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The present study investigated the dependence of various mechanical and fracture
properties on the volume fraction, /f, of reinforcing glass fibres in acrylonitrile—
styrene—acrylate (ASA) copolymer. The addition of glass fibres enhanced the ultimate
strength and modulus as measured in both tension and flexure but reduced the total work of
fracture. The elastic modulus was not affected by the loading mode. The ultimate strength in
flexure was found to be always greater than in tension by a factor of about 1.3. Both
properties were found to be a linear function of /f following the rule of mixtures:

Pc\kPf/f]Pm (1[/f)

where Pc is the measured property for the composite, Pf and Pm are the corresponding values
for the fibre and the matrix, respectively, and k is the overall efficiency of the reinforcing
fibres. Addition of glass fibres to ASA polymer reduced both the notched and the unnotched
impact strengths. Linear elastic fracture mechanics were used to determine values of the
fracture toughness and the strain energy release rate. The fracture toughness did not change
significantly with /f, whereas the strain energy release rate decreased with increasing /f. The
presence of weldlines in the specimens had an adverse effect on all tensile properties except
for the elastic modulus. The weldline integrity parameter for the modulus was between
1 and 0.95, and for strength it was between 0.87 and 0.20, decreasing linearly with increasing
/f .  1998 Kluwer Academic Publishers

1. Introduction
It is common practice to lower costs and to improve
mechanical properties of thermoplastics by incor-
porating fillers. In particular, the reinforcement of
thermoplastics by short fibres has received special
attention because of their use in a variety of engineer-
ing applications. In general, the stiffness and strength
of the polymer matrix are enhanced by the addition of
the short fibres. It has been shown [1—8] that the
dependence of most mechanical properties on the vol-
ume fraction of the fibres can be described using some
modified form of the rule of mixtures, which considers
effects arising from both the orientation of the fibres
and the distribution of fibre lengths through the injec-
tion-moulded component.

As most short-fibre composites are fabricated by
injection moulding, it is desirable to determine the
effect of weldline on mechanical properties. In poly-
mer processing the term ‘‘weldline’’ is used to desig-
nate the interface created when two polymer melt
fronts are brought into contact. Weldlines can be seen
on the finished part as thin hair-like cracks on the
surface. The local mechanical properties could be

much lower in the weldline than in the bulk of the
part, particularly in the short-fibre composites where
fibres at the weldline may assume an orientation
which is perpendicular to the direction of the applied
stress.

The material chosen for the present work is acrylo-
nitrile—styrene—acrylate (ASA) copolymer filled with
six levels of glass fibre concentration ranging from 2 to
18 vol%. Deformation behaviour of the ASA and its
composites was studied by a series of tensile and
flexural tests. Fracture studies involved testing single-
edge-notched bend (SENB) specimens in the three-
point bend configuration. Moreover, since the influ-
ence of loading rate on material performance is an
important consideration in material selection, de-
formation and fracture studies were performed by
varying the loading rates. In addition, the influence of
weldlines on tensile properties was also investigated.

2. Materials
ASA polymer under the tradename Luran S was sup-
plied by BASF as the matrix material. This material is
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Figure 1 Tensile and flexural bars.

TABLE I Sample characterization
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(%) (vol%) (lm) (lm)

B 4.70 2.10 391 350 421 1.21
C 9.44 4.40 385 338 388 1.15
D 13.74 6.60 386 284 346 1.22
E 18.51 9.20 359 247 307 1.24
F 26.18 13.1 395 226 266 1.18
G 34.46 18.6 357 174 217 1.25

made by the copolymerization of styrene and acrylo-
nitrile (SAN) in combination with a grafted acrylic
ester elastomer. The elastomer is in the form of very
finely divided particles uniformly distributed in the
SAN framework and bonded to it by grafted SAN
chains. Short glass fibres of nominal length 6 mm and
diameter 10 lm, coated with silane coupling agent,
were used as a filler material.

3. Compounding
The polymer matrix was mixed with various
amounts of short glass fibres to produce six com-
posites with nominal glass fibre contents of 5, 10, 15,
20, 30 and 40 wt%. Compounding was carried out in
a twin-screw extruder (Brabender) fitted with a die of
diameter 4 mm. The melt temperature was kept con-
stant at 270 °C and the screw speed was 12 revmin~1.
The extrudate strands were subsequently cooled and
chopped into reinforced pellets and then dried in
a vented oven at 70 °C for 3—4h before injection
moulding.

4. Mouldings
Two types of test specimen were injection moulded
(Fig. 1).

(i) ¹ensile bars. Dumbbell-shaped specimens of di-
mensions 1.7 mm]12.5 mm]125 mm were produced
on a Negri Bossi NB60 with a melt temperature of
270 °C and mould temperature of 70 °C. The mould
used consisted of two cavities, a single- and a double-
feed cavity in which the two opposing melt fronts meet
to form a weldline midway along the gauge length.

