable properties. On the basis of our previous study, a novel biodegradable biocomposite
for biomedical applications was developed by mixing chopped silk fiber and polylactic acid (PLA) through the injection molding pro-
cess. This article is aimed at studying the dynamic mechanical and thermal properties of the composite in relation to its biodegrada-
tion effect. At the beginning, it was found that the initial storage modulus of a silk fiber/PLA composite increased while its glass tran-
sition temperature decreased as compared with a pristine PLA sample. Besides, the coefficient of linear thermal expansions (CLTE) of
the composite was reduced by 28%. This phenomenon was attributed to the fiber-matrix interaction that restricted the mobility of
polymer chains adhered to the fiber surface, and consequently reduced the T, and CLTE. It was found that the degraded composite
exhibited lower initial storage modulus, loss modulus and tan delta (tan 6) but the T, was higher than the silk fiber/PLA composite.
This result was mainly due to the increase of crystallinity of the composite during its degradation process. © 2012 Wiley Periodicals, Inc.
J. Appl. Polym. Sci. 127: 2389-2396, 2013
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INTRODUCTION stress-shielded bone delays bridging and then an incompletely
healed bone is resulted after the removal of the fixator. This
weaken bone also suffers serious bone loss (osteoporosis)

including intracortical porosity, cortical thinning, and corre-

There is no doubt that biodegradable polymer composites
(commonly called “biocomposites”) are generally recognized as
one of the key materials in coming centuries. By constituting
naturally degradable fiber (such as nature fiber and synthesized
biopolymer-based fiber) and biodegradable polymer matrix
(such as PLA, PBS, PCL, etc.), manufactured by various tradi-
tional or specific processes to form the biocomposites, their
properties can be tailor-made to satisfy various product require-
ments without additionally inducing any harmful effect to the
environment. In biomedical engineering applications, biocom-

spondingly greater loss of mechanical properties.” Besides, the
need of the second surgery for removing the fixator, corrosion
of the fixator inside the human body, and bone atrophy associ-
ated with rigid metallic fixation devices increase the probably of
bone infection.! Moreover, the postoperative radiotherapy as
well as X-ray for diagnostic imaging on healing bones is inter-
fered by the fixator too.”

posites can be used to produce artificial joints and tissues
implanting into the human body." In the implantation, tradi-
tional metallic materials possess many inherent problems that
may cause either an infection induced inside the human body
or an undesirable/unexpected result achieved.” For an example,
by using steel as a bone fixator, it is too stiff and leads to that a
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To overcome aforementioned problems of using metallic materi-
als for bone fixators, silkworm silk fiber reinforced polymer
composites, based on their inherent mechanical, biocompatible
and bioresorable properties have been found as a desirable bio-
composite for this application. Silk fiber as sutures for human
wound dressing have been used for centuries.® Regenerated silk
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solutions have been used to form a variety of biomaterials, such
as gels, sponges, and films, for medical applications.” Silk has
been exploited as a scaffold biomaterial for cell culture and tis-
sue engineering in vitro and in vivo.! However, before adopting
this new class of biocomposite into real-life applications, study,
and clarification on the corelationships between its thermal, me-
chanical, and degradation properties are necessary for the long
term prediction of its performance in human body. As this
composite is designed for bone fixators, it has to be in a func-
tional condition at the temperature below its glass transition
temperature (T,) in order to assure that the mechanical per-
formance is adequate at all the time the composite inserted
inside the human body. Creeping (dead load of fractured sec-
tions), fatigue (repeated bending), and degradation (bioresorp-
tion) are also other key factors that may affect the performance
of the composite with time. The fixators should also possess
moderate stiffness and good damping properties to absorb
external impact and vibration load to protect a fractured bone.
Therefore, the storage modulus and loss energy of a composite
fixator should be high enough to enhance their ability to absorb
and dissipate energy, respectively within the predetermined pe-
riod, i.e., during an acceptable duration when the fixator is in
the process of degrading. In view of this, thermo-mechanical
and dynamic mechanical analyses, and density measurement are
investigated in this article.

