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The dependence of the various mechanical and fracture properties on the volume fraction of
short glass fibres in the styrene maleic anhydride (SMA) polymer was investigated. Special
attention has been given to describing the dependence of various mechanical properties

on the volume fraction of the glass fibres, ¢¢ by way of the rule of mixtures. It was found that,
strength, elastic modulus and fracture toughness, all follow a simple rule-of-mixtures of the
form Q. = LQ:dr + Qn (1 — &), where Q. is the measured quantity for the composite, Q., and
Q@ are the corresponding values for the matrix and the fibre, respectively, and A is the overall
efficiency of the fibres, taking into account the orientation and the length of the fibres in the
composite. It was also found that, while the presence of the weldline had no significant effect
upon elastic modulus, its presence significantly reduced tensile strength and the fracture

toughness of SMA and its composites. © 7998 Kluwer Academic Publishers

1. Introduction

Incorporating short fibres into polymer matrices has
received considerable attention because of their use in
a variety of engineering applications. It has been well
established that the mechanical properties (e.g.
strength and modulus) of the polymer matrix are en-
hanced by the addition of the short fibres. These
properties, however, are affected by a number of
parameters, such as volume fraction of fibres, fibre
length, fibre orientation and the degree of interfacial
adhesion between fibre and matrix. It has been shown
(e.g. [1-8]) that the dependence of most mechanical
properties on the volume fraction of the fibres my be
described using some modified form of the rule of
mixtures, which considers both the orientation of
the fibres and distribution of fibre lengths in the
composite.

As most short-fibre composites are fabricated by
injection moulding, weldlines can often be seen on the
moluded component when two flowing polymer fronts
are brought into contact. The presence of such mould-
ing defects can cause deterioration in mechanical
properties, particularly in short-fibre composite sys-
tems where fibres at the weldline may assume an
orientation which is perpendicular to the direction of
the applied stress.

In Part 1 of this paper [8], we investigated the
effects of reprocessing and weldlines on deformation
and fracture properties of SMA polymer. In this pa-
per, we report the effects of short glass fibres and
weldliness on the deformation and fracture behaviour
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of injection-moulded styrene maleic anhydride (SMA)
polymer.

2. Experimental procedure

2.1. Materials

The styrene maleic anhydride material used is com-
mercially available under the trade name “Strapton
SMA 400” manufactured by DSM. In addition to the
neat matrix, the following SMA composites contain-
ing different amounts of short glass fibres were also
received:

(i) SMA 400 reinforced with 20 wt % short glass
fibres (SMA 440);

(i) SMA 400 reinforced with 30 wt % short glass
fibres (SMA 460);

(i11) SMA 400 reinforced with 40 wt % short glass
fibres (SMA 480);

All the materials were received in granular form and
dried prior to injection moluding for 3 h at 90°C as
recommended by the manufacturer.

2.2. Mouldings

Dumb-bell-shaped  specimens  of  dimensions
12.5 mm x 1.7 mm x 125 mm (thickness, depth, length)
were produced on a Negri Bossi NB60 using the
processing conditions given in Table I. The mould
used was consisted of two cavities, a single and
a double feed cavity as shown in Fig. 1. In the latter,
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TABLE I Processing conditions

SMA400 SMA440 SMA460 SMA480

Barrel temperature (°C)

Zone 1 235 240 240 240

Zone 2 240 245 245 245

Zone 3 240 245 245 245
Mould temperature (°C) 80 80 80 80
Pressure (MPa) 75 110 110 110
Hold pressure (MPa) 45 55 55 55
Injection speed (mm s~ ') 31 35 35 35
Injection time (s) 9 9 9 9
Cooling time (s) 30 30 30 30

Figure 1 Moulding test pieces.

a weldline is formed mid-way along the gauge length
as the two opposing melt fronts meet.

2.3. Sample characterization
2.3.1. Fibre concentration measurements
The fibre concentration in each composite was deter-
mined by ashing the material. A suitable amount of
material was weighed accurately and then placed in
a furnace at 550 °C for at least 1 h. After cooling, the
remnant was reweighed and the weight fraction of the
fibres was determined, wy. It was found that the mea-
sured weight fractions were within 1% of the manufac-
turer’s specification.