(ii) Flexural bars. Flexural specimens of dimensions
120 mm]10 mm]4 mm were moulded using
a Klockner Ferromatik F60 injection-moulding ma-
chine. The processing temperature was 270 °C and the
mould temperature was 70 °C.

5. Sample characterization
5.1. Fibre concentration measurements
The fibre concentration in each composite was deter-
mined by ashing the material. Firstly it was necessary
to determine the mineral content of the ASA matrix
itself. A suitable amount of ASA polymer 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 mineral filler content of the ASA polymer was
calculated from the weight difference. The same ashing
experiment was carried out with the injection-
moulded fibre-reinforced ASA composites. The weight
after ashing is the combined weight of the glass fibre
and the mineral fillers in the ASA polymer. From
a knowledge of the fibre and matrix densities, the
volume fraction, /

&
, of the fibres was calculated from

the weight fraction, w
&
, of the fibres using the equation
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where q
.

is the density of the matrix (1.07 g cm~3)
and q

&
is the density of the glass fibre (2.54 g cm~3).

/
&
values are given in Table I.

5.2. 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 which contained a small quantity of mineral filler
was examined under an optical light microscope. The
fibre sample (from the remnant) was spread on a glass
slide and then placed under a light microscope and
photographed. At least 350 fibre lengths were meas-
ured and a frequency distribution of the fibre lengths
for each composite was plotted as shown in Fig. 2. In
a similar way as polymer chemists describe molecular
weight distributions, we described the fibre length in
terms of moments of distribution [8]:
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where ¸
n

and ¸
w

represent number-averaged and
weight-averaged fibre lengths. The result is shown in
Table I, where the ratio ¸

w
/¸

n
represents the fibre

length polydispersity. It can be seen that, as the
fibre content increases, the length of the fibre in the
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Figure 2 Fibre length distributions in ASA composite specimens.

composite decreases. This indicates that some degree
of fibre degradation has taken place during com-
pounding and moulding of the test specimens. The
polydispersity showed no systematic variation with
fibre content.

5.3. Fibre orientation
Surfaces of tensile and flexural bars to be examined
were obtained by cutting the samples and polishing
the sections. The polished sections were then viewed
under an optical light microscope and photographed.
Figs 3—5 are typical micrographs showing fibre ori-
entation patterns in some selected unwelded and
welded composite specimens as well as in the flexure
bars (the flow direction is perpendicular to the plane of
the paper).

6. Mechanical testing
6.1. Tensile tests
The tensile properties of the ASA polymer and its
composites were measured in both tension and bend-
ing modes using an Instron testing machine.

Dumbbell specimens both with and without
weldlines were tested in tension at cross-head dis-
placement rates of 0.5, 5 and 50 mmmin~1 using
pneumatic clamps. Typical tensile load—displacement
curves obtained from unwelded and welded specimens
with various fibre concentration levels are reported in
Figs 6 and 7, respectively.

6.2. Flexural tests
Measurements of flexural properties were made on
flexural bars of dimensions 4 mm]10 mm]120 mm
(depth] thickness] length). These tests were per-
formed at a cross-head displacement rate of 5 mm
min~1 over a span of 64 mm (i.e. span-to-depth ratio
of 16 to 1). Typical load—displacement diagrams for
some selected values of /

&
are shown in Fig. 8.

7. Dynamical mechanical analysis
Dynamic mechanical thermal analysis (DMTA) was
carried out on strips 4 mm wide and 17 mm long, cut
along the gauge length of the unwelded dumbbell
specimens. Strips were tested in a three-point bend
configuration with a span of 15 mm. All tests were
performed in a Perkin—Elmer 7 series analyser at a fre-
quency of 1 Hz, dynamic force of 400 mN and a static
force of 600 mN. The temperature range over which
testing was conducted was between 30 and 130 °C
using increments of 2 °C min~1. Typical traces of stor-
age modulus for some selected values of /

&
are shown

in Fig. 9.

8. Fracture toughness tests
Fracture tests for measuring fracture toughness and
the material resistance to crack propagation were car-
ried out on SENB specimens of dimensions width,
¼"10 mm, thickness, B"4 mm and length of
120 mm. For each material, a series of SENB speci-
mens were prepared with the notch depth a, ranging
from 2 to 7 mm. All the specimens were razor notched
and tested to complete failure in three-point bending
configuration with a 40 mm span. Cross-head displace-
ment rates of 5 and 50 mmmin~1 were used. Fig. 10
shows typical load—displacement curves for some se-
lected composite specimens with different a/¼ ratios.

9. Impact tests
Notched and unnotched impact strengths as functions
of glass fibre content were measured using three-point
Charpy impact specimens of thickness, B, and depth,
¼, of 4 mm and 10 mm, respectively. Specimens were
fractured at the pendulum speed of 3 m s~1 over
a span of 40 mm. Notched impact tests were per-
formed with an a/¼ ratio of 0.3 using a V-shaped
notch with a tip radius of 0.25 mm.

