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Behaviour of photopolymerized silicate glass
fibre-reinforced dimethacrylate composites
subjected to hydrothermal ageing
Part II Hydrolytic stability of mechanical properties
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The flexural properties and failure morphologies of dimethacrylate-copolymer composites
reinforced with either S2-glass or quartz fibres (+33—66 vol%) were examined after
hydrothermal ageing (0—3 mon at 37 °C). Initially the S2-glass composites were generally
stiffer and stronger than comparably reinforced quartz composites, but within 1 wk
the properties of S2-glass composites decreased by 12%—26%. The properties of
quartz composites were relatively stable, except for those of composites with the least
reinforcement (35 vol%), which decreased by roughly 15%. Scanning electron microscopy
revealed that in all composites buckling had occurred at the site of load application.
Evidence of good fibre—matrix adhesion was observed for both types of composites under
all conditions. Modelling of degradation between 1 wk and 3 mon revealed that: (1) the only
temporal change was a slight increase in the stiffness of S2-glass composites; and (2)
higher reinforcement levels reduced the retention of strength in S2-glass composites but
had the opposite effect (on both properties) for quartz composites (p(0.05). For the most
highly reinforced S2-glass composites, susceptibility to degradation was offset by high
initial properties; and after ageing (elastic modulus +50 GPa, strength +1.2 GPa), these
composites were still, on average, approximately 25% stiffer and 50% stronger than the
more hydrostable quartz counterparts.  1998 Kluwer Academic Publishers
1. Introduction
As medical implant materials, metals and their alloys
can pose serious drawbacks, such as the release of
nickel and/or other toxic ions [1, 2] and stress shield-
ing in orthopaedic applications [1—11]. To address
this, efforts have ensued to develop implantable
composites that will not release toxic ions and which
are comparable in stiffness to bone but superior
in strength, i.e. with an elastic modulus, E, of about
18—20GPa and a strength (r)<0.2GPa [3, 5, 6].
Composites are particularly attractive as structural
implants because they can be designed to mimic the
specific anisotropic behaviour of a natural structural
element [7, 12].

Composites considered for implantation typically
consist of a continuous matrix reinforced with a dis-
persed phase of either particles or fibres. Myriad
matrix-reinforcement combinations have been tried,
including ceramic—metal [13], carbon—carbon [3, 5,
14, 15], and bioresorbable matrices and/or fibres
DD Author to whom all correspondence should be addressed. Fax: 919-9
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[1, 16—20], but fibre-reinforced polymers (FRPs) are
most prevalent. While attempts have been made to
reinforce polymers with good implant histories such
as poly(methyl methacrylate) [17, 21—28], polyethy-
lene [5, 29, 30], polyurethane [9], and polypropylene
[31], recent interest has focused upon engineering
thermoplastics such as polycarbonate, poly(ether
ether ketone), and polysulphone [2, 4—11, 18, 31—38].
Carbon fibre is usually selected as the reinforcement.

One type of composite that has been overlooked as
a possible orthopaedic implant material is silicate
glass FRPs. The inherent mechanical properties of
silicate glass fibre are relatively low, and both a high
volume fraction of fibre, »

&
, and reinforcing efficiency,

/, are needed to attain sufficient mechanical pro-
perties. Historically, this has not been achieved in
biocompatible silicate glass FRPs [9, 22, 31—33,
37, 39—42]. Recently, however, silicate glass has been
used to photo-pultrude high-»

&
, high-/, unidirectional

FRPs (UFRPs) [43, 44]. The mechanical properties
66-3683.
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are sufficient for structural orthopaedic implantation,
e.g. an elastic modulus, E, and flexural strength, r, as
high as 60GPa and 1.7GPa, respectively [45], but the
behaviour of the composites in a warm aqueous envi-
ronment was unknown.

