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ABSTRACT: Nanocomposites of poly(�-caprolactone)
(PCL) with hydroxyapatite nanocrystals (HAP) prepared
through the solvent-cast technique were characterized by
means of transmission electron microscopy (TEM), differen-
tial scanning calorimetry (DSC), scanning electron micros-
copy (SEM), and tensile tests. Such composites are of great
importance to make bone-like substitutes as HAP nanocrys-
tals have similar composition, morphology, and crystal
structure as natural apatite crystals. The TEM micrograph
reveals the nanocrystals dispersed homogeneously in the
matrix at a microscale level. The solvent-cast samples com-
monly show much higher melting points and crystallinity
than the melt-quenched samples, due to a lower undercool-
ing as well as more sufficient time to crystallize. For both
cases of samples, the melting point decreases slightly with

HAP content while the level of crystallinity attained by the
PCL component is not hindered by the nanocrystals. Both
the glass transition temperatures and the nonisothermal
crystallization temperatures are composition dependent.
The tensile modulus increases with increasing HAP content
while the yield stress is almost invariant with composition.
Theoretical prediction of the modulus based on Halpin–Tsai
equations shows excellent agreement with the experimental
result. By analysis of the variation in fracture stress and
strain with composition, a ductile-to-quasi-brittle transition
is revealed to be operative for the nanocomposites, as also
can be seen by SEM. © 2002 Wiley Periodicals, Inc. J Appl Polym
Sci 86: 676–683, 2002
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INTRODUCTION

The formation of inorganic–organic composites may
produce materials that possess improved, comprehen-
sive properties relative to individual components. Hy-
droxyapatite (HAP) has been used as a bone implant
material in either sintered block or granular forms due
to its excellent osteoconductivity as well as compati-
bility.1,2 However, these application forms have some
limitations regarding their mechanical and degrada-
tion properties. Sintered pure HAP could not degrade
and thus may exist as foreign matter in the human
body. Further, the high failure rate for pure HAP
ceramics also impedes its clinical use. Thus in recent
years, many studies on HAP focus on its composites
with organic polymers especially those possessing
biodegradability.3–10 The polymeric parts are metabo-
lized and excreted, and the ceramic constituents are
assimilated in the body. The brittleness of HAP ceram-
ics is also improved by mixing with tough organic
polymers. Nevertheless, in these composites HAP
commonly takes the form of polygonal sintered coarse
particles, which has little similarity to natural bone

apatite with regard to both particle morphology and
size.

Recently a few reports have been presented con-
cerning synthesis of HAP nanocrystals through the
hydrothermal method.11,12 In mature bone HAP
nanocrystals are all irregular-shaped thin plates of
carbonate apatite with average lengths and widths of
50 � 25 nm and thicknesses of 2–3 nm.13–15

Compared with sintered HAP particles, the hydro-
thermally formed needle-like nanocrystals have much
more similarity in both morphology and crystal struc-
ture to those of natural apatite. Thus from the view of
biomemetics, the nanocomposites containing HAP
nanocrystals may achieve better osteoconductivity
than those with sintered particles.16–18 In addition to
this physiological concern, making such nanocompos-
ites also has mechanical consideration. Due to the
submicron size and consequently huge specific surface
area for HAP nanocrystals, the nanocomposites are
expected to possess improved mechanical properties
as compared with the pure polymer.

Liu has reported mechanical and physicochemical
characteristics of nano-HAP/Polyactive 70:30 com-
posites produced by the coprecipitation method.19 The
existence of HAP nanocrystals showed a strong ability
to promote the calcification of the composites com-
pared with the pure polymer. However, the initial
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mechanical strength for the composites is decreased
by the nanocrystals, possibly due to their agglomera-
tion. Previously, we have also successfully prepared
poly(d,l-lactide) (PLA)/HAP nanocomposites through
the solvent-cast technique.20 The transmission electron
microscopy (TEM) micrograph showed that HAP
nanocrystals formed homogeneous dispersion in the
PLA matrix at a microscopic level. This good disper-
sion for the nanocrystals resulted in the preservation
of initial strength for the nanocomposites. Addition-
ally, our ongoing degradation tests further demon-
strate that in the buffer medium, the PLA/HAP nano-
composite films still preserve roughness and strength
at the degradation stage of 4 months, which is in sharp
contrast to the total lost of strength for pure PLA film.
Such improvement in mechanical strength after deg-
radation for a certain time may be ascribed to the
calcification process of the nanocomposites.

