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dependence of tricalcium phosphate/poly(L-lactic acid) composites
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(Received 26 September 2012; accepted 17 December 2012)

Bioactive ceramics/bioresorbable plastic composites have been expected as materials for
the fracture fixations which have more biocompatibility than monolithic bioresorbable
plastics. In this study, effects of strain rate on the mechanical properties of poly(L-lactic
acid) (PLLA) and tricalcium phosphate/Poly(L-lactic acid) (TCP/PLLA) composites
specimens were investigated experimentally. The TCP/PLLA composites containing three
different TCP contents (5, 10 and 15wt.%) were prepared by injection molding. The
fabricated specimens were then immersed in the simulated body environment, such as
phosphate buffered solution (pH= 7.4), to investigate effects of hydrolysis on the mechani-
cal properties. In order to characterize the mechanical properties, compressive tests were
performed at the strain rates ranging from 10�3 to 10�1/s. Initial molecular weights (Mw)
of non-annealing PLLA and TCP/PLLA composites were approximately 173,000 and
154,000. After 24weeks immersion, Mw of 15wt.% decreased to 91,000. In the results of
these tests, TCP/PLLA composites showed that their Young’s modulus has no dependence
on the strain rate and their compressive strength increased with increasing strain rates.
After 16weeks immersion, compressive strength of 15wt.% composites decreased slightly
at a strain rate of 10�1/s. After 24weeks immersion, compressive strength of 5, 10, and
15wt.% composites decreased.

Keywords: hydrolysis; tricalcium phosphate; poly(L-lactic acid); compressive behavior

1. Introduction

Bioresorbable bone fracture fixations made of Poly(L-lactic acid) (PLLA) are drawing atten-
tion as substitute materials for metallic devices due to non-necessity of second surgery, and
have been used in clinical applications. In the previous study, various in vitro and in vivo
characterizations had been conducted on PLLA.[1–5] However, monolithic PLLA do not have
enough mechanical property for bone fracture fixations. Therefore, its coverage is limited.
From the point of improvement in the mechanical properties, PLLA composites reinforced by
bioactive ceramics with higher modulus have been expected. As the reinforcements (fillers) of
the composites, bioactive ceramics, such as hydroxyapatite (HA) or tricalcium phosphate
(TCP) have been used, and mechanical and in vitro and in vivo degradation properties of HA
or TCP/PLLA composites have been evaluated experimentally.
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Verheyen et al. [6] prepared HA/PLLA composites, and investigated the mechanical
properties of them. The composites contained 30wt.% of HA showed improved strength and
modulus. Shikinami and Okuno [7,8] developed unsintered-HA(u-HA)/PLLA composites.
They reported that the composite denoted very high mechanical properties. In the studies
using TCP as a filler, Kikuchi et al. [9] prepared TCP/copoly(L-lactic acid) (CPLA)
composite containing 80wt.% TCP. Ignatius et al. [10] investigated the mechanical properties
of β-TCP/Poly(D,L-lactic acid) (PDLLA) composites contained 10 and 30wt.% β-TCP.

Many experimental evaluations on mechanical properties were performed on bioactive
ceramics/PLLA composites. Almost those evaluations have been carried out at alow strain
rate (about 10–4/s), whereas tibial bone undergoes a loading at strain rates up to 102/s [11]
while walking. In the actual usage, it is expected that fracture fixations are subjected to
dynamic and impact loading. Therefore, there is a probability of undergoing loading at strain
rates up to 100–101/s. In general, mechanical properties of polymeric material are strongly
influenced by strain rates.[12,13] The matrix material of the composites, PLLA, is a typical
polymeric material. However, strain rate dependency of bioactive ceramics/PLLA composite
has not been studied yet. Therefore, it is necessary to evaluate the mechanical properties of
the composite at higher strain rates.

In a previous study, we investigated the effect of strain rate on tensile properties of TCP/
PLLA composites after immersion in simulated body environments.[14] Considering the
actual usage of bioabsorbable composites, compressive properties are more important. In this
study, effects of in vitro hydrolysis and strain rates on the compressive properties of TCP/
PLLA composite were investigated. In order to clarify the strain rate dependency of the
matrix, PLLA, and TCP contents, the PLLA and TCP/PLLA composites with different TCP
contents specimens were prepared by injection molding. Immersion tests in the simulated
body environment and subsequent compressive tests were performed on the specimens as
evaluation of the in vitro properties. In general, hydrolysis precedes in amorphous region,
which results in increasing nominal crystallinity. Thus, the effect of matrix crystallinity on
mechanical properties of hydrolyzed composites is also an important factor. Therefore, we
also investigated the mechanical properties of PLLA with different crystallinities prepared by
annealing and hydrolysis.