Thermo-Mechanical Properties

The viscoelastic behavior of polymer during their deformation
and flowing process is mainly dependent on the temperature
and time (frequency). Molecular rearrangement happens during
the process can minimize the formation of localized stresses.
Polymer’s molecules would store a portion of applied energy
and dissipate the rest to other dissipative processes such as the
formation of cracks, heat, sound, and vibration motion) under
a repeated loading condition. The characteristic parameter that
is used to represent the viscoelasticity of polymer is “tan §.°
This parameter is a function of temperature and its relationship
with the storage modulus (E) and loss modulus (E") is:

tan 6 = E"/E'.

Dynamic mechanical analysis (DMA) allows for a quick and
convenient measurement of material properties in which a sam-
ple is under an oscillating force and, the material’s deformation
parameters including modulus and damping are measured as a
function of temperature, frequency, or time, or combination
thereof. The test fixtures depend on the samples, desired loading
and result, used for various property characterizations. DMA
provides material properties including storage modulus (E),
loss modulus (E”) and relaxation processes in polymers, spe-
cially the glass transition (T,). The storage and loss moduli are
proportional to the energy stored and dissipated, respectively
per cycle. The E' characterizes the elastic behavior of the mate-
rial, and the E’ characterized the viscous behavior. The ratio of
energy dissipated to energy stored is the tangent of the phase
angle called tan delta (tan ¢). Compared with Differential Scan-
ning Calorimetry (DSC), weak glass transitions can be easily
and precisely determined by DMA due to its approximately one
decade higher sensitivity to glass transitions.'’
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MATERIAL PREPARATION AND EXPERIMENTS

Injection Molding

The biodegradable polymer-PLA as matrix, for this study is a
neat grade commercial type (the brand name of NatureWorks
PLA Polymer). Silkworm silk fiber (hereafter called “the silk
fiber”) with the average fiber diameter of 100 um was supplied
by Ocean Verve, Hong Kong. The inherent body structure of
silk fiber is composed of two cores of fibroin which exists in a
paired of organ. The fibroin itself is a bundle of several fibrils
and each fibril contains many microfibrils. Therefore, due to
the micofibrils are of a very small in diameter and close packed,
wettability is always an issue to ensure good bonding between
the silk fiber and matrix in a silk fiber polymer composite.
Besides, a sericin layer also plays a critical role as it may isolate
the physical contact or direct chemical bonding between the
fiber and matrix. This layer is mainly made by protein as a
coating and adhesive of the silk fiber. As mentioned in a previ-
ous literature, this layer would affect the bonding between the
fiber and polymer-based matrix, and thus worsen the mechani-
cal properties of silk fiber composites.'’ In this study, the silk
fiber received was in a sericin free status (commonly called
“degummed silk fiber”).

Silk fiber/PLA composite samples were made by using the
Hakke MiniLab twin-screw micro-extruder. Before mixing the
silk fiber with PLA, all silk fibers were chopped into 5 mm in
length in order to avoid coiling with the screws and fiber
stretching plastically either co- or counter rotating during the
injection process. These fibers were dried up inside an oven to
remove excessive moisture before the injection molding process.
On the basis of our preliminary study, the optimal fiber con-
tent, in terms of the moldability inside the PLA environment
was 5 wt %. A uniform temperature of 180°C was maintained
at all zones inside in the process. The mixture of the silk fibers
and molten PLA were then transferred to the Thermo Hakke
small scale injection molding machine. The injection cylinder
and the mould were preheated to desirable temperatures of 200
and 45°C, respectively, the composite samples were made in a
dumbbell shape according to ASTM D3039.

Degradation

In terms of in vitro biodegradation test, PLA and composite
samples were placed into separated tanks containing Phosphate
Buffered Saline (PBS) solution. White dry powder of PBS was
diluted with 1 L of deionized water (DI) with ultimately the pH
level of 7.4 being achieved. Two types of samples were stored
into the tanks with 500 mL of solution each. The tanks were
then stored in a humidified, thermostable, and orbital-shaking
incubator at 37°C with 100 rpm for 1 year. The PBS solution
was changed every month in order to maintain the pH level
inside the tanks.

Density Measurement

The density of the fibers was determined by pycnometry. The
density is simply defined as mass divided by volume (g/cm3).
Water was used as reference liquid at 23 C.

Thermomechanical Analysis
The thermal expansion of a material is the changes in length or
volume due to the changes in moisture content, curing, release
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of stresses, phase changes, etc. under heating. It is an important
data for manufacturing and functioning of biodegradable and
bioresorbable composite bone fixators. TMA was conducted by
a PerkinElmer TMA 7 instrument. The processing temperature
for the TMA experiments according to the ASTM standard D
696 was controlled from 40 to 165 C at a scan rate 10 C/min
with a penetration probe 1.0 mm in diameter under a uniaxial
stress of 0.12 MPa. The change in length for testing specimens
over a corresponding change in temperature was recorded.