Poly (�-caprolactone) (PCL) is a biocompatible and
biodegradable aliphatic polyester well known for a
valuable set of properties such as nontoxicity for liv-
ing organisms, resorption after an appropriate period
of implantation time, and good ultimate mechanical
properties.21 Similar to PLA, PCL releases nontoxic
by-products upon hydrolytic in vivo degradation.22 A
combination of PCL with HAP nanocrystals may pro-
duce flexible, rough bone implant materials in contrast
to the rigidity of PLA/HAP nanocomposites. In this
article, our research mainly focuses on thermal and
mechanical properties of PCL/HAP nanocomposites.

EXPERIMENTAL

Preparation of HAP nanocrystals

HAP nanocrystals were synthesized by a hydrother-
mal method described elsewhere.12,13 A (NH4)2HPO4
aqueous solution of 200 mL (11.4 wt %) was slowly
dropped into a stirred 400 mL Ca(NO3)2 aqueous so-
lution (16.8 wt %). The pH for both solutions was
10–12, adjusted with ammonium hydroxide solution,
and the reaction was carried out at room temperature.
The resultant precipitates were put into an autoclave
in a solid–solution ratio of 2 wt % and hydrothermally
treated at 140°C and 0.3 MPa for 5 h, followed by
centrifugal washing with deionized water. The hydro-
thermal slurry was finally dried and a white powder
was obtained.

Synthesis of high molecular PCL

PCL was synthesized in bulk using 2-methylphenyl
samarium as the initiator.23 To describe the procedure
briefly: �-CL/initiator (1200/L) were added to a flask
previously flamed, purged with nitrogen, and kept at
170°C for 30 min. The resulting polymer was then
dissolved in CHCL3, and recovered by precipitation in

excess diethyl ether. The purified product was dried
under vacuum at 40°C for 48 h. The Mw of the result-
ing polymer was 18.3 � 104 determined by intrinsic
viscosity measurement using the relation [�] � 9.94
� 10�5Mw

0.82 in benzene at 30°C.

Dispersion of HAP nanocrystals in
dimethylformamide (DMF)

Approximately 2 g of HAP nanocrystals was dis-
persed in 200 mL DMF using ultrasonics for 30 min.
The dispersion was then filtered for removal of large
aggregates and a blue sol filtrate was obtained. The
accurate concentration of the sol was determined by
precipitation of 10 mL of the sol into an excess of ethyl
ether, followed by weighing the precipitate.

Preparation of PCL/HAP nanocomposites

PCL/HAP nanocomposites were prepared through a
solvent-cast technique. Preweighed PCL was added
into a flat-bottom flask that contained the HAP sol.
The flask was sealed off and stirred at room temper-
ature until PCL totally dissolved into the sol. The
resulting mixture was poured into an aluminum mold
and then heated to 140°C for 1 h in a thermostat oven
for removal of the solvent. The nanocomposite film
was furthered dried under vacuum at 80°C for 12 h.

Transmission electron microscopy

TEM was used to evaluate the dispersion of HAP
nanocrystals in the PCL polymer matrix. The micro-
scopic investigation was performed on a JEOL JEM-
100CX TEM operating at 100 kV. The nanocomposite
block was obtained from several pieces of composite
films that were overlapped, and then treated under
pressure at 140°C to melt into a thick pellet. The pellet
was cut to form a triangular block face (approximately
1 �0.5 mm) for microtoming. An ultrathin section was
microtomed from this face, at room temperature, us-
ing an ultramicrotome. A water-filled boat was at-
tached to the knife, so that after cutting, the ultrathin
section could be floated onto water. The section was
collected on a gold TEM grid and observed after dry-
ing in air.

Differential scanning calorimetry (DSC)

DSC analysis was performed to study thermal prop-
erties of the nanocomposites. The films obtained by
casting were heated from �100 to 100°C. The melting
temperatures (Tm) and apparent enthalpies of fusion
(�Hf) were determined from DSC endothermic peaks.
After being kept for 1 min at 100°C, the samples were
cooled to �100°C and the crystallization exotherms
were registered. From these cooling curves it was
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possible to derive the nonisothermal crystallization
temperatures (Tc). Unless otherwise indicated, a scan
rate of 10°C min�1 was used throughout.