From the knowledge of the fibre and matrix densit-
ies, the volume fraction of the fibres, ¢¢, in each com-
posite was calculated using the following relationship:

IR0
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where p,, is the density of the matrix (= 1.10 g cm ™)
and py is the density of the glass fibre (= 2.54 g cm ™ 3).

2.3.2. Fibre length measurements

The same ashing experiment was carried out with the
injection-moulded specimens in order to determine
the average length of the fibre in each composite. The
ash for each composite was spread on a glass slide and
then placed under a light optical microscope and
photographed. At least 300—400 fibre lengths were
measured for each composite and a frequency distri-
bution of the fibre lengths was plotted (see Fig. 2),
from which the number average fibre length, L;, was
determined. The average length of the fibre was found
to be 224 pm for SMA 440, 231 um for SMA460 and
248 pm for SMA480.

2.3.3. Fibre orientation

Fibre orientation distributions were studied using
polished specimens. The polished surfaces were then
viewed under an optical light microscope and photo-
graphed.

2.4. Mechanical testing

2.4.1. Tensile and flexural properties

Elastic modulus and strength of the SMA polymer
and its composites were measured in both tension
and three-point flexure using an Instron testing
machine.

Tensile tests were performed on dumb-bell speci-
mens at a crosshead displacement rate of 5 mm min ~?
using pneumatic clamps. From the recorded load—dis-
placement curves, values of tensile strength and
modulus were calculated using the maximum load and
the initial slope, respectively.

Measurements of flexural strength and modulus
were made on rectangular strips of nominal dimen-
sions 12.5mm x 1.7 mm x 50 mm (thickness, width,
length), cut from the parallel portion of the unwelded
dumb-bell specimens. Strips were then tested in three-
point bend configuration (see Fig. 3) at a crosshead
displacement rate of 5 mm min~! using a span width
of 28 mm (i.e. span to depth ratio of 16:1). From the
recorded load—displacement curves, values of flexural
strength and modulus were calculated using the
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Figure 2 Fibre length distributions: (a) SMA 440, (b) SMA 460,
(c) SMA 430.

following linear elastic beam equations
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where P,,,, and (P/d), are the maximum load and the
initial slope of the load—displacement diagram, respec-
tively. B and W are the thickness and the width of the
specimen, respectively, and S is the span width.

2.4.2. Dynamic mechanical analysis (DMA)
Dynamic tests for determination of storage modulus
were performed on a Perkin—Elmer 7 series. These
tests were performed on rectangular strips of dimen-
sions 4 mm x 1.7mm x 17 mm (thickness x depth x
length) also cut from the parallel portion of the unwel-
ded dumb-bell specimens. Strips were tested in three-
point bend configuration over a span of 15 mm (ie.
span to depth ratio of 8.82). Tests were performed at
a frequency of 1 HZ, dynamic force of 400 mN and
a static force of 600 mN. The temperature range over

(a)

(b)

Figure 3 Test specimens: (a) flexural specimen, (b) single-edge
notched tension specimen.

which testing was conducted was between 30 and

130 °C using increments of 5°C min~ 1.

2.4.3. Fracture toughness

Fracture toughness of the SMA polymer and its com-
posites was measured in tension using single-edge
notched specimens (see Fig. 3). Rectangular strips of
nominal dimensions of 1.7 mm x 12.5 mm x 70 mm
(thickness, B x depth, D x length) were cut from the
parallel portion of both welded and unwelded dumb-
well specimens and then edge notched to various a/ W
ratios (a = crack length) ranging from 0.1-0.6 using
a razor blade. The blade was mounted on a purpose-
made device to make sure that it was precisely and
perpendicularly guided through the cross-section of
the specimen. In the case of specimens with weldlines,
care was taken to ensure that the initial notch was
inside the weldline. After notching, each specimen was
tested to complete failure in an Instron testing ma-
chine at a constant crosshead displacement rate of
5mmmin~! using pneumatic clamps with a gauge
length of 50 mm. A load—displacement curve for each
specimen was recorded for subsequent analysis.
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3. Results and discussion
3.1. Deformation behaviour of single-gated
mouldings
3.1.1. Elastic modulus
According to the load—displacement curves in Fig. 4a,
deformation of SMA and its composites during the
early stages of the tests in both tension and flexure was
linearly elastic. Using the initial slope of the curves,
values of the elastic modulus in both tension and
flexure were calculated and plotted as a function of
fibre concentration as shown in Fig. 5. It is seen that
the elastic modulus increases linearly with increasing
fibre concentration and that for a given fibre concen-
tration value, flexural modulus is considerably higher
than tensile modulus.