Dynamic Mechanical Analysis

DMA was processed according to the international standard D
5023-07. All samples were investigated under a flexure test by
TA Instrument DMA Q800 with a multifrequency-strain mode.
Four different types of samples with the dimension of 60 mm
x 5 mm X 1.5 mm were tested, these samples were (i) pure
PLA, (ii) degraded PLA, (iii) silk fiber/PLA composite, and (iv)
degraded silk fiber/PLA composite. Pure polymer is a control to
compare the results with remaining samples. The degraded PLA
and degraded composite were prepared as specified in previous
section. The actual dimensions of each sample were measured
afterward. The samples were then griped horizontally by dual
cantilever. The linear displacement amplitude was set to 15 pum.
Thermal scans were conducted from 20 to 150°C at a ramping
of 3°C/min with soak time 2 min for step increases.

RESULTS AND DISCUSSION

Density Measurement and TMA

Table I summarizes the results from the density and TMA meas-
urements. The results show that the density of the composite
sample decreases by 1.6% as compared with the pure PLA. It is
a reasonable finding as the density of the silk fiber is lower than
that of the PLA. On the basis of the principle of the “Rule of
Mixture,” the density of the composite is lower depending on
the amount of silk fiber to be added. Moisture content in the
silk fiber is also an affecting factor as voids may be formed dur-
ing the molding process. Entrapment of air within the space
between fibrils may also be an issue. In reality, light weight and
controllable porosity are desirable parameters for composite
bone fixators as it can reduce their deadweight and control the
rate of bioresorption inside the human body."

TMA is used to measure variations in dimensions of a sample
(length or volume), which is subjected to a nonoscillatory
loading. Therefore, TMA is commonly used to determine the
thermal expansion nowadays.'”” The mean coefficient of linear
thermal expansion (CLTE) obtained from TMA measurement is
used to reflect the dimensional changes as well as thermal
stresses caused by the thermal variation.'* The coefficient of lin-

Table I. The Density Measurement and the TMA Results of the Pure PLA
and the Silk Fiber/PLA Composites

Density AL o (pmm*

(glem?)  (um) °C™)
Pure PLA 1.26 46.032 227.875
Composite 1.24 32.748 164.223
Change of percentage (%) -1.6 -29 -28
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ear thermal expansion for the desired temperature range can be
calculated according to the following equation:'"

(@) = (AL)/(L)(AT) @

where

® ¢ = Mean coefficient of linear thermal expansion for
the reference material at the midpoint of the AT range,
in °C™",
e [ = Length of the sample at room temperature, in um,
e AL = Change in length of the reference material due to
heating, in um,
o AT = Temperature difference over which the change in
specimen length is measured, in °C.
Based on the results shown in Table I, the coefficient of linear
thermal expansions (CLTE) of the composite decreases by 28%.
The results exhibit the improvement of physicomechanical
properties in the composite as compared with the pure PLA. In
general, CLTE of a fiber reinforced polymer composite is lower
than that of its pure matrix system (i.e., PLA in this case) due
to the low CLTE of the fiber. In the real practice, low CLTE of
the composite is desirable for all engineering applications to
minimize any thermo-dimensional change of structures during
manufacturing process (which may cause the generation of
residual stress after curing) and in use.'® Therefore, the lower
the value of CLTE measured, the better the property for a bone
fixator to be achieved.'

Krevelen and Volemetric'® suggested that the molar thermal
expansibility of a polymer is related to the van der Waals
volume of repeated units of a polymer. Moreover, Bondi'” has
defined that the van der Waals volume as volume occupied by a
molecule, which is impenetrable by the other molecules having
thermal energy at ordinary temperature. As silk fiber is a
macro-sized natural fiber, it cannot penetrate into such a small
volume of the polymer and cause the decrement in thermal
expansion of the composite. Therefore, the thermal expansion
of composite is mainly affected by the interaction between the
fiber and the PLA (matrix). This interaction may restrict the
mobility of polymer chains which adheres on the fiber surface
and thus, cause the reduction in the thermal expansion of the
composite.'® The improvement of thermo-mechanical stability
and dimensional stability of biocomposites by using natural
fiber has been addressed by Lee et al.'” In their study, poly(bu-
tylene succinate) (PBS) was used as a base polymer reinforced
by silk fiber.