Investigations of hydrothermal ageing in implant-
able FRPs have demonstrated effects on mechanical
properties that range from no effect [9, 11, 32], or even
slight increases [39, 41, 46], to significant drops that
can exceed 50% [2, 9, 10, 23, 31, 32, 38]. Plasticization
of the matrix and a loss of interphase bonding are
frequently reported [2, 10, 31, 38]. Flexural properties
are particularly sensitive to the interfaces because they
transfer internal loads via shearing stresses. Fibre sur-
faces are often treated with sizing agents to enhance
chemical coupling with the matrix. The susceptibility
of these couples to hydrothermal attack varies from
system to system and is frequently a dominant factor
in mechanical degradation due to hydrothermal ageing.

In this study photo-pultruded UFRPs, made with
either S2-glass fibres or quartz (fused silica) fibres,
were examined in flexure to determine the effects of
hydrothermal ageing on E and r. The failure morpho-
logy was examined via scanning electron microscopy
(SEM). Regression analysis was used to show that
ageing time, t, and »

&
affect degradation in the two

types of composites differently. The behaviours are
explained in terms of differing interphase-bonding
characteristics.

2. Materials and methods
2.1. Preparation of composites
Composites were constructed from a thermosetting,
copolymer matrix reinforced with continuous, uni-
directional, silicate-glass fibres (see Table I for mech-
anical properties). The comonomer consisted of 2,2-
bis[4-(2-hydroxy-3-methacryloxypropoxy)phenyl]
propane (bis-GMA, Polysciences, Inc., Warrington,
PA, USA) and triethylene glycol dimethacrylate
(TEGDMA, Aldrich Chemical Co., Inc., Milwaukee,
WI, USA) photo-sensitized with benzoin ethyl ether
(Owens Corning Corp., Toledo, OH, USA; respective
mass ratio 61/39/0.4). Reinforcing filaments (9lm)
were yarns of either S2-glass (Owens Corning Corp.,
Toledo, OH, USA) or quartz (Quartz Products Co.,
Louisville, KY, USA) used in the as-received condi-
tion, i.e. sized by the manufacturers with proprietary
organo-silane binding agents.

Round UFRP composite ‘‘wire’’ (0.5mm) was pro-
duced continuously via photo-pultrusion at a linear
rate of 1.27mms~1. Complete details of the

TABLE I Mechanical properties of composite constituents

Composite Elastic Tensile Reference
constituent modulus, E strength, r

(GPa) (GPa)

S2-glass filaments 86 4.6 [61]
Quartz filaments 78 6.0 [62]
Copolymer 2.4 0.021 [63]
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TABLE II Reinforcement composition of composites studied

Reinforcement Number Fibre volume fraction,
filament type of yarns »

&

S2-glass 5 0.33
7 0.46
8 0.53

10 0.66

Quartz 9 0.35
12 0.47
14 0.54
16 0.62

photo-pultrusion process and equipment were outlined
in Part I of this study [47] and/or elsewhere [43, 44].
Altering the number of silicate glass yarns produced
composites with a range of »

&
levels (Table II).

2.2. Experimental procedure
2.2.1. Hydrothermal ageing
Short specimens (60mm) were submerged in a 37 °C
deionized water bath for periods of up to 3mon. At
times ranging from 2—95d, a battery of specimens
(three to six from each of the four »

&
levels for a par-

ticular composite type), was removed from the bath
for testing.

2.2.2. Mechanical testing
After removal from the water bath, each specimen in
a battery was blotted dry and a central segment
(1.27 cm) marked for identification. Four separate de-
terminations of the diameter ($1.5lm) were col-
lected from within the central segment, at random
radial orientations, using a Sony l-mate' digital mi-
crometer (Sony Magnescale America, Inc., Orange,
CA, USA). Following the completion of these deter-
minations for the entire battery, flexural tests were
conducted in three-point bending with the central
segment of each specimen positioned over a 1.27 cm
span. A complete description of the testing fixture has
been reported previously [48]. An Instron' Universal
Testing Machine (Instron Inc., Canton, MA, USA)
maintained the deflection rate at 0.1 cmmin~1. All
tests were conducted at room temperature (+25 °C)
within 1 h of removal of specimens from the bath.
A battery of unaged specimens was tested to provide
a baseline reference.