2. Materials and methods

2.1. Preparation of PLLA and TCP/PLLA composite specimens

PLLA pellet (Lacty#5000, Shimadzu Co., Ltd., Kyoto, Japan) and TCP powder (Taihei
Chemical Industrial Co., Ltd., Osaka, Japan) were used in the preparation of PLLA and TCP/
PLLA composite specimens. Specimens were prepared using an injection molding machine
(NP7 Real Mini, Nissei Plastic Industrial Co., Ltd., Nagano, Japan). The geometry of the
specimens was 100mm� 10mm� 4mm.

In order to clarify the effect of crystallinity, the PLLA specimens fabricated were annealed
at 70 and 130 °C for 24 h with a hot press system and cooled at room temperature.
Non-annealed and annealed specimens at 70 and 130 °C are abbreviated as non-annealing,
70 °C-24 h, and 130 °C-24 h specimens, respectively.

Before injection molding, TCP and PLLA were dry-mixed at weight ratios 10.5:190,
21:180, and 32:170 (5, 10, 15wt.%) in a polyethylene bottle. The mixture was put in the
hopper of an injection molding machine and molded into rectangular-shaped specimens.

TCP contents in specimens (Wf) were calculated as follows:
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Wf ¼ Mf � Rf

Mm þMf � Rf
� 100 ð1Þ

where Mf and Mm are the weights of TCP and PLLA, respectively, when mixed, and Rf is the
weight of residual TCP in the polyethylene bottle. The specimens with TCP content 5, 10,
and 15wt.% are abbreviated as 5, 10, and 15wt.% specimens, respectively. Table 1 shows
real TCP contents calculated by Equation (1).

2.2. In vitro hydrolysis

The injection-molded specimens were immersed in phosphate buffer solution (PBS) of pH
7.4 at 37 °C to evaluate in vitro degradation. They were immersed for 8, 16, and 24weeks.
During immersion, measurement of water absorption were conducted. Specimens were picked
up, swabbed to remove excess water, weighted, and returned in the PBS periodically. Amount
of water absorption at time t, Mt, was calculated as follows:

Mt ¼ mt � mt

mt
� 100 ð2Þ

where mt is the mass of the specimen at time t, and mi is the mass of the specimen before
immersion.

After immersion, they were washed with purified water, followed by drying in a vacuum
desiccator for at least 14 days. Then, crystallinity, molecular weight, and compressive
properties were measured.

2.3. Crystallinity measurement

Crystallinities of specimens were measured with differential scanning calorimeter (DSC)
(DSC-60, Shimadzu Co., Ltd., Kyoto, Japan). DSC samples were cut out from the injection-
molded specimens with a weight of 3–6mg. The samples were heated with a heating rate of
10 °C/min up to 230 °C in the air.

The crystallinity of a PLLA sample (Xc1) was calculated as follows:

Xc1 ¼ DHm þ DHc

DH100%
� 100 ð3Þ

where DHc is the crystallization enthalpy, DHm and DH100% are the enthalpy of melting of a
PLLA sample and PLLA crystal having infinite crystal thickness, respectively. We used 135 J/g
as DH100%.[15]

The crystallinity of a TCP/PLLA composite sample (Xc2) was calculated as follows:

Table 1. Wf [wt.%]calculated by Equation (1).

5wt.% 4.7
10wt.% 9.1
15wt.% 13.3

Advanced Composite Materials 3
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Xc2 ¼ DHcomposite

DH100%
� Mc

Mm
� 100 ð4Þ

where Mc is the weight of TCP/PLLA composite, and DHcomposite is the enthalpy of melting
of a TCP/PLLA composite sample.

2.4. Molecular weight measurement

The weight average molecular weight (Mw) of a specimen was measured using a gel perme-
ation chromatography (GPC) system. The system was composed of column (SHIMPACK
GPC-804C, Shimadzu GLC Ltd., Tokyo, Japan), column oven (CTO-20A, Shimadzu Co.,
Ltd., Kyoto, Japan), and differential reflective index detector (RID-10A, Shimadzu Co., Ltd.,
Kyoto, Japan). GPC samples were cut out from the injection-molded specimens before and
after immersion with a weight of about 0.5 g. The samples were dissolved with chloroform
for 24 h. Then, the solution was filtered before being injected into the column.