Dynamic Mechanical Properties

As the low storage modulus, it demonstrates the ease of defor-
mation of a material by an applied load. Contrarily, high stor-
age modulus is more desirable as it represents high stiffness and
load bearing of the material at a specified temperature range.
Figure 1(a—c) show the storages modulus (E'), loss modulus
(E"), and tan 0 of the pure PLA and the composite as a func-
tion of temperature, respectively. Table II is the summary of the
DMA results.*

In Figure 1(a), the storage modulus of the composite is higher
than that of the pure PLA. It may be due to the existence of
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Figure 1. (a) Storage modulus (b) Loss modulus and (c) tan 6 versus
temperature of the pure PLA compare with the composite. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

silk fiber which formed as physical cross linkage and allowed
stress transfer between the silk fiber and the PLA.*“** The mo-
bility of PLA macromolecules was therefore counteracted by the
silk fibers because of the difference glass transition temperatures
(Tgs) between two materials. Consequently, the stiffness of the
composite was increased.”’™> The PLA sample which incorpo-
rated with silk fiber revealed higher damping capabilities. This
behavior could be related to the interfacial condition of the
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composite. Partial energy lost in the interface between the PLA
and the silk fiber which is due to macroscopic frictional effects
in this heterogeneous system.”*

The figure shows the variation of storage modulus of the com-
posite versus the change of temperature. At the beginning of the
experiment, the macromolecules of the composite are compara-
tively highly immobile and exist in a close and tight packing
form and thus, resulting in high storage modulus. As tempera-
ture increases the macromolecules become more mobile and
lose their close packing arrangement. As a result the storage
modulus of the composites decreases.'> Therefore, it is obvi-
ously observed that the E' decreases gradually starting from an
ambient temperature and then dramatically after 60°C. The
reduction in the E with an increase of the temperature is asso-
ciated with softening of the matrix at higher temperature.

As PLA is a bulk polymer which has no high-strength character-
istics, it is easy for plastic deformation during application. The
loads generated through patient’s movements or external forces
which are suffered from the patient daily are transferred to the
fixator. The pure PLA bone fixator would be deformed after
applying loads on it. To make matters worse, the deformed PLA
bone fixator cannot protect and hold the broken bones properly
afterward, the bone would be refracrure again. Hence, forces
which are transferred to the bone fixator must be dissipated
over a large area to prevent the bone fixator from failing. From
the results obtained, Silk fiber/PLA composite samples exhibited
higher stiffness and thus the forces could be dissipated over a
larger extent.

The E’ in viscoelastic solids measures the energy dissipated as
heat representing the viscous portion. Comparing the curves of
E’ of the two different samples as shown in Figure 1(b), T, is
measured at a peak of the curves. The peak of the composite is
slightly shifted down to a lower temperature as compared with
the PLA with a narrow range at the transition region. This effect
is exemplified through the broader slope of the transition region
from the curves in Figure 1(a) and accompanied by peak widen-
ing from the loss modulus curves. The changes of the T,
between pure PLA and the composite are dependent on the
fiber length, fiber content and their interfacial bonding proper-
ties. Besides, only amorphous phase of partial crystalline PLA is
involved in affecting the condition of T, the mobility of the
PLA is counteracted by the fibers.'®

Tan ¢ is the ratio of the E'/E or, explicitly is the ratio of energy
lost to energy retained in the loading cycle. High value of tan 6
means that once the deformation is induced, the material will
not recover to its original status. The first peak at the tan ¢
curve indicates a relaxation process while the second peak repre-
sents the T, where molecules regain their mobility. It is found
in Figure 1(c) that there is no substantial difference in tan 6 for
both the composite and PLA at 37 C, a simulated human body
temperature. However, a significant decrement of the height
and the sharpness of the peak are obtained as shown in the
figure as the increase of content of silk fiber in PLA.*> Such
phenomena are coincident with other literatures for fiber-rein-
forced thermoplastics.”® Pure PLA shows a sharp and intense
peak because there is no restriction to the chain motion, where
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Table II. DMA Data of Compression-Molded Composites in Terms of the Mean Storage Modulus (E'), at 25 and 37°C, and Glass Transition