Mechanical property values were determined using
classical mechanics, which are presented below for
round cross-sections (d"diameter) [49]. E was cal-
culated via Equation 1 using the span length, ¸, and
a slope, S, that was extrapolated from the linear por-
tion of the load—deflection curve. Equation 2 was used
to calculate r after determining the failure load, P,
which was defined as the first point where a marked
drop in the load was observed.

E "

4¸3S

3pd4
(1)

r "

8P¸

pd3
(2)



2.2.3. SEM analysis
Failure morphology was examined via SEM for ran-
domly selected specimens of both material types, from
both ends of the reinforcement spectrum, and for both
the unaged and aged conditions. Specimens were
mounted on a stud and coated with AuPd for 90 s
using a Polaron' E5100 SEM Coating Unit (Polaron
Equipment Ltd., Waterford, UK). Examination took
place under an accelerating voltage of 10 keV with an
JEOL' JSM-6300 SEM (JEOL USA, Inc., Peabody,
MA, USA). A JEOL' UHR Camera (JEOL USA,
Inc., Peabody, MA, USA) recorded selected images on
Polaroid' 665 film (Polaroid Corp., Cambridge, MA,
USA).

3. Results
3.1. Mechanical properties
3.1.1. Unaged materials
The mean E and r of the unaged S2-glass com-
posites ranged nominally between 20 and 60GPa and
between 1.2 and 1.7 GPa, respectively, over the range
of »

&
levels (Tables III and IV). Values of r were not

obtained for any of the S2-glass composites at the
lowest »

&
, owing to limitations of the testing fixture

and/or deflections well beyond the limits implicit in
Equation 2. For the quartz composites, the ranges of
the means for E and r were about 25—40GPa and
0.7—0.8GPa, respectively (Tables V and VI). The prop-
erties varied linearly (p)0.001) with the »

&
for both

materials (Fig. 1) with the exception of r for quartz,
which was approximately constant.

3.1.2. Aged materials
The effects of hydrothermal ageing on mechanical
properties were different for the two types of com-
posites but similar within each composite type for the
two mechanical properties (Tables III—VI).

Two time regimes were apparent for mechanical
degradation in the S2-glass composites where-
by a marked 12%—26% loss of properties occurred
TABLE III Degradation behaviour of the elastic modulus, E (GPa), in S2-glass composites

Ageing Fibre volume fraction, »
&

time
(d) 0.33 0.46 0.53 0.66

0 20.4$1.8 36.7$1.3 44.7$6.6 58.7$6.3
(5)! (4) (5) (5)

2 18.0$0.7 [!11.9] 34.0$1.9 [!7.3] 48.7$3.8 [#8.8] 56.9$3.5 [!3.0]
(5) (4) (5) (5)

7 16.3$1.3 [!20.1] 30.6$1.4 [!16.5] 35.8$2.1 [!20.0] 51.2$8.7 [!12.7]
(5) (5) (5) (5)

14 17.0$2.0 [!16.8] 31.2$2.2 [!15.0] 38.4$5.2 [!14.0] 48.1$3.4 [!18.0]
(4) (4) (5) (5)

30 17.3$0.9 [!15.3] 29.9$2.2 [!18.6] 40.1$2.1 [!10.3] 45.6$4.0 [!22.3]
(5) (5) (5) (5)

60 17.1$3.2 [!16.2] 31.4$3.7 [!14.4] 39.3$8.1 [!12.2] 49.9$4.4 [!15.0]
(5) (5) (5) (5)

90 18.7$1.4 [!8.1] 32.0$1.4 [!12.8] 41.9$4.6 [!6.3] 57.8$4.2 [!1.5]
(5) (5) (5) (5)

! Data are presented as a mean $ standard deviation with the sample size in parentheses. For aged materials, the per cent deviation of the
mean from the unaged baseline appears in square brackets.