2.5. Compressive tests

The specimens for compressive tests were cut from injection-molded specimens. The
geometry of samples was 10� 10� 4mm. The upper and lower surfaces were collimated
with 180- and 800-grit abrasive papers. Then, strain gages were bonded on both sides of the
specimens. These specimens were compressively tested at room temperature using a universal
testing machine (Autograph AG-IS 50kNE, Shimadzu Co., Ltd., Kyoto, Japan) at cross-head
rates of 1–1000mm/min.

3. Results and discussion

3.1. Crystallinity of PLLA and TCP/PLLA composite specimens

Figure 1 shows crystallinity of PLLA specimens with three different annealing conditions and
TCP/PLLA composite specimens with three different TCP contents. The Xc value of
non-annealing specimen was approximately 5%. This denotes that non-annealing specimens
are also amorphous. Xc increased with increasing annealing temperature, and Xc values of
70 °C-24 h and 130 °C-24 h specimens were approximately 28 and 49%, respectively.

Figure 1. Crystallinity of PLLA and TCP/PLLA composites specimens.
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After 16weeks immersion, Xc of 70 °C-24 h and 130 °C-24 h specimens increased. The
increasing Xc indicated a comparative increase in the crystalline region which results from the
hydrolysis of the amorphous regions.

TCP/PLLA composite specimens denoted approximately the same values irrespective of
TCP contents as each other. The Xc values were approximately 5–10% which were approxi-
mately the same value of non-annealing specimens. Thus, it is assumed that PLLA in the
TCP/PLLA composites is amorphous.

After 24weeks immersion, as in the case of non-annealing, marked change in Xc values
of TCP/PLLA composites was not observed.

3.2. Amount of water absorption

Figure 2 shows the amount of water absorption, Mt. For the PLLA specimens (Figure 2(a)),
Mt increased with increasing immersion time up to 42 days, and then saturated. Mt and water
absorption rate of non-annealing were higher than other PLLA specimens. These results
indicated that water absorption capacity and water absorption rate of crystalline region were
lower than those of amorphous region.

For the TCP/PLLA composite specimens (Figure 2(b)), all specimens showed
approximately the same tendency, where Mt increased with increasing immersion time up to
168 days and TCP contents. These results indicated that water absorption capacity of TCP
and/or TCP/PLLA interface was higher than PLLA.

According to the Fick’s second law, the equation for the one-dimensional model of liner
flow of mass in the solid bonded by two parallel planes, when the diffusion coefficient D is
constant, is expressed as

@C

@t
¼ D

@2C

@2x
: ð5Þ

where C is the concentration of the diffusing species at time t and x is the distance of the dif-
fusion.

For a plane sheet geometry, if the initial concentration of water is uniform and the surface
kept at concentration C0, Equation (5) has a solution in the following:

Figure 2. Relationship between water absorption Mt and immersion time.
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Mt

M1
¼ 1� 8

p2

X1
n¼0

1

ð2nþ 1Þ2 exp �D
ð2nþ 1Þ2p2

l2

" #
ð6Þ

where l is the thickness of the specimen and M∞ refers to water absorption at times ∞. We
used the water absorption at 56 days as M∞.

Accordingly, when Mt/M∞ is small enough (<0.60) in the early stage, Equation (6) is
reduced to the Stefan’s approximation:

Mt

M1
¼ 4

l

Dt

p

1
2

 !
ð7Þ

From which, if one plots Mt/M∞ against t1/2, the diffusion coefficient can be calculated
from the initial curve slope.

