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ABSTRACT: The moisture uptake of polymers and com-
posites has increasing significance where these materials
are specified for invasive, long-term medical applications.
Here we analyze mass gain and the ensuing degradation
mechanisms in phosphate glass fiber reinforced poly-e-cap-
rolactone laminates. Specimens were manufactured using
in situ polymerization of e-caprolactone around a bed of
phosphate glass fibers. The latter were sized with 3-amino-
propyltriethoxysilane to control the rate of modulus degra-
dation. Fiber content was the main variable in the study,

and it was found that the moisture diffusion coefficient
increased significantly with increasing fiber volume frac-
tion. Diffusion, plasticization, and leaching of constituents
appear to be the dominant aspects of the process over
these short-term tests. � 2007 Wiley Periodicals, Inc. J Appl
Polym Sci 107: 3750–3755, 2008
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INTRODUCTION

Implants are used to replace or repair damaged or
dysfunctional tissues or limbs in the body and can be
made from metals or polymeric materials. However,
well-known problems with metallic implants include
stress-shielding1 and occasional allergic response.2 In
addition, electrolytic potentials between metals and
body fluids can cause corrosion of the implant and
tissue necrosis.3 Stress-shielding means that metal
implants carry most of the loading even after the
healing of fractures. The adaptive nature of bone
leads to the formation of defective tissue underneath
the implant. In order to prevent further complica-
tions, secondary surgery is performed to remove the
metal implant. Thus, resorbable materials have
attracted substantial attention because of their capa-
bilities in various applications such as sutures, wound
dressings, bone plates, implants, and joints.4–6 Biologi-
cal resorption without harmful effects and the possi-
bility of implant removal without surgery are two
very significant potential advantages of polymer-
based resorbable implants over metals in this context.

The introduction of resorbable polymers and com-
posites for medical implants involves two significant
challenges: controlling the resorption degradation
period and maintaining a sufficiently high modulus.
Small craniofacial implants, for example, might
require the structural properties to be maintained for
between 6 and 52 weeks. Rinehart et al.7 studied
dissolution of phosphate glass fibers, which have
potential as resorbable reinforcements. They pro-
cessed fibers with and without silane sizing agent in
a phosphate-buffered saline environment. Kweon
et al.8 generated novel degradable poly-e-caprolac-
tone (PCL) networks. They analyzed mass loss of
various PCL networks and commercial polymers
over a 6-week period. PCL is known to persist in
vivo for at least 2 years.9 Prabhakar et al.10 have also
studied the effect of CaO loading in phosphate
glasses on the degradation properties of particulate-
reinforced PCL composites.

The present study forms part of a broader exami-
nation of low-temperature formable composites that
might serve as bone scaffolds in craniofacial surgery.
Initial target application areas include low load-car-
rying areas such as cranial plugs and bone onlays.
Here, textile-reinforced resorbable specimens were
manufactured using PCL matrix and phosphate glass
fibers. Earlier studies by Corden et al. assessed stud-
ied physical properties and biocompatibility,11 while
the degradation and short-term biocompatibility
issues around the phosphate glass fibers were ana-
lyzed by Gough et al.12
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In this paper, water absorption properties of
resorbable, continuous phosphate glass fiber-rein-
forced PCL composites having various volume frac-
tion ratios of fibers were studied. In situ polymer-
ized13 composite specimens were immersed in dis-
tilled water at 378C and water absorption was
monitored for 6 weeks. Moisture uptake (neglecting
hydrolytic degradation) was used to calculate effec-
tive diffusion coefficients using Fick’s second law.

EXPERIMENTAL

Materials

Sodium phosphate, calcium phosphate, and magne-
sium phosphate salts (Sigma Aldrich) were used to
manufacture phosphate glass fibers (P40Na20Ca16
Mg24), whose weight fraction ratio is 43, 37, and
20%, respectively. After mixing and drying, the salts
were melted to produce glass cullet for fiber spin-
ning. Fibers were spun in a continuous operation in
a laboratory scale assembly. The average filament
diameter was 18 lm. Fibers are homogenous and
nonporous. Fiber bundles are sized in a batch process
with 3-aminopropyl triethoxy silane (Sigma-Aldrich)
to control interface properties and the ensuing
hydrolytic degradation process. Aminopropyl trie-
thoxy silane solution (1% v/v) was mixed in aque-
ous ethanol solution. Glass fibers were immersed in
that solution for 15 min. The fibers were then dried
in an oven for 24 h at 1208C.