In order to detect the glass transition temperatures
(Tg), additional DSC measurements were performed
on melt-quenched samples. The melt-quenched sam-
ples were prepared by heating the solvent-cast nano-
composites to 100°C, held there for a min, and rapidly
quenched to �100°C at a nominal rate of 40°C min�1.
The samples were then heated to 100°C at a rate of
10°C min�1. The glass transition temperatures (Tg)
were determined and the melting temperatures (Tm)
and apparent enthalpies of fusion (�Hf) for melt-
quenched samples were also recorded.

A DuPont 2100 was used throughout for all mea-
surements under a nitrogen atmosphere.

Tensile tests

The stress–strain curves of solution-cast films were
obtained at 15 °C on an Instron 4302 machine. The
films were 0.1 mm thick and tested at a stretching
speed of 50 mm/min. At least five specimens were
measured and the mechanical tensile data were deter-
mined from the curves on the arithmetic average of
three effectively broken specimens.

Scanning electron microscopy (SEM)

SEM was performed with an AMRAY 1000B equip-
ment operated at 18 kV to examine the fracture sur-
faces of the nanocomposite films. The neck region for
the broken specimens fractured in liquid nitrogen par-
allel to the draw direction in order to reveal the inter-
nal morphology. Prior to observation, the fracture sur-
faces were coated with a thin layer of gold by means of
a polaron sputtering apparatus.

RESULTS AND DISCUSSION

Preparation of PCL/HAP nanocomposites

HAP nanocrystals were prepared through precipita-
tion reaction followed by hydrothermal treatment of
the resultant slurry, as described in the experimental
part. The hydrothermally formed nanocrystals are
rod-like particles with the length between 40 and 80
nm, and width between 20 and 40 nm. The Ca/P ratio
and the surface area of these nanocrystals were deter-
mined as 1.61 by an atomic absorption spectrometer
for calcium combined with an ultraviolet spectropho-
tometer for phosphorus, and 80 m2/g by the
Brunauer–Emmett–Teller (BET) method, respectively.
Compared with sintered HAP particles, the hydro-
thermally formed nanocrystals have much more sim-
ilarity in morphology, crystal structure, composition,
and crystallinity as those of natural apatite.

However, application of HAP nanocrystals has been
impeded for making organic–inorganic nanocompos-
ites due to their easy agglomeration when separated
from the aqueous medium. Liu has previously re-
ported preparation of nano-HAP/Polyactive 70:30
composites by coprecipitation of the suspension mix-
ture of the polymer chloroform solution with sus-
pended HAP nancorystals.19 The decreased mechani-
cal strength with HAP content implied a certain ag-
glomeration of the nanocrystals in the matrix. Our
recent study shows that HAP nanocrystals may form
nanoscale dispersion in the DMF solvent. The result-
ant gel is a blue, stable suspension that could be
preserved for several days with only slight precipita-
tion. This feature offers possibility to prepare real
polymer/HAP nanocomposites through the solvent-
cast technique.

The details for preparation of PCL/HAP nanocom-
posites are shown in the experimental part. The accu-
rate concentration of the sol containing HAP particles
was determined as 100 mg/15 mL by precipitating it
into an excess of ethyl ether, followed by weighing the
precipitate. The content of HAP in the nanocomposite
could be easily adjusted by varying the feed ratio for
PCL weight/HAP-sol volume. Sample preparation
and designations for PCL/HAP nanocomposites are
listed in Table I.

Figure 1 shows the dispersion of HAP nanocrystals
in the PCL polymer matrix. It is shown that homoge-
neous distribution of the nanocrystals at a microscopic
level is observed in the matrix. So far this dispersion
level is the best working result for polymer/HAP
composites.

Thermal properties of PCL/HAP nanocomposites

Schemes of thermal analysis described before were
conducted to study the thermal properties of PCL/
HAP nanocomposites. The melting temperature of
PCL is greatly decided by both the HAP content in the
nanocomposite as well as the sample’s thermal his-
tory. Figure 2 shows the variations of melting temper-
ature as a function of HAP content for both solvent-
cast and melt-quenched samples. A slight decrease in

TABLE I
Sample Preparation and Designations

for PCL/HAP Nanocomposites

Sample code
PCL
(g)

HAP sol
(mL)

HAP content
(wt %)