10. Results and discussion
10.1. Microscopy
10.1.1. Unwelded tensile bars
The skin—core morphology which has been discussed
by a number of workers (see, for example [9, 10]) was
not found in these specimens. Instead, it was found
that the cross-section of the unwelded tensile bars
consists mainly of fibres whose long axes are oriented
in the mould-fill direction (see Fig. 3). This orientation
pattern was most obvious in the composite samples
with higher fibre content.

2987



Figure 3 Optical micrographs showing the fibre orientation distribution through the thickness of the specimens without weldlines.

10.1.2. Weldline specimens

Fig. 4 shows the effect of fibre concentration on fibre
orientation pattern through the thickness in the
welded region. It can be seen that fibre orientation in
the welded region consists mainly of fibres whose long
axes are parallel to the weldline surface, i.e., perpen-
dicular to the mould-fill direction. As one moves away
from the weldline, fibre orientation changes and, at
a distance of a few millimetres, the orientation pattern
similar to that observed in the unwelded specimens is

restored. This orientation pattern was most obvious in
the composite samples with higher fibre content.

10.1.3. Flexural bars
Fig. 5 shows the effect of fibre concentration on fibre
orientation pattern through the thickness of the flex-
ural bars. Evidently, injection moulding of composite
samples has led to the formation of a distinct core
region sandwich between two surface skin layers. Sur-
face ‘‘skin’’ layers consisted mainly of fibres whose
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Figure 4 Optical micrographs showing the fibre orientation distribution through the thickness of the specimens with weldlines.

long axes were oriented in the mould-fill direction.
The core region consisted of fibres that were randomly
oriented. This morphology was most obvious in the
composite samples with higher fibre content.

10.2. Elastic modulus
It is evident from the load—displacement diagrams
that the addition of glass fibres to ASA has resulted in
an increase in the initial slope of the load—displace-
ment diagram. The initial slope was found to be more
or less insensitive to the rate at which specimens were
tensile tested. However, as illustrated in Fig. 11, values
of the tensile modulus were found to be consistently
lower than those of the flexural modulus. The differ-

ence between the two values widened as the volume
fraction of glass fibres was increased. Since the mod-
ulus of the unfilled ASA was also lower in tension than
in flexure, the difference between the two values could
not be explained solely in terms of differences in fibre
orientation patterns in the two types of specimen. As
measured tensile values were based on the clamp sep-
aration, a follow-up study was done in which the
gauge length of the tensile specimens was varied. This
was done in an attempt to correct the tensile modulus
for effects arising from machine compliance, clamps
and gear train, all of which could lead to erroneous
tensile results. These effects were brought together by
the following relationship, which is based on the as-
sumption of additivity of strains in the sample and the
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Figure 5 Optical micrographs showing the fibre orientation distribution through the thickness of flexural bars.

Figure 6 Tensile load—displacement traces for some selected specimens without weldlines.

instrument:

1

E
!11

"

1

E
!#5

#k
A

Z
(4)

where E
!11

is the apparent Young’s modulus (with no
correction being applied), E

!#5
is the actual Young’s

modulus, k represents the instrument constant, and
A and Z are the cross-sectional area and the gauge
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Figure 7 Tensile load—displacement traces for some selected specimens with weldlines.

Figure 8 Flexural load—displacement traces for some selected materials.

length, respectively, of the test specimen. According to
Equation 4, E

!#5
can be evaluated by linearly interpo-

lating the plot of 1/E
!11

versus A/Z. The inverse of the
intercept at A/Z"0 is E

!#5
and the slope of the line

is k. Such a plot for both unfilled and filled ASA
polymer is shown in Fig. 12, where it can be seen that
the data agree reasonably well with Equation 4. As
indicated in Fig. 11, the corrected values of tensile
modulus are significantly higher than those of uncor-
rected values. Moreover, the corrected values appear
to agree reasonably well with modulus values deter-
mined in flexure. This confirms our earlier belief that
the difference between the tensile and flexural moduli
did not arise as a result of a fibre orientation effect but
was the manifestation of machine compliance and so
forth.

The linear dependence between the elastic modulus,
E
#
, and /

&
(see Fig. 11) can be described re-

asonably well by the following equation (solid line

in Fig. 11):

E
#
"2.29#32.31/

&
(5)

The simplest equation for the prediction of the elastic
modulus of the short fibre composites is by the modi-
fied rule of mixtures [1—8]:

E
#
"k

1
k
2
E
&
/
&
#E

.
(1!/

&
) (6)

where E
&
is the modulus of the fibre, E

.
is the modulus

of the matrix, and k
1

and k
2

are the fibre length and
orientation efficiency factors, respectively, for the
modulus. k

1
considers the reinforcing effectiveness of

the short fibres and its value can be estimated from

k
1
"1!

tanh(b¸/2)

b¸/2
(7)

2991



Figure 10 SENB load—displacement diagrams for some selected composites.