Specimen fabrication

e-Caprolactone (Acros Organics), calcium hydride
powder (Sigma-Aldrich), and catalysts (BF3 and Sn
(Oct)3) were used in the in situ polymerization
method described earlier.14

The specimens were fabricated at fiber volume
ratios of 0–20% and slit into 25 3 10 3 1 mm3 cou-
pons. All test specimens were conditioned in a desic-
cator for 24 h to remove residual moisture before
testing.

Moisture regain set-up

Moisture regain and degradation studies used an
incubator at 378C and distilled water. The initial dry
mass was first measured before immersing 10 sam-
ples from each group in individual containers. The
solution was changed every 24 h. Specimens were
withdrawn, blot-dried, weighed to a resolution of
0.0001 g and returned to solution.

A slightly different experimental set-up, modified
from that of Rinehart et al.,7 was used to characterize
the PG fibers. Approximately, 89-mg yarn was held
in an aluminium frame and suspended via an

aluminium wire from the underhook of a CP 225D
Sartorius analytical balance. The assembly was
immersed in a beaker filled with 400 mL of distilled
water. The distilled water was degassed under vac-
uum for at least 1 h to avoid air bubble formation
on the frame after immersion. Twenty milliliters of
oil was added to the water after immersing the
fibers to control the evaporative losses. The beaker
was held in a water bath at 378C. The weight loss of
the fibers was monitored continuously by coupling
the balance to a laptop computer.

SEM analysis

Samples were gold-coated and viewed by Jeol SEM
at an accelerating voltage of 15 kV (for PG fibers)
and 20 kV (for composites), to observe the morpho-
logy of samples prior to and after the degradation
study.

Statistical analysis

The statistical software package JMP1 was em-
ployed to interpret the experimental data at the 95%
confidence level. The results were evaluated based
on F ratio and probability of F ratio (prob > F). The
lower the probability of F ratio the more significant
the variable is.

RESULTS AND DISCUSSION

Moisture regain of composite

The moisture regain (R) of composite and fiber was
calculated as a function of time (t) with the basic
relation given as follows:

R ¼ mt �m0

m0
3 100 (1)

where mt is the weight of moist material at a pre-
determined time t and m0 is the initial dry weight of
sample.

In Figure 1, the moisture regain of composites is
plotted against immersion period for different vol-
ume fractions of phosphate glass fibers. The increase
of initial mass caused by immersion of water to
composite is followed by mass loss. Moisture gain
increased with the increase in the fiber volume frac-
tion, and this was confirmed as statistically signifi-
cant at the 95% confidence interval using one-way
analysis of variance, where the probability of F ratio
(prob > F) was 0.0127.

After aging for 162 h, the mass gain slowed for
each of the fiber-reinforced coupons. Five hundred
four hours appeared to represent an inflection point
where the net effect of moisture uptake and ion
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leaching from the fibers became negative. Note that
the unreinforced control specimen remained sensibly
constant for the duration of the 900-h trial. When
time to reach saturation and the maximum moisture
recorded for pure PCL sample in this study is com-
pared with that given by Aitchison et al.,15 the mois-
ture content is smaller (0.38% in this study) while
time to reach maximum moisture content is longer
(Table I). This can be attributed to the specimen size,
which is 2.4 times thicker than the one used in this
study.

Degradation

Clearly, diffusion of water shapes the initial mass
gain process. Since the curves indicate that moisture
uptake by the pure PCL composite is neglible in
contrast with the fiber-reinforced specimens, this
suggests that either the fibers are hydroscopic and/
or that internal voids (including those at the fiber–
matrix interface) act as reservoirs.