TABLE IV Degradation behaviour of the flexural strength, r (GPa), in S2-glass composites

Ageing Fibre volume fraction, »
&

time
(d) 0.33 0.46 0.53 0.66

0 — 1.24$0.03 1.38$0.18 1.69$0.08
(3)! (5) (4)

2 — — 0.88$0.11 [!28.8] 1.40$0.16 [#1.5] 1.57$0.07 [!7.0]
(4) (5) (5)

7 — — 1.01$0.07 [!18.6] 1.21$0.05 [!12.2] 1.25$0.12 [!26.0]
(5) (5) (5)

14 — — 1.07$0.12 [!13.5] 1.14$0.13 [!17.4] 1.34$0.19 [!20.7]
(4) (5) (5)

30 — — 1.05$0.07 [!15.0] 1.23$0.12 [!10.8] 1.20$0.06 [!29.0]
(4) (5) (5)

60 — — 0.90$0.15 [!27.1] 0.88$0.12 [!36.6] 0.85$0.02 [!50.1]
(5) (5) (5)

90 — — 1.05$0.01 [!15.2] 1.32$0.19 [!4.2] 1.41$0.05 [!16.4]
(3) (5) (5)

! Data are presented as a mean $ standard deviation with the sample size in parentheses. For aged materials, the per cent deviation of the
mean from the unaged baseline appears in square brackets.
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TABLE V Degradation behaviour of the elastic modulus, E (GPa), in quartz composites

Ageing Fibre volume fraction, »
&

time
(d) 0.35 0.47 0.54 0.62

0 25.8$4.2 34.8$1.4 38.3$3.0 38.8$5.0
(6)! (6) (6) (6)

2 22.4$3.1 [!13.1] 38.0$2.5 [#9.2] 36.9$3.9 [!3.7] 37.8$5.9 [!2.7]
(6) (6) (6) (6)

7 22.2$3.5 [!14.1] 35.7$4.8 [#2.5] 37.9$3.3 [!1.2] 39.4$5.2 [#1.5]
(6) (6) (6) (6)

12 22.4$0.8 [!13.3] 32.7$4.1 [!6.1] 35.0$1.8 [!8.8] 41.3$6.9 [#6.4]
(4) (3) (3) (3)

32 20.8$2.6 [!19.4] 36.1$2.0 [#3.6] 36.3$2.3 [!5.2] 39.5$1.7 [#1.7]
(5) (5) (5) (4)

60 25.7$3.6 [!0.5] 35.3$3.8 [#1.4] 36.4$1.5 [!5.1] 37.7$4.9 [!2.7]
(5) (5) (5) (5)

95 18.8$2.1 [!27.4] 33.9$1.3 [!2.6] 36.2$3.0 [!5.6] 37.1$2.2 [!4.5]
(5) (5) (5) (5)

! Data are presented as a mean$standard deviation with the sample size in parentheses. For aged materials, the per cent deviation of the
mean from the unaged baseline appears in square brackets.

TABLE VI Degradation behaviour of the flexural strength, r(GPa), in quartz composites

Ageing Fibre volume fraction, »
&

time
(d) 0.35 0.47 0.54 0.62

0 0.76$0.08 0.73.8$0.14 0.81$0.08 0.76$0.12
(6)! (6) (6) (6)

2 0.58$0.03 [!23.9] 0.69$0.06 [!6.0] 0.78$0.07 [!3.5] 0.76$0.11 [!0.5]
(6) (6) (6) (6)

7 0.66$0.03 [!13.1] 0.73$0.07 [#0.2] 0.78$0.05 [!3.5] 0.78$0.07 [#2.3]
(6) (6) (6) (6)

12 0.61$0.05 [!19.9] 0.72$0.04 [!0.6] 0.80$0.02 [!1.0] 0.81$0.06 [#6.6]
(4) (3) (3) (3)

32 0.70$0.10 [!8.3] 0.73$0.09 [!0.3] 0.79$0.08 [!2.7] 0.81$0.15 [#6.1]
(5) (5) (5) (4)