Table 2 shows D values calculated from experimental results. 70 °C-24 h specimen
denoted the highest value of D and 130 °C-24 h specimen denoted the lowest value of D.
Comparing non-annealing to 70 °C-24 h specimen, D value increased with increasing crystal-
linity. However, comparing 70 °C-24 h to 130 °C-24 h specimen, D value decreased with
decreasing crystallinity. These results indicated the following. At first, interface between
amorphous and crystalline region which has higher D value than that of amorphous and
crystalline region increased with increasing crystallinity. Then, crystalline region which has
the lowest value of D increased with increasing crystallinity. Therefore, 130 °C-24 h specimen
which has the largest crystalline region denoted the lowest value of D. And it suggested that
water absorption capacity of interface is higher than amorphous region. Because filled state of
molecular chain becomes sparse in amorphous region between crystalline regions.[16] There-
fore, amount of water absorption of 130 °C-24 h specimen, which has lower value of D and
water absorption capacity results from the largest crystalline region, was lower than that of
70 °C-24 h specimen in the early stage of immersion. Then, the total water absorption of
130 °C-24 h specimen, which has higher water absorption capacity results from the largest
interface between amorphous and crystalline regions, was higher than that of 70 °C-24 h
specimen.

D values of TCP/PLLA composite specimens decreased with increasing TCP contents.
The results suggested that TCP has lower D value than PLLA. In order to compare closely D
value of PLLA to TCP/PLLA composite specimens, we will need to use the saturated water
absorption of TCP/PLLA composite specimens as M∞.

3.3. Molecular weight of PLLA and TCP/PLLA composite specimens

Figure 3 shows weight average molecular weight (Mw) of PLLA and TCP/PLLA composite
specimens. For the PLLA specimens, Mw of non-annealing, 70 °C-24 h, and 130 °C-24 h spec-

Table 2. D values calculated from experimental results.

Non-Annealing 6.8� 10�12

70 °C-24 h 8.3� 10�12

130 °C-24 h 2.3� 10�12

5wt.% 4.0� 10�12

10wt.% 2.9� 10�12

15wt.% 1.3� 10�12

6 S. Yamaji and S. Kobayashi
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imens before immersion were approximately 173,000, 156,000, and 148,000, respectively
(Figure 3(a)). After 24weeks immersion, Mw of non-annealing, 70 °C-24 h, and 130 °C-24 h
specimens decreased to approximately 144,000, 112,000, and 97,000, respectively. Mw

decreasing became faster as the Xc was higher, when compared at the same immersion time.
These results denoted higher hydrolysis rate at the amorphous region between crystalline
regions, which has higher density hydrophilic end group increased with increasing Xc.[16,17]

In the TCP/PLLA composite specimens, these Mw before immersion denoted approxi-
mately the same values as each other. The Mw were approximately 151,000–156,000 (Figure 3
(b)). After 24weeks immersion, Mw of 5, 10, and 15wt.% specimens decreased to
approximately 118,000, 104,000, and 91,000, respectively. And Mw decreasing became faster
as the TCP content was higher, when compared at the same immersion time.

This result might be attributed to the increasing matrix–filler interface, which promoted
hydrolysis by enhancing water diffusion with increasing TCP content.

3.4. Results of compressive tests

Figure 4 shows the Young’s modulus and compressive strength for PLLA and TCP/PLLA
composite specimens over a range of strain rates.

Figure 3. Relationship between weight average molecular weight and immersion time.

Figure 4. The results of compressive tests with strain rate.
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For PLLA specimens, Young’s modulus of non-annealing and 70 °C-24 h denoted
approximately the same values as each other. And Young’s modulus of 130 °C-24 was higher
than those of other PLLA specimens.

For TCP/PLLA composite specimens, Young’s modulus of 5wt.% specimen denoted
approximately the same values as that of non-annealing. On the other hand, Young’s modulus
of 10 and 15wt.% specimens increased with increasing TCP content. In all specimens, no
dependency on strain rates was observed for Young’s modulus up to a strain rate of 0.3/s
(Figure 4(a)). On the other hand, in the previous study, tensile Young’s modulus increased
with increasing strain rate.[14] Difference in strain rate dependence has been shown between
tension and compression.

For compressive strength, non-annealing and 70 °C-24 h denoted approximately the same
values as each other and that of 130 °C-24 h was higher than other specimens. For TCP/PLLA
composite specimens, compressive strength of TCP/PLLA composite specimens denoted
approximately the same values as each other. In terms of strain rate dependency, compressive
strength of the all specimens other than non-annealing increased with increasing strain rate up
to 0.3/s. For non-annealing specimens, compressive strength increased with increasing strain
rate up to 0.09/s, and decreased at strain rate of 0.3/s. At strain rate of 0.3/s, brittle fracture
behavior were observed with some of non-annealing specimens. As a result, compressive
strength of non-annealing specimens decreased.