Figure 2 shows the surface of the PG fibers before
and after aging in water. The micrographs show
clear evidence of surface degradation in the absence
of a sheath of polymer matrix. This is confirmed by

the mass loss data in Figure 1, which indicate that
the process is aggressive for the first 96 h of immer-
sion. The subsequent mass loss is stabilized beyond
200 h, which may indicate saturation. SEM images
helps to reveal the interaction of PG fiber bundles
and water. There are evident pits and formation of
precipitates on the fiber surface after 6 weeks [Fig.
2(b)].

The hydrolytic degradation of PG fiber composites
relies upon the interaction of water molecules with
the molecular chains of both the polymer and the
phosphate glass. Here, different rates of hydrolysis
will lead to the scission of macromolecular chains,
particularly in the PG fibers. The degradation period
can therefore be summarized in three phases, which
might be more or less coincident depending upon
the solubility of the individual phases:

• Moisture ingress via diffusion, manifested by
mass gain.

• Chemical interaction between water and macro-
molecular chains of degradable polymers.

• Leaching of ions after scission of macromole-
cules, manifested by mass loss.

Figure 1 Moisture regain of phosphate glass fiber PCL
composite for various fiber volume ratios as a function of
time.

TABLE I
Effective Diffusion Coefficients of Polymer and

Composite Specimens

Fiber volume
fraction (%)

Maximum moisture
content (%)

Diffusion coefficient,
D (1028 cm2/s)

aShortera
times

Longer
times

0 0.38 11.4 12.6
10 1.81 14.2 15.5
20 2.42 15.9 17.9
0a 0.62 20.4 –

aAitchison et al.15

Figure 2 Sized phosphate glass fibers: as prepared (a)
and after 6 weeks (b) of water immersion.
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Figure 1 demonstrates clearly the transition from
the initial, diffusion-dominated behavior to a leach-
ing effect, the changeover occurring at � 234 h of
exposure (for Vf 5 20%). It is interesting to consider
that the point at which the net mass change becomes
negative is significantly different for the two differ-
ent fiber ratios. Although it follows that the initial
moisture ingress is dominated by voids, rather than
the saturation of the polymer alone, the void frac-
tion, rather than the fiber fraction, might be the main
determinant of this event.

Degradation data for particulate PG-PCL compos-
ite given by Prabhakar et al.10 are more rapid than
the results given in Figure 1 and may be attributable
to different glass formulations ((Na2O)0.552x(CaO)x
(P2O5)0.45 in Prabhakar et al.) and to the form of the
reinforcements, since both surface area and residual
stress levels will influence dissolution rates. Prabha-
kar et al.10 also point out internal voids and micro-
cracks as a means of accelerating dissolution in the
aqueous environment. Note also that sizing with
3-aminopropyl triethoxy silane coating the fiber sur-
face may also protect the fibers from rapid hydroly-
sis, in addition to its main duty as an adhesion pro-
moter. This contribution of the sizing agent in affect-
ing the dissolution rate of phosphate glass fibers has
also been emphasized by Rinehart et al.7

SEM examination of degrading specimens helps to
elicit further the effects of the wet environment.
After degradation in water for 6 weeks, leaching of
the glass was almost complete with very significant
internal porosity in the remaining polymer visible
in Figure 3(b).

Moisture uptake

Fick’s second law is commonly used to approximate
the moisture uptake for homogenous and isotropic
materials. Here we examine its use to approximate
the behavior of this heterogeneous, orthotropic mate-
rial, noting the representative microstructure and
distribution of phosphate glass fibers in Figure 3(a).

The analytical model is based on the following
assumptions:

• The problem is dominated by transverse diffusion
of the fluid and in-plane diffusion is neglible.

• The specimen is exposed to a uniform boundary
conditions (i.e., the saturation at all surfaces re-
mains uniform, as do all properties of the fluid).

• The specimen has a uniform initial saturation.
• The only mass transfer occurs due to diffusion
in or out of the sample (i.e., the rate of hydro-
lytic degradation is small compared to the rate
of diffusion).

• The specimen has an effective diffusion coeffi-
cient as described later.