Temperature (T,

o) as Defined by Peaks in Loss Modulus and tan &

Storage modulus Loss modulus Tan §
Material At 25°C At 37°C Tq (°C) At 37°C Tq (°C) At 37°C
Pure PLA 2.795 2.478 65.91 24.680 68.58 0.010
Composite 2.940 2.697 63.28 26.769 66.13 0.008
Degraded PLA 2.772 2.439 67.75 25.7414 70.07 0.011
Degraded composite 2.053 1.956 64.04 264.013 69.28 0.135

the composite hinders the chain mobility and results in the
reduction of the sharpness and height of the tan ¢ peak.

As damping in the transition region implies the imperfection of
a material in its elastic phase, and some of the energy is used to
deform it during DMA and also directly dissipate into heat.
Thus, the mechanical loss that overcame the friction of inter-
molecular chains was reduced in the composite. This result
indicates that the silk fiber can be used to restrict the mobility
of the composite so as their E' was higher than that of the pure
PLA.® The reduction in tan § also denotes an improvement in
the hysteresis of the system and a reduction in the internal fric-
tion.” Moreover, for the PLA reinforced by the silk fiber, the
area under the tan ¢ curve is smaller than that the curve meas-
ured by the pure PLA. Since the PLA content is decreased to
the same extent and only the amorphous phase of the partial
crystalline polymer is involved in the glass transition.>*’

DMA on Degraded Pure PLA and Silk Fiber

Reinforced Composites

Figures 2 and 3 show the dynamic mechanical properties, as a
function of temperature of the pure PLA and the composite as
compared with their degraded statues, respectively. As shown in
Figure 2(a), the pure PLA and degraded PLA exhibit similar ini-
tial E’. As shown in Table II, the E’ of the degraded composite
is the lowest among all other samples. Comparing with
degraded PLA with the pure PLA, it can be proved that the E’
of the pure PLA decreases because of the degradation process.
Same as PGA PLGA and PCL, PLA processes the bulk erosion
after absorbing the moisture. The difference to the surface ero-
sion, bulk erosion would be taken place throughout all degraded
samples. Ingress of water is normally faster than that the rate of
degradation. Therefore, the weight of the samples increases at
the beginning of the degradation process and their volumes
were then increased subsequently."'

In Table 11, it is found that the E' of degraded composite is
much lower than that of the degraded PLA. The decrement in
the E' is mainly caused by the water absorption of silk fiber in
the composite. Silk proteins are stored in the silk gland and
transported down the spinning duct in a lyotropic liquid crys-
talline state in silkworm silk glands. To produce this state, the
protein molecules of the silk fiber must be amphiphilic, which
is having a combination of hydrophobic and hydrophilic blocks
or groups.”® The hydrophilic character of natural fiber is
responsible for the water absorption in the composites, and
therefore increasing the amount of fiber would cause more
water to be absorbed.”” As the water absorbability of the silk
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fiber is higher than the PLA, it would accelerate the degradation
process of the degraded composite. It further proves that the
hydrophilic effect of the silk fiber does affect the water absorb-
ability in its related composites."’

Figure 3(a) shows that there is a difference in a large extent of
E between the composite and the degraded composite. It is also
demonstrated that within the range of 61 and 68°C, the values
of E for all samples decrease rapidly. This implies that the con-
tribution of fiber stiffness to the modulus of PLA is minimal at
its glassy zone.’® Besides, Figure 3(a) shows a slight broadening
of the loss modulus peak of degraded PLA compared with
degraded silk fiber reinforced composite. This could be due to
the increase in energy dissipation caused by the addition of silk
fibers which increase the degradation process. Tsukada et al.'
have found that the shrinkage of silk fiber is about 1.3%
because of the loss of moisture during heating. As the shrinkage
of the silk fiber is different to the PLA, the deterioration of the
interfacial adhesion and bond strength between the PLA and
silk fiber were found which induces the dramatically drop of
the initial E' of silk fiber/polymer composites. Therefore, the
combined effect of the silk fiber shrinkage, and the mismatch of
thermal expansions between the silk fiber and the PLA resulted
in weakening the properties of the degraded composite.”