PCL/HAP (0) 1.00 0 0
PCL/HAP (7.4%) 1.00 12.0 7.4
PCL/HAP (13.8%) 1.00 24.0 13.8
PCL/HAP (19.4%) 1.00 36.0 19.4
PCL/HAP (24.2%) 1.00 48.0 24.2
PCL/HAP (28.6%) 1.00 60.0 28.6
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melting point with composition is observed for the
solvent-cast samples. Generally, a sample with a
higher melting point means the produced crystals are
more perfect—namely, much thicker or having higher
degree of order. Thus the above result indicates that
under the present preparation conditions, the pres-
ence of HAP nanocrystals may decrease the degree in
perfection of PCL crystals in the solvent-cast samples.
This influence may be ascribed to additional energy
requirement for expulsion of HAP nanocrystals from
surfaces of PCL as-formed crystals, and then imped-
ing their thickening. Also due to the same reason, a
similar decrease in melting point with composition
has also been observed in the case of melt-quenched
samples.

Compared with the effect of the nanocrystals, ther-
mal history affects much more on melting point. From
Figure 2, the solvent-cast samples commonly show
much higher melting points than the melt-quenched
samples. For the solvent-cast samples, they were
slowly cooled in a vacuum oven from the temperature

of 80°C to room temperature (roughly at a rate of
0.2°C min�1), which is in sharp contrast to a rapid
cooling rate (40°C min�1) for melt-quenched samples.
This quenching effect results in a larger undercooling
for the crystallization of the melt-quenched samples,
thus producing their much lower melting points than
the solvent-cast samples.

From Figure 2, it has also been observed that the
melt-quenched samples show a more slight decrease
in melting point with composition relative to the sol-
vent-cast samples. This is also due to the quenching
effect that partially offsets the effect of HAP nanocrys-
tals on melting points of the nanocomposites.

The crystallinity, Xc, of the PCL component in the
nanocomposite is obtained according to the following
relation:

Xc � �Hf/�w � �Hf,100%� (1)

where �Hf,100% and �Hf indicate the heats of fusion for
a 100% crystalline PCL and the nanocomposite, re-
spectively, w is the weight fraction of PCL in the
nanocomposite, the value of �Hf,100% is taken as 142 J
g�1 for calculation.24 The variations of crystallinity
with composition for both solvent-cast and melt-
quenched samples are illustrated in Figure 3. Quite
remarkable is that the quenching process for melt-
quenched samples could effectively decreased the
crystallinity of the PCL component, as compared with
those for solvent-cast samples. Further, it is also seen
that both types of samples show a constant level of
crystallinity for all the compositions investigated. This
indicates that for both cases of samples, the difference
in crystallization kinetics resulting from different HAP
content is insufficient to induce a change in crystallin-
ity of the PCL component.

Figure 1 Dispersion of HAP nanocrystals in the PCL/HAP
(28.6%) nanocomposite.

Figure 2 Variations of melting temperature of PCL (Tm) as
a function of HAP content: solvent-cast samples (Œ); melt-
quenched samples (�).

Figure 3 Variations of crystallinity of PCL (Xc) as a func-
tion of HAP content: solvent-cast samples (Œ); melt-crystal-
lized samples (�).
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The solvent-cast samples show no sign of glass tran-
sitions on their DSC heating curves. This is despite the
fact that the amorphous part roughly proportions 50%
of the PCL component. It is thus deduced that the
phase separation for amorphous and crystalline parts
of the PCL component must occur on a very small
scale. In order to examine the influence of HAP con-
tent on glass transition temperature of the PCL com-
ponent, DSC heating experiments were performed on
melt-quenched samples and the results are shown in
Figure 4. As a rule, the Tg value of PCL would increase
with increasing HAP content. Actually, Tg is observed
to increase from �65.29°C for pure PCL to 60.33°C for
the nanocomposite containing 28.6 wt %.

Nonisothermal crystallization for the nanocompos-
ites was studied by cooling the melt samples from 100
to �100°C at a rate of 10°C min�1. The variation of
nonisothermal crystallization temperature with HAP
content is illustrated in Figure 5. It is seen that the
nanocomposites all show higher Tc values than the
pure polymer. This is a reflection of the effect of HAP
nanocrystals on crystallization kinetics of the PCL

component. Commonly, the kinetic for nonisothermal
crystallization is governed by two factors—namely,
the nucleation as well as the growth rates. Whereas the
presence of HAP crystals may decrease the growth
rate, their existence could also accelerate the nucle-
ation of the PCL segments. Thus if the latter effect
prevails over the former, the total crystallization rate
for the nanocomposites is increased. Such is actually
shown by a shift of Tc to higher temperature when
compared with that for pure PCL.