In the calculation of tensile modulus, we assumed
that the displacement of the specimen is the same as
the sepration of the clamps. Previous studies have
shown that such an assumption could lead to
a modulus value which is lower than the actual
modulus of the material as a result of machine compli-
ance, gear train, etc. However, if the additivity of
strains in the sample and the instrument is assumed,
then the actual modulus, E, ., can be obtained via the
following relationship [3]
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Figure 4 Tensile load-displacement diagrams for SMA and its
composites. (a) Unwelded, (b) welded.
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where E,,, is the apparent modulus (the measured
value), Z and A are the gauge length and the cross-
sectional area of the specimen, respectively, and k is an
instrument constant. According to Equation 4 the
actual modulus can be ascertained from the inverse of
the intercept at A/Z =0 of a linear regression line
interpolating the plot of 1/E,,, versus A/Z. Such a plot
was constructed for SMA and its composites as shown
in Fig. 6, by varying the gauge length, Z, but keeping
the cross-sectional area, A, constant. The inverse of
the intercept values at A/Z = 0 are plotted in Fig. 5,
where it can be seen, that the corrected values of
tensile modulus, E,, agree quite well with the flexural
values.

3.1.2. Analysis of elastic modulus

The most commonly used theory to model the vari-
ation of the composite stiffness as a function of the
fibre concentration is that of the Cox “shear lag”
model [1]. This model is based on the assumption that
discontinuous fibres are aligned in the direction of
the applied stress and that the applied stress is trans-
ferred from the matrix to the fibres via interfacial
shear stresses, with the maximum shear occurring at
the fibre ends and decreasing to zero at the centre.
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Consequently, the tensile stress in the fibre is zero at
its ends and reaching a maximum half way along its
length. Although the efficiency of stress transfer in-
creases with increasing fibre length, it can never reach
100%. In order to accommodate this dependence of
reinforcement efficiency on fibre length, Cox introduc-
ed a fibre length efficiency factor, y, into the “rule-of-
mixtures” for the composite modulus, E,

Ec = XlEfd)f + Em(l - (I)f) (5)

where E; and E,, are the elastic moduli of the fibre and
the matrix, respectively. The “shear lag” theory defines

X1 as

tanh BL/2
X1 BL/2 (6)
where L is the average fibre length, and f is defined as
nE, 1z
p= (7)
(1 + vp)E; A; In (R/r)

where v,, is Poisson’s ratio of the matrix, r is the radius
of the fibre, A; is the cross-sectional area of the fibre
and 2R is the interfibre spacing. For an assumed
square packing arrangement of fibres with volume
fraction ¢y, the following substitution can be made

o \1/2

Krenchel [9] modified Equation 5 in order to take
into account the contributions to the modulus from
the misaligned fibres. The contribution was allowed
for by incorporating a fibre orientation factor, y,, into
Equation 5

E.=%1%2E10¢ + En(1 — &) )

where for aligned-longitudinal orientation y, = 1, for
aligned-transverse y, =0 and for random-in-plane
orientation of the fibres y, = 0.375.

For our purposes we write Equation 9 as

Ec=En+ (teEr — En) O (10)

where yg represents the overall fibre efficiency para-
meter for the modulus (= y;%,). From the data in
Fig. 5 we obtain

E. =226 +3347¢; (r2 = 0.998) 11)

thus giving a yg value of 0.476 for an E; value of
75 GPa. The fibre length efficiency parameter, y,, for
each composite was calculated using Equations 6—8
(taking v,, = 0.35 and r = 5 pm), and the correspond-
ing value of the orientation efficiency parameter was
then estimated as x, = yg/y1. It is seen from Table 11
that the efficiency parameters do not change signifi-
cantly with ¢; and that estimated values of x, are
much higher than 0.375, expected for random-in-plane
orientation of fibres. Indeed, according to optical
micrographs in Fig. 7, fibres throughout the cross-
section of the specimens have high degree of alignment
with no apparent change in the orientation patterns as
one moves from the surface of the specimen (skin) to