60 0.74$0.10 [!3.3] 0.73$0.06 [#0.4] 0.74$0.09 [!8.2] 0.76$0.08 [!0.8]
(5) (5) (5) (5)

95 0.63$0.04 [!17.6] 0.67$0.08 [!8.3] 0.73$0.50 [!9.4] 0.80$0.13 [#4.7]
(5) (5) (5) (5)

! Data are presented as a mean$standard deviation with the sample size in parentheses. For aged materials, the per cent deviation of the
mean from the unaged baseline appears in square brackets.

Figure 1 Flexural properties of (r, d) unaged S2-glass and (e,L) quartz composites as a function of fibre volume fraction, »
&
: (a) elastic

modulus, E, and (b) flexural strength, r. Note the relative inefficiency of reinforcement for the quartz composites, particularly with respect
to r.
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Figure 2 (r, e) E and (d, s) r of representative composites as a function of hydrothermal ageing time, t: (a) S2-glass (»
&
"0.66), and (b)

quartz (»
&
"0.62). The dashed lines intersect the baseline data for unaged specimens. Note the lack of a pronounced transient response for the

quartz composites.
within the first 7 d followed by either invariance or
a less-pronounced, long-term response (Fig. 2a). For
E, a slight increase from 7d to 3mon was noted
without any apparent influence from the »

&
. For r the

initial drop was followed by fluctuation about the 7 d
value with a sharp drop at 60 d that was recovered by
3mon. Additionally, for r some indication of higher
degradation was observed at the highest »

&
.

For the quartz composites, deviations from the
baseline properties were small (Fig. 2b) except for the
composites with the lowest »

&
, in which both E and

r had decreased significantly by the second day of
ageing. For all levels of »

&
, the long-term response

consisted of fluctuations above and below a generally
stable value.

Overall, for both materials the standard deviations
(S.D.) of the samples of aged materials were compara-
ble to those of the baseline samples. The values of S.D.

for E ranged from about 1—9GPa, and for r they
ranged approximately from 0.0—0.2GPa.

3.2. SEM analysis
Composites failed by buckling at the point of load
application in the central span of the specimen (Fig.
3a). The buckled regions consisted of mixed-mode
failures including delamination and brittle fracture of
the matrix and reinforcing fibres. All specimens re-
vealed examples of both cleanly separated fibres (in-
dicating a failure of the interphase boundary) and
separated fibres with fractured polymer bound to the
surface (indicating strong interphase bonds) (Fig.
3b—e). No morphological differences were apparent
with respect to the failure sites of either unaged versus
aged or high- versus low-»

&
specimens.

4. Discussion
4.1. Unaged materials
The linear dependence of E and r on the »

&
(Fig. 1) can

be modelled as a simplified ‘‘rule of mixtures’’ for
UFRPs under isostrain conditions (Equation 3). The
direct contributions of the matrix phase are neglected,
and the property of the composite, X

#
, becomes

a function of the property of the reinforcing fibre, X
&
,

scaled by »
&
and a reinforcing efficiency, u

X
#
" X

&
»
&
u (3)

Owing to the shearing stresses present in these
flexural tests, u can be considered as a measure of the
performance of the interphase boundary. The u varies
with the property being measured (producing u

E
and

ur) and with »
&
(Table VII). For all unaged materials,

u
E

was relatively high (0.72—1.0), and the differences in
E between the two composite types (Fig. 1a) were
primarily a function of the difference in E for the two
reinforcing materials (Table I). By comparison, the
values for ur were much lower (0.20—0.58). The mater-
ials were different with respect to the influences of
»
&
on u

E
and ur .