According to the assumptions listed earlier, the
water concentration in the z-direction (through the
thickness of the sample) can be generated for a com-
posite lamina by a one-dimensional diffusion equa-
tion based upon Fick’s second law.16

@cðz; tÞ
@t

¼ D
@2cðz; tÞ
@2z

ð0 � z � h; t > 0Þ
c ¼ c0 ð0 < z < h; t � 0Þ
c ¼ cmax ðz ¼ 0; z ¼ h; t > 0Þ

(2)

where c is moisture concentration or saturation, D is
diffusion coefficient of the material in the direction
normal to the surface, h is thickness of specimen, t is
time, z is distance measured from the bottom sur-
face, and subscripts ‘‘0’’ and ‘‘max’’ represent initial
and maximum moisture absorbed states, respectively.

Maximum moisture concentration is used here
rather than assuming that the process runs to a fully
saturated state. This is because (for the case of rela-

Figure 3 Phosphate glass fiber-PCL transverse section at
Vf 5 10%. Ground section, as molded. Following 6 weeks
of exposure to double-distilled water at 378C.
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tively soluble fibers) the moisture content will pro-
mote dissolution and leaching of glass and the usual
equilibrium value may not be attained (as demon-
strated for the fiber loaded specimens in Fig. 3).

The moisture concentration depends on z and t,
and is therefore defined as; c ¼ lim

Dv!0
mass of water

absorbed in volume DV/mass of dry material of volume
DV. Hence, the following solution17 is deduced from
eq. (2).

c� c0
cmax � c0

¼ 1� 4

p

X‘
n¼0

1

ð2nþ 1Þ2 sin
ð2nþ 1Þpz

h

3 exp �p2ð2nþ 1Þ2 Dt

h2

� �
ð3Þ

if this equation is integrated over the plate thickness

m ¼
Z h

0

cdx (4)

and the result of this integration is

G � m�m0

mmax �m0

¼ 1� 8

p2
X‘
n¼1

1

ð2nþ 1Þ2 exp �p2ð2nþ 1Þ2 DLt

h2

� �
ð5Þ

where G is a time-dependent parameter (relative
moisture regain), mmax is the mass of the sample at
maximum moisture concentration and m0 is the dry
weight when t 5 0.

Experimental values fitted to eq. (5) yield the
effective diffusion coefficient (DL) for longer times,
and the moisture uptake curves are presented in Fig-
ure 4 at varying fiber loadings. Note that the unrein-
forced polymer data provide a better fit to eq. (5)
than do the fiber-reinforced samples, and this may
be because, as speculated earlier, this set were
thought to contain significantly greater voidage than
the cast polymer alone.

Diffusion coefficient

Shen and Springer18 discussed an analytical model
of moisture absorption for one-dimensional problem.
The relations were based on Fick’s law. The effective
diffusion constant for short times (DS) was calcu-
lated with the simple equation given as follows.18

DS ¼ p
16

h

Rmax

� �2 dR

d
ffiffi
t

p
� �2

(6)

The initial gradient for all sample groups were deter-
mined from lines of best fit given in Figure 5. The

Figure 4 Normalized weight fraction of the fiber-reinforced composites for Vf 0% (unreinforced PCL polymer) (a), Vf 10%
(b), and Vf 20% (c) composites.
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diffusivity constant for the composites was calcu-
lated using eq. (6).

Table I summarizes the values calculated for the
effective diffusion coefficients at shorter and longer
times. It should be noted that the calculated coeffi-
cients depend strongly on the microstructure of the
specimen, which changes between dry and maxi-
mum concentration because of fiber leaching. The
diffusivity constant for pure PCL composite is
almost half that reported by Aitchison et al.15

CONCLUSIONS

Moisture regain of phosphate glass fiber-PCL matrix
composites was studied in distilled water at 378C for
different volume ratios of fiber. The maximum mois-
ture content increased with the fiber loading. Previ-
ous work suggests that solubility of PCL is signifi-
cantly lower than phosphate glass fibers, and this is
confirmed by the flat signature of the PCL samples.
The fiber-containing specimens leached significant
quantities of glass over the 6-week experiment, and
this contributed to an evolving microstructure and
porosity during the initial, diffusion-dominated pe-
riod. Fitting a one-dimensional form of Fick’s second
law permits the diffusion to be approximated and
the overall diffusion coefficient increased with vol-

ume fraction of fiber, which may be due to internal
voidage in the specimens.
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Figure 5 Percentage moisture regain versus the square root
of immersion time.
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