Mechanical properties of PCL/HAP
nanocomposites

Figure 6 shows the schematic stress–strain curve for
the nanocomposites. The specific character of an actual
curve is intimately linked with the HAP content in the
nanocomposites. In the case of pure PCL, the stress–
strain curve is typical of ductile, semicrystalline poly-
mers. That is, the sample initially proceeds with elastic
deformation and after reaching the yield point, the
stress drops to a constant value and maintains this
level until the strain reaches about 800%. Beyond this
point, with further increased strain, the stress rapidly
increases until attaining to the fracture strain of
1420%. Similar curves have also been observed for the
nanocomposites with HAP content below 24.2 wt %.
All samples undergo the final strain-hardening period
despite the fracture stress and strain varied with com-
position. However for the PCL/HAP (28.6%) nano-
composite that contains the highest HAP content, the
sample breaks after its yield but prior to the strain-
hardening period.

Figure 7 shows the dependence of tensile modulus
on HAP content for the nanocomposites. The presence
of the filled nanocrystals substantially increases the
tensile modulus relative to the pure polymer. For the
nanocomposite containing 28.6 wt % HAP, the mod-
ulus even reaches to 501.8 MPa as compared to 294
MPa for pure PCL. The increase in modulus with filler

Figure 4 Variation of glass transition temperature of PCL
(Tg) as a function of HAP content.

Figure 5 Variation of nonisothermal crystallization tem-
perature of PCL (Tc) as a function of HAP content.

Figure 6 Schematic stress–strain curve for the nanocom-
posites.
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content could be theoretically predicted by assuming
the nanocomposite as a short fiber-filled system. For a
composite containing unidirectional arrayed fibers,
the effect of filler on moduli could be described using
Halpin–Tsai equations25:

EL �
1 � KLVf

1 � 2�lf/df�KLVf
Em (2)

ET �
1 � 2KTVf

1 � KTVf
Em (3)

with

KL �
�Ef/Em� � 1

�Ef/Em� � 2�lf/df�
(4)

KT �
�Ef/Em� � 1
�Ef/Em� � 2 (5)

where EL and ET are the composite moduli in the
longitudinal and transverse direction of the fibers ori-
entation, respectively; Em and Ef are the matrix and the
filler moduli, respectively; Vf is the volume fraction of
the filler; lf is the average length of the filler; df is the
average thickness of the filler. However, for the cases
of PCL/HAP nanocomposites, the spatial orientation
of the nanocrystals is not a one-dimensional alignment
but a random array in three dimensions. For such a
composite, the modulus could be estimated from be-
low experimental equation on the basis of eqs. (1) and
(2)26:

Er �
3
8EL �

5
8ET (6)

The solid line in Figure 7 is the prediction of the
modulus obtained from eq. (6). For our calculations,

the moduli of the PCL matrix (Em) and the HAP
nanocrystals (Ef) are taken as 114.0 and 0.294 GPa,
respectively27; the value of lf/df for the nanocrystals is
taken as 3; the densities for the PCL and HAP com-
ponents are taken as 1.146 and 3.219 g cm3, respec-
tively.28,29 It is seen that the experimental values fall
on the solid line, indicating the good agreement be-
tween prediction and experiment.

Figure 8 illustrates the dependence of yield stress
and fracture stress on HAP content, respectively. It is
observed that the yield stress for the nanocomposites
varies little with HAP content. In a first approxima-
tion, the yield stress is almost unaffected by HAP
content. This result is simply a reflection of the fact
that good adhesion between the matrix and the filler is
maintained for the nanocomposites prior to their oc-
currence of yield. That the yield stress has been de-
creased by the nanocrystals also indicates their good
dispersion in the polymer matrix. Actually, if the
nanocrystals are not well dispersed in the matrix but
agglomerate heavily, the internal crack of the aggre-
gate particles would make them no longer bear load,
thus resulting in a decreased stress for the nanocom-
posites. The preservation of yield stress with HAP
content shows no clear sign of reinforcing effect of the
nanocrystals on the polymer matrix. Kelly and Tyson
have suggested a plastic stress transfer model to pre-
dict the values of stress for short-fiber reinforced sys-
tems.30 According to their theory, above result could
be ascribed to two factors—namely, as lower matrix-
fiber interfacial shear stress as well as lower aspect
ratio for the nanocrystals.