4.2. Long-term ageing behaviour
To understand the differences in the long-term hy-
drothermal ageing behavior of the two types of com-
posites, the degradation of both E and r were
modelled for the period following any initial transient
response, i.e. from 7d to 3mon. Because of scatter,
a simple model was selected to elucidate only the gross
trends. The data were normalized by the appropriate
baseline values (for example, all data for the E of aged
S2-glass composites at »

&
"0.53 were normalized by

the mean value of E for unaged S2-glass composites
at that same »

&
), to facilitate comparison across the

range of »
&

levels. Planar models (Equation 4) were
regressed to the data to determine any influences that
t and »

&
had on the normalized elastic modulus, E

N
,

and flexural strength, r
N
.

E
N
(or r

N
) " a#bt#c»

&
(4)

These regression analyses produced significant
models (p)0.001), but in each case either t or »

&
was
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Figure 3 Failure morphology of three-point bending specimens: (a)
schematic representation of gross buckling, (b, c) scanning electron
micrographs of aged S2-glass specimens, (d, e) scanning electron
micrographs of aged quartz specimens. The morphology shown is
representative of unaged specimens as well.

TABLE VII Reinforcing efficiency, u, of unaged composites

Reinforcement Fibre volume Efficiency for the Efficiency for
filament type fraction, »

&
elastic modulus, flexural strength,
u
E

ur

S2-glass 0.33 0.72 —
0.46 0.92 0.58
0.53 0.98 0.57
predictive, but not both (Table VIII). Because one of
the two slopes of each regression plane was zero, the
planes collapsed into lines and the normalized data
are illustrated in two-dimensional box plots (Fig. 4),
where each box (with fences and outliers) represents
18—37 data points (see Appendix, A.1) [50].

After the initial drop that occurred within the first
week of ageing, the hydrothermal degradation behav-
iour of E in S2-glass composites was independent of
»
&

(Table VIII) and increased slightly over the sub-
sequent 11 wk period (Fig. 4a). Other reports have
described increases in both the glass transition tem-
perature and E of hydrothermally aged composites
comprised of glass fibres and bisphenolic polyesters
[39, 41, 46]. These reports attributed the changes to
two primary phenomena: (1) a loss of trapped mono-
mer and/or unbound low molecular weight polymer
species — resulting in a deplasticization effect; and (2)
656
0.66 1.0 0.56

Quartz 0.35 0.95 0.36
0.47 0.96 0.26
0.54 0.90 0.25
0.62 0.80 0.20

the reaction of trapped free radicals with monomer
and/or unsaturated cross-link sites within the poly-
mer. The kinetics consisted of rapid water sorption
followed by a much slower weight loss attributed to
the first phenomenon. This dual character matches the
degradation response observed here. Moreover, ma-
terials of the present type are known to contain both
labile species that desorb with hydrothermal ageing
[47, 51—54] as well as signifcant levels of unsaturation
[54—60].

In the other three cases, i.e. E for quartz composites
and r for both types, after any initial degradation that



TABLE VIII Results of regression analyses for planar models describing normalized mechanical properties of composites hydrothermally
aged from 7d to 3mon at 37 °C

Reinforcement Mechanical Constants of regression
filament type property

½-intercept Slope for ageing Slope for fibre
time (d~1) volume fraction, »

&

S2-glass Normalized elastic 0.712 0.001 11 (0.060)!
modulus, E

N
Normalized flexural 1.118 (!0.000 18) !0.581
strength, r

N

Quartz Normalized elastic 0.730 (!0.000 55) 0.494
modulus, E

N
Normalized flexural 0.732 (!0.000 37) 0.495
strength r

N

! Constants shown in parentheses are not significantly different from zero (p*0.05).

Figure 4 Normalized mechanical properties of composites hydrothermally aged from 7d to 3 mon as a function of either t or »
&
: (a, b)

S2-glass , and (c, d) quartz. In all cases the data are normalized via the mean value for unaged controls (each »
&
normalized independently).