Figure 9 Typical DMTA traces for some selected materials.

where ¸ is the average length of the fibre and b is
defined as

b"A
pE

.
E
&
(1#m

.
)A

&
ln(R/r)B

1@2
(8)

where m
.

is Poisson’s ratio for the matrix, r is the
radius of the fibre, R is the centre-to-centre distance of
the fibres and A

&
is the area of the fibre. For square

packed fibres,

R"rA
p

4/
&
B
1@2

(9)

Equation 7 can be rearranged to give

E
#
"E

.
#(k

E
E
&
!E

.
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&
(10)

where k
E
"k

1
k
2
, commonly known as the overall

efficiency parameter for modulus.
Comparing Equations 5 and 10, we obtain an over-

all efficiency factor of 0.46 for the modulus (taking
E
&

as 75 GPa). Using this value and the k
1

values
calculated via Equation 7 (taking m

.
as 0.35 and r as

5 lm) we obtain k
2

values between 0.62 and 0.68 as
given in Table II. These relatively high values of k

2

suggest that fibres in the two mouldings are aligned
substantially in the mould-fill direction; similar values
have been obtained from composites having different
matrices [2, 6, 7] but processed using identical mould-
ings as in Fig. 1.

10.2.1. Influence of weldline on elastic
modulus

As regards weldlines and their influence on elastic
modulus, we found that the deformation behaviour in
the ‘‘elastic region’’ was only marginally affected by
the presence of the weldline (see Fig. 7). The modulus
retention ratio or the weldline integrity parameter as
it is commonly known (the ratio of the modulus of
a specimen with a weldline to that of the modulus of
an equivalent specimen without a weldline) ranged
between 1.0 and 0.95 for the range of /

&
values used

here, thus implying that the elastic modulus is not very
sensitive to weldlines. This behaviour was interpreted
using the model shown in Fig. 13. The model predicts
that the modulus, EM , of the welded specimen is related
to the modulus, E

1
, of the material outside the weld-

line and to the modulus, E
2
, of the material inside the

weldline by the following relationship:

EM "
E
1
E
2

E
2
#(E

1
!E

2
)z

(11)

However, since z is very small for these materials, the
second term in the denominator is small compared
with E

2
, thus indicating the EM +E

1
as was observed in

the present study.

10.3. Strength
10.3.1. Unwelded tensile behaviour
It is evident from the load—displacement diagrams
shown in Fig. 6 that the matrix material shows lower
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Figure 12 Apparent tensile modulus versus A/Z for the ASA and its composites.

Figure 11 Tensile and flexural modulus versus volume fraction of
glass fibres.

strength but higher extension to failure than its
composites. This arises because the matrix material
is confined by the fibres and therefore cannot
deform freely. In a composite the matrix is subjected
to a triaxial state of stress, even when a uniaxial stress
is applied to the composite. The triaxial restraint of
the matrix between the fibres limits the elongation of
the matrix and therefore reduces its elongation to
failure.

The dependence of the unwelded tensile strength on
volume fraction of the glass fibres at various cross-
head speeds is shown in Fig. 14. It can be seen that the
overall trend for fibre concentration values between
0 and 13 vol% is that of increasing tensile strength
with increasing fibre concentration. However, at a
fibre concentration value of 19%, tensile strength

tends to be lower than the trend. This is consistent
with a previous study [11] where it was found that, at
volume fractions close to 20%, the separation distance
between the fibres could become sufficiently small to
restrict the flow of matrix material. This effect, as
well as the greater number of fibre ends, which leads
to higher stress concentration in the matrix material,
tend to reduce the gains in strength which other-
wise would be expected at high fibre concentration
values. Moreover, we should point out that some
degree of surface roughness was observed during com-
pounding of this grade, which may have also affected
strength properties in addition to the aforementioned
factors.

The linear dependence of tensile strength on /
&
as

shown in Fig. 14 can be expressed as

r
#
"r

0
#a/

&
(12)

where the intercept value, r
0
(at /

&
"0), and the slope,

a, are both dependent on the rate of testing, the latter
increasing and the former decreasing with increasing
rate. The intercept values, r

0
, were within 2—5% of

the matrix tensile yield strength values. According to
Kelly and Tyson [1], the effect of fibre concentration
on the composite strength may be predicted by the
following rule of mixtures for strengths:

r
#
"k

3
k
4
r
&
/
&
#r

.
(1!/

&
) (13)

where r
&
and r

.
are the tensile strengths of the fibre

and the matrix respectively. k
3

represents contribu-
tions to the strength from the fibre length and k

4
rep-

resents the contributions to the strength from the fibre
alignment distribution. In a similar way to Equation
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TABLE II Efficiency parameters for modulus and strength

/
&

(vol%)
Modulus efficiency
parameter
(k

E
"0.46)

Strength efficiency
parameter
(k

S
"0.081)

s
*
(MPa)

k
4
"k

2
"0.64

k
1

k
2

k
3

k
4

2.1 0.75 0.62 0.34 0.24 8.96
4.4 0.76 0.61 0.32 0.25 9.28
6.6 0.74 0.62 0.27 0.30 11.05
9.2 0.72 0.64 0.24 0.34 12.70