From Figure 8, the fracture stress decreases with
HAP content due to the nanocrystals gradually
debonding from the matrix after the neck formation.
This has been evidenced by the appearance of profuse
whitening of the samples accompanying with forma-
tion and propagation of the neck. Thus the load ap-

Figure 8 Dependence of yield stress (Œ) and fracture stress
(�) on HAP content.

Figure 7 Dependence of tensile modulus on HAP content;
the solid line was calculated from eq. (5).
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plied to the samples is only carried by the polymer
itself. According to this model, there is a critical com-
position at which the fracture stress drops to the value
of draw stress. For our cases, the draw stress is
roughly about 11.4 MPa and the critical composition is
between 24.2 and 28.6 wt %. Below this composition,
the fracture stress linearly decreases with increasing
HAP content.

The dependence of fracture strain with HAP content
is shown in Figure 9. Below the critical composition,
the samples undergo the strain-hardening period and
the PCL polymer in the samples is regarded as attain-
ing its maximum strain (fracture strain) prior to their
fracture. Thus the fracture strain for the nanocompos-
ites only decreases slightly with composition, as
shown in Figure 9. However, when the composition
surpasses the critical value, the draw stress exceeds
the strength of the strain-hardening PCL ligaments in
the cross section. Then the samples break at the point
where PCL ligaments have not reached the maximum
strain. This leads to a sharp decrease of the fracture
stain for the case of PCL/HAP nanocomposite (28.6 wt
%). This transition of fracture strain for the nanocom-
posites is generally called a ductile-to-quasi-brittle
transition. Figure 10 shows the fracture surfaces of
pure PCL and the PCL/HAP (28.6%) nanocomposite,
respectively. The observed surfaces were acquired by
fracture the neck regions of the broken samples par-
allel to the draw direction in liquid nitrogen. In the
case of pure polymer, it is seen that obvious PCL
ligaments, parallel to each other, are aligned along the
draw direction due to adequate deformation. This is in
sharp contrast to relatively smooth surface for the
PCL/HAP (28.6%) nanocomposite, which indicates a
quasi-brittle fracture mode of the sample.

SUMMARY AND CONCLUSIONS

In this article nanocomposites of PCL/HAP were pre-
pared by the solvent-cast technique. Such composites
are of great importance for making bone-like substi-

tutes as HAP nanocrystals have similar composition,
morphology, and crystal structure as those of natural
apatite crystals. The dispersion of HAP nanocrystals
in the polymer matrix is homogeneous at a micro-
scopic level, as revealed by TEM.

The thermal properties of PCL/HAP nanocompos-
ites were investigated by DSC for solvent-cast and
melt-quenched samples. The solvent-cast samples
commonly show much higher melting points and
crystallinity than the melt-quenched samples, due to a
lower undercooling as well as more sufficient time to
crystallize. For both cases of samples, the melting
point increases with increasing HAP content while the
level of crystallinity attained by the PCL component is
not hindered by the nanocrystals. The glass transition
temperatures obtained from the melt-quenched sam-
ples show an increase with increasing HAP content.
The nonisothermal crystallization temperatures for
the nanocomposites show higher values than the pure
polymer. This indicates that the presence of HAP
nanocrystals may accelerate the nucleation of the PCL
segments.

The tensile modulus for the nanocomposites in-
creases with increasing HAP content. Theoretical pre-
diction of the modulus has been made by assuming
the nanocomposite as a short fiber-filled system. The

Figure 10 Fracture surfaces of pure PCL (b) and the PCL/
HAP (28.6 wt %) nanocomposite (a).

Figure 9 Dependence of fracture strain on HAP content.
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calculation values based on Halpin–Tsai equations
show excellent agreement with the experimental re-
sults. The yield stress has not been undermined by the
presence of the nanocrystals. This preservation of
strength for the nanocomposites may be due to the
homogeneous dispersion of the nanocrystals in the
PCL matrix. By analysis of the variation in fracture
stress and strain with composition, a ductile-to-quasi-
brittle fracture transition is revealed to be operative
for the nanocomposites. Such a transition occurs be-
tween the composition of 24.2 and 28.6 wt %, and is
also revealed by SEM.
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