TABLE II Efficiency parameters

xe = 0.476 xs = 0.142
Or L pat A2 x3 Xa
0.098 224 0.696 0.684 0.22 0.645
0.157 231 0.740 0.643 0.23 0.617
0.224 248 0.786 0.605 0.24 0.592

Figure 7 Optical micrographs showing fibre orientation in SMA

460 and SMA 480 unwelded tensile specimens. (Flow direction is
normal to the paper.) (a) ¢ = 15.7%, (b) ¢ = 22.4%.

its centre (i.e. core). Using Krenchel’s [9] definition
of x>

X2 = ). a,cos*0, (12)
i=1

and assuming perfect alignment of fibres (i.e. a, = 1),

we find that a y, value of 0.644 corresponds to a fibre

orientation angle, 6 (with respect to the direction of

the applied stress which is also the mould-fill direc-

tion), of approximately 26°.

3.1.3. Strength

It is seen from the load—displacement displacement
diagrams (Fig. 4a) that the matrix material shows
lower strength but higher extension to failure com-
pared to its composites. This is expected, because
tri-axial restraint of the matrix between the fibres
limits the elongation of the matrix and thereby reduc-
es its elongation to failure. It was noted that, whereas
failure of all SMA specimens in tension and in flexure
was ductile in so far as the point of fracture occurred
after the yield point, that of the glass-reinforced SMA
specimens was brittle.
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The dependence of tensile and flexural strengths on
volume fraction of glass fibres is shown in Fig. 8 where
it can be seen that the dependence is linear for values
of ¢y less than 22%. Seemingly, close to this volume
fraction, the separation distance between the fibres has
become sufficiently small to restrict the flow of the
matrix material and to reduce the gain in strength
which was otherwise expected with increasing ¢y.

It is seen from Fig. 8 that, as in the case of elastic
modulus, the strength of the unfilled and filled SMA
materials in flexure is considerably higher than in
tension. However, the correction applied to tensile
modulus does not apply to tensile strength, as in this
case one needs to know only the load and the area, but
not the strain. It is well established, however, that in
tensile test, the whole volume of the specimen is sub-
jected to a uniform state of tensile stress, whereas in
the flexure test due to non-uniformity of stress distri-
bution, tensile stress decreases from a maximum value
at the surface to a zero volue at the neutral axis. The
measured strength by way of the tensile test thus
indicates a mean value of stress across the specimen
thickness as opposed to the maximum value cal-
culated in flexure using Equation 3. It is worth noting
that, when data in Fig. 8 are plotted as relative
strength (i.e. strength of the composite divided by that
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Figure 8 Tensile and flexural strengths versus volume fraction of
glass fibres.
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of the matrix) versus ¢y, as in Fig. 9, the loading mode
effect becomes very insignificant.

3.1.4. Analysis of tensile and flexural
strengths

The linearity of the tensile and flexural strengths
with ¢ suggested that these quantities, like elastic
modulus, may obey some form of rule-of-mixtures. It
has been shown by Kelly and Tyson [2], that the
strength of short-fibre composites, 6., may be related
to the volume fraction of fibres by the following rule-
of-mixtures

G = %3Xa0¢ + Om(1l — &) (13)

where o; and o, are tensile strengths of the fibre and
the matrix, respectively, and parameters y; and y, are
the fibre length and fibre orientation efficiency factors,
respectively. Equation 13 can be written as

m

cr=1+<xs§—1>¢f (14

where 6, = 6./0,, and g is defined as the overall fibre
efficiency parameter for strength (ys = %3%4)-

According to Kelly and Tyson [2], the value of
%3 depends on whether the average length of the fibre
in the specimen is supercritical or subcritical, the criti-
cal length, L., being given as

_doy
¢ 2

(15)

where T; is the shear strength of the interface. For the
case in which L < L, 3 may be calculated from

L
= 16
X3 2L, (16)
and for the case in which L > L., from
Ly
=1-— 17
x3 2L, (17)