As observed above, less dependency on strain rates was observed for Young’s modulus of
PLLA and TCP/PLLA composite specimens up to strain rate of 0.3/s before immersion. On
the other hand, compressive strength of specimens increased with increasing strain rate. And

Figure 5. Relationship between Young’s modulus and immersion time.
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decrease in compressive strength of non-annealing caused by brittle fracture behavior was
observed at strain rate 0.3/s.

3.5. Results of In vitro hydrolysis

Figure 5 shows relationships between Young’s modulus and immersion time. For all
specimens, Young’s modulus denoted approximately the same values as each immersion time.
And no strain rate dependency was observed for Young’s modulus up to a strain rate 0.3/s.
On the other hand, in the previous study, decrease in tensile Young’s modulus caused by the
damages such as the interface debonding between TCP and PLLA and/or hydrolysis of PLLA
near the TCP/PLLA interface was observed.[14] From these results, it is suggested that loss
of the load-carrying capacity of TCP particles result from hydrolysis does not occur under the
compressive stress.

Figure 6 shows relationships between compressive strength and immersion time. In all
specimens, compressive strength increased with increasing immersion time up to 16weeks. It
is supposed that cause of the increase in strength is the plasticization of PLLA result from
water absorption. And then in 24weeks immersion, compressive strength of non-annealing,
10 and 15wt.% decreased. As a result, compressive strength of TCP/PLLA composite
specimens decreased with increasing TCP content in 24weeks immersion.

Figure 6. Relationship between compressive strength and immersion time.
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From the results of molecular weight measurement, Mw decreased with increasing immer-
sion time, and the lowest Mw observed at 24weeks immersion was approximately 91,000. On
the other hand, Migliaresi et al. reported that PLLA which had the initial Mw of 177,000
maintained its bending strength at constant value after 327 days immersion, where its Mw

decreased to 32,000.[1] Considering their results, it seemed that the reason of decreasing
compressive strength is not due to decreasing Mw but degradation of matrix-filler interface
strength.

As observed above, fewer changes were observed for Young’s modulus of PLLA and
TCP/PLLA composite specimens up to a strain rate of 0.3/s and 24weeks immersion. Mean-
while, compressive strength of non-annealing and TCP/PLLA composite specimens decreased
at strain rate 0.3/s and 16–24weeks immersion, where brittle fracture behavior were observed
(Figure 7). This is due to the embrittlement caused by strain rate dependency of amorphous
PLLA and hydrolysis of amorphous PLLA. Therefore, it is supposed that compressive
strength of TCP/PLLA composite which has higher Xc value than 70 °C-24 h increased with
increasing strain rate up to 0.3/s. And it is considered that fracture morphology of TCP/PLLA
composite became more brittle as the TCP contents increased because of stress concentration
in TCP particle.

4. Conclusions

Biodegradable PLLA and TCP/PLLA composites specimens were prepared by injection
molding, and compressive tests were performed up to a strain rate of 0.3/s. Strain rate
dependency of PLLA and TCP/PLLA composites specimens immersed in the simulated body
environment on mechanical properties were evaluated experimentally. As a result, we
obtained the conclusions as follows:

(1) Amorphous region of PLLA has higher water absorption capacity and diffusion
coefficient D than crystalline region. And existence of interface between amorphous
and crystalline regions which has higher D value than that of amorphous and crystal-
line regions was suggested. Whereas it is supposed that TCP has the highest water
absorption capacity but lower diffusion coefficient D.

(2) In all specimens before immersion, no dependency of strain rates on compressive
Young’s modulus up to strain rate 0.3/s was observed. Compressive strength of all
specimens increased with increasing strain rate. For only non-annealing specimens,
decrease in compressive strength caused by brittle fracture behavior was observed at

Figure 7. Specimens of PLLA and TCP/PLLA composites after compressive tests.

10 S. Yamaji and S. Kobayashi

D
ow

nl
oa

de
d 

by
 [

R
en

m
in

 U
ni

ve
rs

ity
 o

f 
C

hi
na

] 
at

 1
1:

34
 1

3 
O

ct
ob

er
 2

01
3 



strain rate 0.3/s. It denoted that compressive strength decreased at certain level of
strain rate.