According to the planar regression models (Table VIII), data for non-predictive factors were grouped together, and the regression planes
collapsed into regression lines. The shaded bar along the ordinate axis of each plot represents the 95% confidence interval for the normalized,
grouped, unaged controls for that plot. Note that for (a) t is the predictive factor, but in the other three cases, the »

&
is the predictive factor.
occurred within the first week of ageing, t was no
longer significant (p)0.05) but »

&
was (Table VIII,

Fig. 4b—d). This trend was negative in S2-glass com-
posites but positive for quartz composites. This differ-
ence can be explained by the prevalence or lack of
primary chemical bonds bridging the interphases. Be-
cause they transfer shear loads in flexure, the inter-
phase boundaries may be thought of as links in
a chain. If primary chemical bonds bridge the bound-
aries, the links are relatively brittle; and once a bond
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has failed (or becomes hydrated) reformation is un-
likely. However, if primary chemical bonds are less
prevalent, and the principal means of stress transfer
are van der Waals forces and/or internal friction, the
chain, though relatively weak, exhibits ductility. For
the brittle chain, increasing the »

&
effectively increases

the number of links. Because any chain fails when one
link fails, increasing the number of links increases the
probability of chain failure. For the ductile system in
which weak bonds and internal friction predominate,
the conformation of the reinforcing filaments may be
playing a role. Because the filaments are contained in
a number of lightly twisted yarns (0.5—1 turn per inch,
or per 2.54 cm approximately), relative motion be-
tween individual filaments within a yarn and between
adjacent yarns becomes more contorted and restricted
as the average inter-fibre distance is reduced. This
effect is more pronounced for the quartz composites
because the numbe of filaments per yarn is approxim-
ately 40% less than for the S2-glass yarn, and
thus about two-thirds more yarns are required for
an equivalent »

&
(Table II). Consequently, the

quartz composites contain significantly more twist,
658
and increasig the »
&
may effectively increase internal

friction.

4.3. Generalized predictions based upon
grouped results

To gain a concise picture of the overall hydrothermal
ageing behaviour of the two materials in terms of
absolute mechanical properties, the results of all the
analyses were combined to construct an overview of
degradation (Fig. 5) (see Appendix, A.2). This con-
struction illustrates the expected behaviour of E and
r under the unaged (U) and 3mon aged (A) conditions
for two discrete levels of »

&
, 0.35 and 0.65. Generally,

Fig. 5 shows that the expected differences between the
two materials, with respect to both the initial proper-
ties and the ageing behaviour, are most pronounced
for r and/or for the higher »

&
.

At the lower »
&
the predicted loss of E is 10%—20%

with both materials exhibiting an E of 20—25GPa
after ageing (Fig. 5a). Differences in r, however, are
more pronounced (Fig. 5b). Although r would de-
crease 15%—20% for both materials, the initial r for
Figure 5 Predicted mechanical properties of theoretical unaged (U) and 3mon aged (A) composites: (a, b) »
&
"0.35, (c, d) »

&
"0.65. Data

boxes that are joined by an overhead bar are not statistically different from one another (p*0.05), e.g. S2-glass -U and quartz-A in (a). Note
that differences between the two types of composites, with respect to both the initial property values and the ageing behaviour, are most
marked for r and/or for the high-»

&
composites.



the S2-glass composites exceeds that for quartz such
that the aged S2-glass composites (0.85GPa) would
be 15%—20% stronger than the unaged quartz com-
posites.

At the higher »
&
, the predicted behaviour of the

two materials diverges more (Fig. 5c and d). The influ-
ence of »

&
increases degradation for the S2-glass

composites, particularly for r, while for the quartz
materials degradation is non-existent. Nevertheless,
due to differences in the fibre properties and the
initial u values, the aged S2-glass composites
(E+50—55GPa, r+1.2GPa) exceed the E and r of
the more hydrostable quartz composites by about
25% and 50%, respectively.