The critical fibre length was measured to be 510 um,
which is almost twice the average length of the fibre.
Consequently, x5 for each composite was calculated
using Equation 16; values can be found in Table II.
The best linear regression line fitted through the data
in Fig.9 for values of ¢; less than 0.22 gave the
following relationship between the relative strength
and the volume fraction of glass fibres

o, =1+ 654 (18)

Comparing Equations 18 and 14, one obtains a ys
value of 0.142 (taking o; as 2470 MPa and o,, as
46.48 MPa), thus giving y, values ranging from
0.59-0.65 (34 = %As/%3)-

It can be seen from Table II, that values of the
orientation efficiency parameters y, and yx, agree
quite well as one might expect because the data for
modulus and strength were obtained from the same
mouldings. The idea of using modified rule-of-mix-
tures to describe the dependence of modulus and
strength on ¢y, thus seems appropriate.



3.2. Deformation behaviour of
double-gated mouldings
3.2.1. Elastic modulus
The deformation behaviour of the SMA and its
composites in the elastic region was only marginally
affected by the presence of the weldline (see the insert
in Fig.4b). The weldline integrity parameter for
modulus, defined as the ratio of the modulus of a spec-
imen with a weldline to that of an identical specimen
without a weldline, ranged between 1.0 and 0.97, thus
indicating that the presence of the weldline has little
effect, if any, on tensile modulus. This behaviour was
interpreted by the model used by Nabi and Hashemi
[7] to explain the insensitivity of the tensile modulus
to weldlines in glass fibre-reinforced ASA copolymer.
The model predicts that modulus of a tensile specimen
with a weldline, E,,, may be related to the modulus of
the material inside and outside the weldline (E; and
E,, respectiely) by the following relationship

E - BB (19)
E; +(Ey — Ey)z

where z is the ratio of the weldline width to specimen

gauge length. Because z is very small for SMA and

its composites (typically less than 1 mm), the second

term in the denominator is small compared to E, thus

indicating that E, ~ E, as observed here.

3.2.2. Tensile strength

Tensile failure of all weldline specimens was brittle as
shown in Fig. 4b and it occurred at the weldline. It can
be seen from Fig. 4a and b that double-gated speci-
mens fracture at a significantly lower stresses than
their respective single-gated specimens. In the case of
SMA, the observed reduction in tensile strength in the
presence of the weldline was attributed mainly to the
reduction in the fraction of the polymer chain molecu-
les crossing the weldline region (i.e. parallel to the
direction of the applied stress). For composites, the
observed reduction in tensile strength in the pressence
of the weldline was attributed mainly to the reduction
in the fraction of the fibres crossing the weldline re-
gion, particularly at high concentration values of glass
fibres. As a result, the material within the weldline
region acted as if it was not reinforced. This is sup-
ported by the optical micrographs shown in Figs 10
and 11 where it can be seen that the majority of glass
fibres in the weldline region tend to align themselves
in a direction which is more or less parallel to the
weldline surface, i.e. perpendicular to the direction of
the applied tensile force. Away from the weldline re-
gion, fibres do tend to assume an orientation which is
similar to that observed in single-gated specimens.

It is seen from Fig. 12, that the presence of glass
fibres could either have a positive or a negative effect
upon weldline strength, depending on the volume frac-
tion of the glass fibres present in the specimen. Seem-
ingly, below a certain volume fraction of fibres, say ¢,
weldline strength increases with increasing ¢;, where-
as above this volume fraction it decreases with in-
creasing ¢¢. According to the data, the decrease in

Figure 10 (a—c) Optical micrographs showing fibre orientation in-
side and outside of the weldline region in SMA 480. (Flow directions
are parallel to the plane of the paper.)

weldline strength, o, with increasing ¢; tends to be
linear, giving

Cow = 4349 — 80920  (dr>do)  (20)

It is worth noting that the extrapolated value of
weldline strength at ¢; = 0 is not significantly lower
than the unwelded tensile strength of 46.48 MPa for
the matrix. It may be said that the intercepted value
represents weldline strength of the matrix in the ab-
sence of the polymer chain orientation, parallel to the
weldline region. The above equation may thus be
written as

Oew X Om(l = 1.78¢¢)  (br>0)  (21)

It may be postulated that for values of ¢y less than ¢,
the strength of the weldline is determined mainly by
the orientation of the polymer chain in the weldline
region, whereas for values of ¢ greater than ¢, the
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Figure 11 Optical micrographs showing fibre orientation in weld-
line regions of SMA 460 and SMA 480 tensile specimens. (Flow
direction is norml to the plane of the paper.) (a) ¢ = 15.7%,
(b) ¢ =22.4%.
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Figure 12 Comparison between the welded and unwelded tensile
strengths as a function of the volume fraction of glass fibres.

determining factor is the orientation of the fibres in the
weldline region.