13.1 0.72 0.64 0.22 0.38 13.88
18.6 0.68 0.68 0.17 0.49 18.03

Figure 13 Model used for the prediction of the tensile modulus in
welded specimens. The total deformation along the length of the
sample is given by
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Assuming linear elastic deformation

d"e¸"¸

r

E
Substituting into d

T
"d

1
#d

2
gives

r
¸

0
E

"

r
1
¸

0
(1!z)

E
1

#

r
2
¸

0
z

E
2

where ¸
1
"z¸

0
. Since r"r

1
"r

2
, hence

1

E
"

1!z

E
1

#

z

E
2

1

E
"

E
2
(1!z)#E

1
z

E
1
E
2

Hence

E"

E
1
E
2

E
2
#(E

1
!E

2
)z

.
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where k
S

is the overall efficiency parameter for
strength (k

S
"k

3
k
4
). Comparing Equations 12 and 14

we see that the overall efficiency factor for strength is
approximately 0.081 at all three rates (taking r

&
as

2470).

The efficiency of the fibre as a reinforcing filler
depends on whether the average length is subcritical
or supercritical. The critical fibre length, ¸

#
, is defined

as [1]

¸
#
"

dr
&

2s
i

(15)

where d is the fibre diameter and s
i
is the fibre matrix

shear strength. The fibre length efficiency factor, k
3
,

for strength for the case in which ¸
n
(¸

#
may be

calculated from

k
3
"

¸
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#

(16)

and for the case in which ¸
n
'¸

#
from

k
3
"1!

¸
n

2¸
#

(17)

Assuming that the shear strength of the interface is
half the tensile yield strength of the matrix, we esti-
mate that the critical fibre length is approximately
523 lm. Clearly, this value is greater than the average
fibre lengths given in Table I; consequently, the values
of k

3
were calculated using Equation 16. These val-

ues are also given in Table II together with k
4

values
estimated using values of k

E
and k

3
.

It can be seen from Table II that, the values of the
efficiency parameters, k

E
, k

1
and k

2
, for the modulus

are consistently higher than the values of the efficiency
parameters, k

S
, k

3
and k

4
, for strength. A particular

concern is the large discrepancy between the two ori-
entation efficiency parameters, k

2
and k

4
, the former

being approximately 2.5 times greater than the latter.
This discrepancy, we believe, has originated from the
overestimation of the interfacial shear strength which
directly affects the k

3
values. In our calculations we

assumed that interfacial adhesion between the fibres
and the matrix was reasonable and therefore assigned
its value as half the matrix yield strength. There is,
however, a clear indication, based on a k

S
value of

0.081, that interfacial adhesion is poor. This was fur-
ther substantiated by scanning electron microscopy of
the fracture surfaces which indicated that fibre sur-
faces were completely free from any polymer matrix. It
must be noted that, since the yield stress value is
measured at larger deformations, it is more dependent
upon the interfacial adhesion than upon the elastic
modulus, where measurements are restricted to very
small deformations. This is why, for instance, the ten-
sile yield stress is often used to correlate interfacial
interactions in heterogeneous polymer systems [12].
Assuming that k

4
values should not differ significantly

from k
2

values, we obtain that k
3
"0.13 (taking k

2
as

0.64 and k
S

as 0.081). The estimated s
*

values thus
range between 9 and 18MPa as shown in Table II,
increasing with increasing /

&
.

The dependence of the tensile strength on the rate of
testing is shown in Fig. 15, where it can be seen that for
a given /

&
value the general trend is that of increasing

tensile strength with increasing rate owing to the brit-
tleness of the polymer matrix. It is worth noting that,
for a fixed value of /

&
, the relationship between the
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Figure 14 Welded (d) and unwelded (s) tensile strengths versus volume fraction of glass fibres at cross-head displacement rates of (a)
0.5 mm min~1, (b) 5 mm min~1 and (c) 50 mm min~1.

Figure 15 Unwelded tensile strength versus loading rate for ASA
and its composites.

Figure 16 Comparison between tensile (s) and flexural (d) strength
as functions of volume fraction of glass fibres.

tensile strength and the testing rate, x, can be reason-
ably described as

r
#
"K

1
#K

2
logx (18)

where K
2

decreases from a value of 4.56 for the matrix
to a value of 3.12 for the sample containing 13 vol%
glass fibres.