(3) In the results of in vitro hydrolysis, weight average molecular weight decreased with
increasing immersion time. And the Mw decreasing became faster as the Xc and TCP
content became higher, when compared at the same immersion time. In all specimens,
compressive Young’s modulus denoted approximately the same values at each
immersion time. Compressive strength of non-annealing and TCP/PLLA composite
specimens decreased at a strain rate 0.3/s and 16–24weeks immersion, where they
denoted brittle fracture behavior resulting from the effect of strain rate and hydrolysis.

References
[1] Tsuji H, Ikada Y. Properties and morphologies of poly(L-lactide):1. Annealing condition effects on

properties and morphologies of poly(L-lactide). Polymer 1995;36:2709–2716.
[2] Migliaresi C, Fambri L, Cohn D. A study of the in vitro degradation of poly (lactic acid). J.

Biomater. Sci. Polymer Edn. 1994;5:591–606.
[3] Pistner H, Stallforth H, Gutwald R, Mühling J, Reuther J, Michel C. Poly (L-lactide): a long-term

degradation study in vivo Part II. Physico-mechanical behavior of implants. Biomaterials
1994;15:439–450.

[4] Pistner H, Bendix DR, Mühling J, Reuther JF. Poly (L-lactide): a long-term degradation study
in vivo Part III. Analytical characterization. Biomaterials 1993;14:291–298.

[5] Duek EAR, Zavaglia CAC, Belangero WD. In vitro study of poly (lactic acid) pin degradation.
Polymer 1999;40:6465–6473.

[6] Verheyen CCPM, De Wijn JR, van Blitterswijk CA, de Groot K. Evaluation of hydroxylapatite/
poly (L-lactide) composites: mechanical behavior. J. Biomed. Mater. Res. 1992;26:1277–1290.

[7] Shikinami Y, Okuno M. Bioresorbable devices made of forged composites oh hydroxyapatite (HA)
particles and poly-L-lactide (PLLA)Part I. Basic characteristics. Biomaterials 1999;20:859–877.

[8] Shikinami Y, Okuno M. Bioresorbable devices made of forged composites oh hydroxyapatite (HA)
particles and poly-L-lactide (PLLA)Part II. practical properties of miniscrews and miniplates.
Biomaterials 2001;22:3197–3211.

[9] Kikuchi M, Suestugu Y, Tanaka J, Akao M. Preparation and mechanical properties of calcium
phosphate/copoly-L-lactide composites. J. Mater. Sci. Mater. Medicine. 1997;8:361–364.

[10] Ignatius AA, Augat P, Claes LE. Degradation behavior of composites pins made of tricalcium
phosphate and poly (L, DL-lactide). J. Biomater. Sci. Polymer Edn. 2001;12:185–194.

[11] Al Nazer R, Rantalainen T, Heinonen A, Sievanen H, Mikkola A. Flexible multibody simulation
approach in the analysis of tibial strain during walking. J. Biomech. 2008;41:1036–1043.

[12] Chen W, Lu F, Cheng M. Tension and compression tests of two polymers under quasi-static and
dynamic loading. Polym. Test. 2002;21:113–121.

[13] Park SD, Todo M, Arakawa K, Koganemaru M. Effect of crystallinity and loading-rate on mode I
fracture behavior of poly(lactic acid). Polymer 2006;47:1357–1363.

[14] Kobayashi S, Yamadi S. Strain rate dependency of mechanical properties of TCP/PLLA composites
after immersion in simulated body environments. Compos. Sci. Technol. 2010;70:1820–1825.

[15] Tsuji H, Daimon H, Fujie K. A new strategy for recycling and preparation of poly (L-lactic acid):
hydrolysis in the melt. Biomacromolecules 2003;4:835–840.

[16] Tsuji H, Ikada Y. Properties and morphology of poly (L-lactide). 4. Effects of structural parameters
on long-term hydrolysis of poly (L-lactide) in phosphate-buffered solution. Polym. Degrad. Stab.
2000;67:179–189.

[17] Tsuji H, Mizuno A, Ikada Y. Properties and morphology of Poly(L-lactide). III. Effects of initial
crystallinity on long-term in vitro hydrolysis of high molecular weight poly(L-lactide) film in
phosphate-buffered solution. J. Appl. Polym. Sci. 2000;77:1452–1464.

Advanced Composite Materials 11

D
ow

nl
oa

de
d 

by
 [

R
en

m
in

 U
ni

ve
rs

ity
 o

f 
C

hi
na

] 
at

 1
1:

34
 1

3 
O

ct
ob

er
 2

01
3 