The effect of weldline on tensile strength is quanti-
tatively expressed in Fig. 13 in terms of weldline integ-
rity parameter, F. It is seen that F decreases linearly
from a value of 0.66 for the matrix to a value of 0.30 for
the composite containing 15.7 vol % glass fibres. This
linear dependence on ¢y can be expressed as

Fo = Fu(1 —vdr) (22)

where F,, and F, are the weldline integrity parameters
for matrix strength and composite strength, respec-
tively, and y = 3.13. It is worth noting that a combina-
tion of Equations 14 and 22 predicts

Oow = Oy [1 +(Q =1 —Qvdf]  (23)
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Figure 13 Weldline integrity parameter for tensile strength versus
volume fraction of glass fibres.

with a maximum at a critical fibre concentration
value of

Q—y

=—— 24
* =30 4
where Q = (ys0;/0, — 1). According to Equation 18,
Q = 6.54, thus we obtain that maximum weldline

strength occurs at a ¢, value of approximately 8%.

3.3. Dynamic testing

Fig. 14 shows typical DMA traces of storage modulus
for SMA and its composites. It can be seen from
Fig. 15, that the value of storage modulus in the glassy
region increases with increasing ¢;. Although this
variation, like elastic modulus, is linear with respect to
¢¢, dynamic values for the three composites appear to
be considerably lower than their respective static
values. The solid line in Fig. 15 suggests the following
relationship between storage modulus and ¢;

E. =204 + 1527 ¢; (25)

The overall fibre efficiency parameter, yg, in this case
is 0.23 compared to a value of 0.476 obtained from the
static tests. Assuming, the orientation efficiency para-
meter 7, is independent of the testing conditions, we
estimate a fibre length efficiency parameter, y;, of
0.357 which is half the value obtained from the static
tests.

3.4. Fracture of single-gated mouldings
All the single-edge notched tension specimens were
fractured in unstable manner as indicated by the
load—displacement diagrams in Fig. 16a. In the case of
SMA, unstable failure occurred after some degree of
yielding at the tip of the crack, accompanied by
a small amount crack growth. As a result, load-
displacement diagrams for SMA specimens exhibited
some degree of non-linearity prior to attaining
the maximum load as illustrated more clearly in
Fig. 16b.

The concept of linear elastic fracture mechanics
(LEFM) was used to determine the fracture toughness,
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K., of the SMA and its composites. K. was deter-
mined from the well-known linear elastic fracture
mechanics relationship [10]

Pmax

K. =
BW

Y (a/W)all? (26)

where P,,,, is the maximum load, a is the initial crack
length and Y (a/W) is the finite width correction whose
value for single-edge notched tension specimens with
fixed ends can be obtained from [11]

5mil2
[V/20 — 13(a/W) — y(a/W)?*]"2

Y(a/W) = 27
Fig. 17 shows plots of &, versus 1/Ya'/? for SMA
and its composites. As can be seen, plots are reason-
ably linear as required by linear elastic fracture mech-
anics. Values of K determined from the slope of these
lines are plotted in Fig. 18a as a function of ¢y, where
it can be seen that K increases with increasing ¢;. It is
worth noting, that the K, of the three composites, K.,

follows a straight-line relationship with respect to ¢y,
defined as

K. =180+ 16.97 ¢ (28)

It is noted, that the intercept value at ¢; =0, is
considerably lower than the measured value of
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Figure 16 Typical load-displacement diagrams for single-edge
notched tension specimens without weldlines.
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Figure 17 Maximum stress versus 1/Ya'/? for single-edge-notched
tension specimens without weldlines: (a) SMA 400, (b) SMA 440,
() SMA 460, (d) SMA 480.