As for the dependence of flexural strength on fibre
concentration, it can be seen from Fig. 16 that the
trend is similar to that of the tensile strength. How-
ever, in line with previously reported results (see, for
example, [2, 6, 7]), albeit on different composite sys-
tems, the flexural strengths appears to be consistently
higher than the tensile strengths. The ratio, S

3
, of the

two strengths (inset in Fig. 16) showed little variation
with respect to /

&
, particularly in the concentration

range between 0 and 13 vol%, where the ratio is found
to be between 1.31 and 1.40. It must be noted that the
correction applied to the tensile modulus does not
apply to the tensile strength, where one needs to know
only the load and the area, but not the strain. It has
been suggested that the difference between the two
strengths is due to the differences in fibre orientation
patterns in the two mouldings. We acknowledge that
the presence of the core region in flexural bars and its

absence in tensile bars, as observed here, may in
part be responsible for higher flexural strengths.
However, in view of the fact that the stress ratio for
the unfilled matrix is not significantly different from
that of the filled matrix, we believe that the differences
arise mainly from the combination of the following
factors.

(i) A non-uniform stress distribution in bending as
opposed to a uniform stress distribution in tension: This
implies that, in a tensile test, the whole volume of the
specimen is subjected to the tensile state and thus the
measured stress value is the mean value of the stress
across the specimen thickness whereas, in bending, the
maximum stress is reached only at the extreme tensile
face of the specimen.

(ii) Statistical aspect of fracture. It has been observed
by Weibull [13] that the strength of a brittle material
is strongly dependent upon the volume and stress
distribution and, because of this, the average max-
imum stress at failure in bending is expected to be
higher than that of an identical specimen in tension
since the number of flaws in the outer surface of the
specimen is usually lower and their sizes smaller than
in the bulk of the specimen.
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Figure 17 (a) Weldline strength versus loading rate for ASA and its
composites. (b) Weldline integrity parameter for strength versus
volume fraction of glass fibres.

(iii) Cross-sectional yielding: It is seen from Fig. 8
that the assumption of linear elastic deformation is
not strictly valid as load—displacement diagrams
clearly demonstrate that some degree of yielding has
taken place in the cross-section of the flexural bars
during bending. Such yielding could cause flexural
strengths to be overestimated by a factor of as much as
1.5 if linear elastic analysis is used.

10.3.2. Influence of weldline on tensile
strength

Failure of all weldline specimens was found to be
brittle in nature (see Fig. 7). Beyond the elastic region
the presence of the weldline resulted in a deviation
of the load—displacement behaviour from that of the
weld-free specimens. The effect of weldline on tensile
strength is illustrated in Fig. 14. It is seen that tensile
strengths of the filled and unfilled ASA are markedly
reduced in the presence of weldlines. The strength loss
for the unfilled ASA is due to the perpendicular-to-
flow polymer chain orientation near the weldline re-
gion (i.e., perpendicular to the direction of the applied
tensile force). As for the filled ASA, the strength loss
is mainly due to the glass fibre orientation, and not to
polymer chain orientation in the weldline region. As
stated earlier, most glass fibres in the weldline region
are oriented perpendicular to the direction of the melt
flow which is also the direction of the tensile force.
Thus, weldline specimens are expected to be weaker
than weld-free specimens, where most fibres are ori-
ented parallel to the tensile force direction.

It is seen also that the extent of deterioration in the
weldline strength of the filled ASA depends largely on
the concentration of the fibres in the specimen. Fig. 14
shows that up to a fibre concentration value of about
4.4 vol% there is virtually no change in weldline
strength; however, above this value, the weldline
strength decreases linearly with increasing /

&
. It may

be deduced that, at low fibre concentration values
(i.e., less than 4.4 vol%), the strength of the weldline is
dictated mainly by the orientation of the polymer
chains whereas, at high concentration values, the main
contributing factors are fibre orientation and the num-
ber of fibre ends within the weldline region, both of
which increase with increasing fibre concentration.

The overall dependence of weldline strength on
volume fraction of glass fibres may be expressed as

r
#8
+r

.8
(/

&
)0.044)

r
#8
"r

.8
!v/

&
(/

&
*0.044)

(19)

where r
#8

and r
.8

are the weldline strengths of the
composite and the matrix, respectively. Both of these
parameters increase with increasing rate as shown in
Fig. 17a because of the brittleness of the matrix at
higher rates. The value of v is found to be much
greater than one and increased with increasing rate
(v"89.43, 100.54 and 110.34 at cross-head speeds of
0.5 mmmin~1, 5 mmmin~1 and 50mm min~1, re-
spectively). A more useful way of rewriting Equation
19 for /

&
*0.044 is

r
#8
"r

.8
(1!w/

&
) (20)

where, for the range of cross-head speeds employed
here, w is almost constant with an average value of
2.24 and standard deviation of 0.08.

Fig. 17b illustrates the effects of fibre concentration
and loading rate on weldline integrity parameter for
strengths (defined as weldline strength divided by the
weld-free strength). It can be seen that the variation in
weldline integrity factor resulting from different cross-
head speeds is generally not very significant. However,
data indicate that the weldline integrity is strongly
influenced by the concentration of fibres in the speci-
men. In the concentration range between 0 and 13
vol%, the dependence of the weldline integrity factor
for strength on /

&
can be reasonably expressed as

F
#
"F

.
(1!)/

&
) (21)

where F
#
and F

.
are the weldline integrity parameters

for the composite strength and the matrix strength,
respectively. The line drawn in Fig. 17b gives average
F
.

and ) values of 0.867 and 3.55, respectively.