4.4. Potential applications
Because the low-»

&
composites match the E of bone

(18—20GPa) and exceed its strength (<0.2GPa) they
might suitably be used (either directly or aggregated to
form larger appliances) for load-bearing orthopaedic
implantation. However, if the specific anisotropy of
a natural structural element were to be emulated, e.g.
for a hip prosthesis, a bi- or multi-directional rein-
forcement would be necessary. This could be accomp-
lished via cross-lamination techniques [3, 4, 7, 12]. In
such cases the contributions of transverse properties,
which are typically relatively low, would reduce the
properties of the laminate to one-half or one-third the
axial values reported here. Of the present materials,
only the high-»

&
, S2-glass composites have pro-

perties sufficient to withstand this ‘‘dilution’’. But
even after ageing, a cross-laminated appliance of this
material may exhibit an E of 17—25GPa and a r of
0.4—0.6GPa.

5. Conclusion
The hydrothermal ageing of the two types of com-
posites can be explained in terms of interphase bond-
ing. The initial u values and differing influences of
»
&
on degradation suggest that the interphase bound-

ary in the S2-glass composites is initially bridged by
primary chemical bonds that are partly susceptible to
hydrothermal degradation at 37 °C. The quartz com-
posites may be functioning at a somewhat lower level
with simpler stress transfer mechanisms dominated by
secondary bonds and internal friction.

The gross failure mode in three-point bending is
buckling at the site of load application, consisting of
delamination and brittle fracture of the matrix and
fibres. Morphological evidence of both good and poor
interphase bonding is readily observable via SEM, but
changes due to ageing are not.

After ageing, both types of composites maintain
a significant portion of their mechanical integrity and
remain relatively stable between 7 d and 3mon. At low
to moderate levels of »

&
the materials are similar; and

after 3 mon ageing, E and r remain above 20 and
0.6GPa, respectively. At higher »

&
the S2-glass com-

posites are more susceptible to degradation, but the
decreases in E and r are more than offset by the initial
properties that are much higher than those of the
quartz composites. As a result the aged, high-»
&
,

S2-glass composites maintain an E above 50GPa
and a r of about 1.2GPa, which are superior to the
properties of aged, high-»

&
, quartz composites by

about 25% and 50%, respectively.
The composites may be useful as structural implant

materials that match the compliance of bone while
exceeding its strength. The low-»

&
materials

are appropriate for applications involving simple,
unidirectional stress states. The high-»

&
, S2-glass

composites may be useful in the construction of multi-
directionally reinforced implants, e.g. via cross-
lamination, where higher axial properties are needed
to counter the contributions of ‘‘off-axis’’ properties.

Appendix
A.1. Box plots
Each box encompasses the interquartile range (IQR)
of a set of data, i.e. the 50% of the data composed of
the first and third quartiles. The median is marked by
a horizontal line within the box. The fences extend
above and below the box to the most distant data
within 1.5 IQRs of the box bounds. Data that are
marked with an asterisk lie above or below the box
bounds at distances between 1.5 and 3IQRs and are
considered mild outliers.

A.2. Method of grouping data for
generalized predictions of ageing
behaviour

Predictive data were obtained by shifting and/or com-
bining normalized data and reverting them to abso-
lute property values. Normalized control data were
grouped across levels of »

&
. Normalized degradation

data were shifted along the planes described by the
regression equations of Table VIII to two discrete
locations in the t—»

&
continuum. Reversion to abso-

lute property values was accomplished via the equa-
tions of the regression lines shown in Fig. 1.

For example, the data represented by the two boxes
at the left-hand side of Fig. 5a, i.e. the predicted E for
unaged (U) and 3mon aged (A) S2-glass composites at
»
&
"0.35, were generated via the following procedure:

1. for U, all E
N

data for unaged S2-glass com-
posites at all levels of »

&
were combined into one

group and scaled by an absolute E factor, which was
predicted via the regression equation of the upper line
in Fig. 1a for a »

&
"0.35;

2. for A, all E
N

data for aged S2-glass composites
at all levels of »

&
and all t (from 7 d to 3 mon) were

shifted along the regression plane, described by the
constants in the first row of Table VIII, to a common
»
&
"0.35 and a common t of 3mon (92 d). These data

were then scaled by the same absolute E factor as
described in step 1.
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