2.55 MPam?'/?, for the SMA. However, as shown in
Fig. 16b, the load corresponding to a K, value
of 1.8 MPa m!/2, coincides more or less with the load
at which the load—displacement diagram for SMA
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Figure 18 (a) Fracture toughness versus volume fraction of glass
fibres for specimens without weldlines. (b) Strain energy release rate
for unwelded specimens versus volume fraction of glass fibres.

deviated from linearity. Visual detection of the speci-
mens during the tests suggested that the intercept
value of 1.80 MPam'/2, may be regarded as the initia-
tion fracture toughness of the SMA polymer.
According to linear elastic fracture mechanics, the
critical value of the strain energy release rate, G, can
be calculated from the K, value via the relationship

KZ

G
* E

(29)
where E represents the elastic modulus of the material.
The G, values calculated using the above relationship
are plotted as a function of ¢; in Fig. 18b. Once again,
G, of the three composites follows a linear trend which
can be described as

Geo = 1.40 + 7.97 &, (30)

giving an initiation value of 1.4 kJ m~2 for SMA.

3.4. Fracture of double-gated mouldings

All double-gated specimens fractured in an unstable
manner at maximum load. In the case of SMA,
load—displacement diagrams exhibited some degree of
non-linearity prior to maximum load (e.g. see insert in
Fig. 16a). Using the maximum load values, plots

4500

40 ; z
SMA 400 SMA 440
30
®
o [ / o
€ 2 /o
ol / 4
©
K, = 1.60 Mf‘a\Im K,=1.99 MFa\/m !
0 b
40 T
SMA 460 SMA 480
30 of
®
< A
< 20
X oy
& $e /
10 = 22
K.=2.43 MF:a\Im K, =1.71 MPaVm |

0 5 10 1 200 5 10 15 20
[yvaI (my™ [yval ™' (m)™'

Figure 19 Maximum stress versus 1/Ya'/? for single-edge notched
tension specimens with weldlines.
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Figure 20 Fracture toughness versus volume fraction of glass fibres
for specimens with weldlines.

of Gmax With 1/Ya'’? were constructed as shown in
Fig. 19, from which values of K. were determined and
plotted as a function of ¢; as shown in Fig. 20. It is
seen that K. of double-gated specimens increases
with increasing ¢;, with a maximum value of
243 MPam'? at a fibre concentration value of
15.7%. The extrapolated value of 1.26 MPam/? at
¢ =0, corresponded to the load at which the
load—displacement diagram for double-gated SMA
specimens deviated from linearity. It is seen also, that
K. of a double-gated specimen is considerably lower
than K, of a single-gated specimen.

The weldline effect is quantitatively expressed in
terms of the weldline integrity parameter as shown in
Fig. 21. The weldline integrity parameter for initiation
was estimated to be 0.70 compared to a value 0.63
obtained by way of maximum load.
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Figure 21 Weldline integrity parameter for fracture toughness ver-
sus volume fraction of glass fibres.

4. Conclusions

The dependence of mechanical and fracture properties
of SMA on volume fraction of glass fibres was investi-
gated with special attention being given to the rule-of-
mixtures in describing the observed variations in the
measured quantities as a function of the volume frac-
tion of the glass fibres. Results indicated that the
addition of glass fibres

1. enhances tensile and flexural strengths of the
polymer matrix. Variation for both strengths with
respect to ¢; followed a simple rule-of-mixtures. It was
found that although strengths were greater in flexure
than in tension, the relative strength in each case was
independent of the loading mode. Moreover, tensile
strength of the polymer matrix and its composites was
considerably reduced in the presence of the weldline.
The weldline integrity parameter decreased linearly
from a value of 0.66 for the matrix to a value of 0.25 for
composite containing 22% by volume glass fibres;

2. enhances the elastic modulus of the polymer
matrix. Elastic modulus was found to be independent
of the loading mode, increasing linearly with increas-
ing ¢; according to a simple rule-of-mixtures. The
presence of the weldline had no significant effect upon
elastic modulus;

3. enhances fracture toughness of the polymer
matrix. A linear relationship was found between frac-
ture toughness and ¢;. Furthermore, fracture tough-
ness of the polymer matrix and its composites was
considerably reduced in the presence of the weldline.
The weldline integrity parameter decreased from
a value of 0.70 for the matrix to a value of 0.3 for
composite containing 22 vol % glass fibres.
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