10.4. Work of fracture
Fig. 18a shows the dependence of the work of fracture
on the volume fraction of the glass fibres for both
welded and unwelded tensile specimens.
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Figure 19 Comparison between the storage modulus and
the flexural modulus as a function of volume fraction of glass
fibres.

Figure 18 (a) Work of fracture versus volume fraction of glass
fibres for unwelded specimens. (b) Work of fracture versus volume
fraction of glass fibres for specimens with weldlines. (c) Weldline
integrity parameter for work of fracture versus volume fraction of
glass fibres.

It can be seen from Fig. 18a that, for the case in
which the fibre concentration is less than 5 vol%,
work of fracture of the weld-free specimens decreases
quite sharply with increasing /

&
. However, above this

value and up to the concentration value of 13 vol%,
very little variation, if any, in work of fracture was
found with increasing /

&
. A further increase in fibre

concentration led to a drop in the work of fracture for
the reasons discussed earlier. It may be deduced also

that the work of fracture is rate dependent; increasing
with increasing rate.

Comparison of Fig. 18a and b clearly demonstrate
that the presence of the weldline reduces the work
of fracture of both filled and unfilled ASA specimens.
This is attributed to the reduction in both the
strength and the extension to failure of the specimen
across the weldline. Although the severity of the en-
ergy loss due to the presence of the weldline was
greatest for the unfilled ASA, a considerable reduction
was also found for the reinforced materials, where the
work of fracture was strongly dependent upon the
concentration of the fibre, decreasing with increasing
fibre concentration. It can be seen that the work of
fracture of the weldline specimens is also affected by
the rate of testing, increasing with increasing rate.
However, the rate effect becomes increasingly less pro-
nounced as the volume fraction of the fibres in the
specimen is increased.

The extent to which the work of fracture had de-
teriorated in the presence of the weldline is clearly
demonstrated in Fig. 18c through the weldline integ-
rity parameter, F

6
. It is seen that, in the case of the

matrix, F
6

has a value of 0.09 which then rises quite
sharply, reaching a maximum value of 0.6 for rein-
forced grades containing 3—5 vol% glass fibres. There-
after, F

6
decreases with increasing /

&
, tending towards

a limiting value of just below 0.2. It can be
deduced also that the variation of F

6
with /

&
is very

much independent on the rate at which specimens are
pulled.

10.5. Storage modulus
Fig. 19 compares values of the storage modulus and
the flexural modulus as functions of fibre concen-
tration. Seemingly, the agreement between the two
moduli is reasonably good and the dependence of the
storage modulus on /

&
may also by expressed by the

rule of mixtures for moduli as given by Equation 10.
The best linear regression line through the data (solid
line in Fig. 19) gave E

.
and k

E
values of 1.80 GPa and

0.48, respectively.
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Figure 20 (a) Impact strength versus volume fraction of glass fibres.
(d), unnotched; (s), notched. (b) Notched sensitivity parameter
versus volume fraction of glass fibres.

Figure 21 Fracture stress versus 1/½a1@2 for ASA and its composites:
(a) 5mm min~1; (b) 50 mmmin~1.

10.6. Impact strength
Fig. 20a shows the variation in the notched and the
unnotched impact strengths as functions of /

&
. Since

the unnotched specimens of the polymer matrix did
not break under the testing conditions used here, it
was not possible to measure its impact strength value.
There is nevertheless, a clear indication that the addi-
tion of glass fibres to ASA polymer reduces the impact
strength of both types of specimen. The dependence of
both the notched and the unnotched impact strength
on /

&
in many ways is similar to that observed for the

work of fracture of unwelded specimens tested in ten-
sion (see Fig. 18a). The effect due to the notch alone
on the impact strength is demonstrated in Fig. 20b
through a notch integrity parameter, F

N
, defined as

the ratio of the two impact strengths (notched strength
to unnotched strength). The general trend is that of
increasing F

N
with increasing /

&
, thus indicating that

the sensitivity of notches upon impact strength be-
comes increasingly less severe as volume fraction of
the glass fibres is increased.

10.7. Fracture toughness
The nature of the SENB load—displacement diagram
for the glass-filled ASA materials is typified by
the traces in Fig. 10. They show that, at maximum
load, filled ASA specimens fracture in an un-
stable manner, particularly for the cases in which

the length of the initial notch is less than 0.5¼.
However, for a/¼ greater than 0.5, the nature
of failure is by slow crack growth from the notch
tip. As for unfilled ASA, our previous study [14]
showed that the fracture behaviour of this material
is ductile with slow crack propagation from the
notch tip.

Linear elastic fracture analysis was used to evaluate
the fracture toughness, K

.
, corresponding to the max-

imum load. To evaluate K
.
, the following equation

was used [15] :

r
.
"

K
.