The reduction of E' of the degraded composite compared with
the composite was due to the damage of matrix, deteriorated
interfacial adhesion and poor bonding strength between the silk
fiber and the matrix.’! The deteriorated interface adhesion is
susceptible to the degradation because of excessive interface
reactions which would speed up the hydrolysis of the degraded
composite. As a result, the interface could no longer be able to
provide a full stress transfer from the matrix to the fiber effec-
tively, and thus the E' modulus of the degraded composite
decreased.

Chemical combinations between the polymer chains, Van der
Waals interaction, and the hydrogen bonding in the molecular
construction are responsible for the ability of the polymer to
bear externally applied stresses. Moreover, the strength of the
interface between fiber and matrix has the significance effect on
E'. The degradation process starts with the swelling of silk fibers
because of the water penetrating into the interface that develops
stress at the interface and causes micro-cracking of the matrix
around the swollen fibers. The cracks also accelerate the water
absorption and its attack on the interface through capillarity
mechanism. The residues of the degraded substances start leach-
ing from the fibers. These eventually lead to the ultimate
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Figure 3. (a) Storage modulus (b) Loss modulus and (c) tan 0 versus
debonding between the fiber and the matrix’>*? (Figure 4).  temperature of the composite compared with the degraded composite.
Therefore, the voids in the composite increase and these voids [Color figure can be viewed in the online issue, which is available at
also increase the surface area and thus speed up the degradation  wileyonlinelibrary.com.]
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Figure 4. The void formed because of the debonding. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

composite was therefore lower than that of the composite with
better bonding interface. Nevertheless, the bonding between the
silk fiber and PLA could be damaged easier than the internal
bonding in the pure PLA because of the opposite nature of
hydrophobicity as silk fiber is amphiphilic. Besides, When sam-
ples were immersed into the PBS solution, water molecules
penetrated into the PLA, the hydrolysis and plasticization of the
PLA would damage the chemical bonding, in the case of experi-
encing a stress, greater strain may be induced, which would lead
to a decrease of the E'.>2 On the other hand, the viscous nature
of water may interfere itself on the overall viscoelastic of the
system.24

Comparing the E’ and tan § of the pure PLA with the degraded
PLA, and the composite and the degraded composite, respec-
tively as shown in Figures 2(b,c) and 3(b,c), the T, of degraded
samples were higher than that of nondegraded samples. The
glass transition can be thought as the softening point of amor-
phous regions of polymers. The result shown in the figures are
mainly because of the water which acted as a plasticizer and the
increase of the crystallinity of the degraded samples. Although
the degradation process increased the crystallinity of the PLA
through plasticization by water, certain regions in the PLA were
hydrolyzed by bulk erosion.*?> Therefore, it can be explained
that even the crystallinity of the degraded samples increased, the
modulus of the sample decreased. As the debonding of the
interface caused by the distinct moisture, expanding coefficient
between the fiber and matrix in the plasticization process, it
would also be a factor to lower the tan .>' Therefore, the T,
obtained from both E’ and tan ¢ increased because of the incre-
ment of the mobility.

Through the degradation process, the porosity of the degraded
composite and the degraded PLA increased which also increased
their damping effect. Hence, a relatively less energy was used to
overcome the frictional forces between molecular chains so as to
decrease mechanical loss. The energy absorbing process of the
degraded composite was smaller because the presence of the silk
fiber in the degraded composite after the degradation process.’

MAh\;Fliﬁﬁ WWW.MATERIALSVIEWS.COM
[}

WILEYONLINELIBRARY.COM/APP

ARTICLE

CONCLUSIONS

The dynamic mechanical and thermal properties of PLA,
degraded PLA, silk fiber/PLA composite, and degraded silk
fiber/PLA composite samples in relation to their biodegradation
effect were studied. At the beginning, it was found that the ini-
tial storage modulus of the silk fiber/PLA composite increased
while its glass transition temperature decreased as compared
with the PLA sample. Moreover, the coefficient of linear thermal
expansions (CLTE) of the silk fiber/PLA composite was reduced
by 28%. This phenomenon was attributed to the fiber—matrix
interaction that restricted the mobility of polymer chains
adhered to the fiber surface, and consequent reduced the T, and
CLTE. As compared with the degraded silk fiber/PLA composite,
it was found that the degraded composite exhibited lower initial
storage modulus, loss modulus and tan J but higher T, than
the silk fiber/PLA composite. This result was mainly due to the
increase of crystallinity of the composite during its degradation
process.
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