½a1@2
(22)

where a is the initial crack length, r
.

is the
maximum gross bending stress (equal to 3P

.
S/2BD2)

and ½ is the finite width correction factor [15].
Fig. 21 shows the variation in r

.
as a function

of 1/½a1@2 for both ASA and its glass-filled
composites, at cross-head displacement rates of 5 and
50mmmin~1. Evidently, variation is reasonably
linear and therefore independent of crack length for
all materials studied here, as is the case for materials
obeying linear elastic fracture mechanics. Clearly, data
for ASA and its composites fall on one straight line,
thus implying that the addition of glass fibres and
their concentrations does not affect K

.
(given by the

slope of the line). This further supports the view that
the adhesion between the fibres and the ASA material
is poor.
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TABLE III Summary of the fracture data at cross-head displace-
ment rates of 5 and 50 mmmin~1

/
&

(vol%)
Fracture data at
5 mm min~1

Fracture data at
50 mm min~1

K
.

G
.

K
.

G
.

(MPam1@2) (kJm~2) (MPam1@2) (kJm~2)

0 3.16 4.62 3.36 5.23
2.1 3.11 3.36 3.32 3.83
4.4 3.32 2.97 3.52 3.34
6.6 3.40 2.62 3.43 2.67
9.2 3.36 2.18 3.45 2.30

13.1 3.48 1.81 3.42 1.75
18.6 3.11 1.21 3.44 1.47

Figure 22 Total work of fracture per unit thickness versus crack
length for filled ASA materials: (a) 5 mm min~1; (b) 50 mm min~1.

Figure 23 Crack propagation resistance versus volume fraction of
glass fibres at cross-head displacement rates of 5 and 50 mm min~1.

Considering that the average values of K
.

at
cross-head displacement rates of 5 mmmin~1 and
50 mm min~1 are 3.28$0.15 MPam1@2 and
3.42$0.07 MPam1@2, respectively, it may be inferred
that K

.
is not affected significantly by the rate of

testing.
From the values of K

.
given in Table III, values of

the strain energy release rate, G
.
, were evaluated from

the relationship

G
.
"

K2
.

E
(23)

where E is the flexural modulus. Based on the values
given in Table III, one can deduce that G

.
decreases

quite considerably with increasing /
&
. Undoubtedly,

this is due to increasing stiffness of specimens with
increasing /

&
.

From the total area under the load—displacement
curves, values of the crack growth resistance, G

1
, for

the polymer and its composites were determined, us-
ing the generalized locus method [16]. According to
this method, the resistance, G

1
, to steady crack propa-

gation can be determined from the following relation-
ship:

G
1
"

1

B

dº

da
(24)

where º represents the energy required for crack
propagation, given by the total area enclosed by the
loading curve and the x axis. If G

1
is constant for

a given specimen thickness, then the plot of º/B
against crack length, a, should yield a linear fit. The
slope of this linear fit represents G

1
. Fig. 22 shows

plots of º/B for the glass-filled composites as a func-
tion of crack length at cross-head displacement rates
of 5 and 50 mmmin~1. It is evident that plots are
reasonably linear with various slopes, G

1
. These

values are plotted in Fig. 23 as a function of /
&
, where

it can be seen that the trend is very similar to that of
the work of fracture in the tensile test (see Fig. 18a) or
the impact strength (see Fig. 20).

11. Conclusions
The dependence of various mechanical properties on
the volume fraction of reinforcing glass fibres in ASA
copolymer was investigated. Results indicated that the
addition of glass fibres has the following effects.

1. It enhances the ultimate tensile and flexural
strengths of the polymer matrix. Variation for both
strengths was reasonably linear with respect to /

&
and

thus obeys the rule of mixtures for strengths. It was
found that the strengths were greater in flexure than in
tension. Moreover, the tensile strength values of both
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unfilled and filled ASA were considerably reduced in
the presence of the weldline. The weldline integrity
parameter for the resin was approximately 0.87 and
for the composite containing 19 vol% glass fibres was
as low as 0.2. Both strengths were found to be depen-
dent on the rate of testing, increasing with increasing
testing rate.

2. It enhances the elastic modulus of the polymer
matrix. The elastic modulus was not affected by the
loading mode and was found to be a linear function of
/
&

which was subsequently described by the rule of
mixtures. This quantity for both filled and unfilled
ASA was not affected by the weldline. The weldline
integrity parameter for the modulus ranged between
1.0 and 0.95.

3. It reduces the elongation to yield and to break
as well as the total work of fracture of the polymer
matrix. These quantities were reduced in the presence
of the weldline. The weldline integrity parameter for
the matrix was approximately 0.09 and for the com-
posites it ranged between 0.6 and 0.2 depending on the
concentration of the fibres.

4. It reduces both the notched and the unnotched
impact strength of the matrix.

5. It has little effect, if any, on the fracture tough-
ness of the polymer matrix. This was attributed to
the poor adhesion between the fibre and the matrix.
The strain energy release rate value for the polymer
matrix was found to be higher than those of its com-
posites.
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