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Residual stresses in short-glass-fibre-reinforced
thermoset injection mouldings
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Residual stress distributions have been measured in injection mouldings made from
glass-fibre-reinforced phenolic and polyester (dough moulding compound (DMC))
thermosets. The results were inconsistent and this is believed to correspond to variability
within the materials rather than to measurement error. The phenolic composite mouldings
tended to have compressive residual stress near to the surface and tensile stress in the
interior but examples were found in which this sense was reversed. Post-curing the phenolic
composite mouldings caused the residual stress magnitudes to increase and reduced the
variability in the observed stress distributions. Two DMCs were investigated. The stresses
were generally lower in magnitude than those observed in the phenolic composite mouldings;
examples in which the residual stress was compressive near the surface and those in which it

was tensile were found with almost equal probability. © 7998 Kluwer Academic Publishers

1. Introduction
Short-fibre-reinforced polyester and phenolic ther-
mosetting resins have an excellent combination of
properties with better stiffness, strength and operating
temperature range than most reinforced thermoplas-
tics. Grades have been developed that can be injection
moulded but their properties can be highly variable
even for mouldings made in the same batch and under
the same conditions, and this limits their use [1-6].
The variability in properties is probably the result of
fibre clumping and variations in the fibre orientation
distribution. A study of variations in Young’s modulus
and density has been presented elsewhere [7, 8].
Another source of property variation in injection
mouldings is the residual stress distribution. Residual
stresses cause warping when asymmetrical about the
midplane in the wall of a moulding and may have an
influence over the fracture behaviour. Considerable
attention has been paid to residual stresses in injec-
tion-moulded thermoplastics [9-28] but very little
literature exists regarding residual stresses in ther-
moset mouldings. Some studies have been made of
thermosetting coatings but there are few reports con-
cerning residual stresses in thick sections (say 2 mm or
greater). Miyano et al. [29] studied rapidly quenched
samples and their measurements indicated that the
residual stresses were thermally produced, the result of
differential cooling. Srivastava and White [30] exam-
ined sheets 5 mm thick made from an epoxy resin
using different curing temperatures and showed that
the stresses were compressive near the surface and
tensile in the interior. Neither of these studies included
injection-moulded samples and it is expected that they
will show significant differences in residual stress dis-
tribution as well as other properties. Furthermore, the
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materials of most interest are those with fibre rein-
forcement, another departure from the investigations
by Miyano et al. [29] and Srivastava and White [30].
Differential thermal contraction under the temper-
ature gradients that prevail during solidification is the
principal source of residual stresses in thermoplastics.
Although the same is indicated to be true in the
thermosets studied by Miyano et al. [29] and Srivas-
tava and White [30], their samples were cured under
fairly benign conditions. In the case of injection
moulding, the material is heated rapidly and very
non-uniformly. The material is prepared in the barrel
at a relatively low temperature, high enough to pro-
mote easy flow but too low to cause rapid reaction.
When injected, the material that is adjacent to the hot
mould wall heats up rapidly and starts to cure. The
material in the interior heats up more slowly but
because of the exothermic nature of the curing reac-
tion it may rise to above the mould temperature and
the temperature gradient in the material may become
reversed. At the curing temperatures used in injection
moulding, the reaction is rapid and difficult to control.
Hot spots may develop. Although the presence of
non-reactive fillers should help to control the
exotherm, they may even enhance the likelihood of
localized temperature variations if matrix—filler segre-
gation occurs or if the filler is in the form of fibres
which become oriented, causing anisotropic thermal
conduction to occur. Thus the thermoelastic residual
stresses that form in reinforced thermosets may not
bear any resemblance to those in thermoplastics.
There are other differences between thermoplastics
and thermosets that may cause differences in the resid-
ual stress distributions in injection mouldings made
from the two classes of material. Firstly, the curing
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process can be expected to change the intermolecular
packing and is generally accompanied by shrinkage; in
the case of injection moulding, with curing proceeding
at different rates at different depths, this will result in
constrained shrinkage in the parts of the moulding
that cure last and will result in stress development.
Secondly, stress relaxation will be far less likely to
occur in a cured thermoset than in a thermoplastic so
that the post-moulding relaxation (ageing) of residual
stresses [ 19] will be much less in thermosets. Thirdly,
in thermoplastics there are flow-related stresses [18]
that are partly related to the orientation and sub-
sequent recoil of the long molecular chains whereas
the thermoset molecules are much shorter during the
flow phase of the process and are not expected to
behave in the same way.

The purpose of the study reported here was to
determine the size and distribution of residual stresses
in short-fibre-reinforced polyester and phenolic ther-
mosetting injection mouldings and to investigate
whether they can be controlled.

2. Experimental procedure

2.1. Materials and moulding conditions
Studies have been made of a reinforced phenolic ma-
terial, Vynckier RX613, and two experimental polyes-
ter dough moulding compounds (code named DMC1
and DMC2). For the Vynckier RX613 phenolic com-
pound, the volume composition was resin 52%, cal-
cium carbonate filler 33% and glass (fibres plus some
spheres) 15%. DMCI1 was described as a low-shrink
grade with volumetric composition given by the sup-
plier as 44% resin plus “low profile additive” (LPA),
44% mineral filler and 12% glass fibre. The volumet-
ric composition of DMC2 (nil shrink) was given
as 53% resin plus LPA, 36% mineral filler and 11%
glass fibre. The mouldings were in the form of pic-
ture frames with a deep rim (Fig. 1). The mould tem-
perature used for the phenolic mouldings was
158-160 °C, the back pressure was 5 bar and the hold
pressure was 25 bar (for 15 s) or 45 bar (for 5 s). Some
of the phenolic mouldings were post-cured in an air
circulating oven at 170 °C for 7 h. The mould temper-
ature for the DMC materials was 145°C, the back
pressure was 27 bar and the hold pressure was either
96 bar (for 10 s) or 192 bar (for 19.8 s). Test bars 10 mm
wide, 3 mm thick and 90 mm or 110 mm long were
extracted from (i) the gate side, from 10 mm down-
stream of the gate and not spanning the gate region
(identified below and in Fig. 1 as G samples), (ii) the
knitline side (not spanning the knitline itself) (K sam-
ples) and (iii) the short connecting ends (E samples).

2.2. Residual stress measurement

The residual stress distribution was measured using
the layer removal procedure [10-13]. This method
requires that thin layers (about 0.1 mm thick) are
removed from one surface of the bar-shaped sample,
causing it to bend in response to the resulting imbal-
ance of the residual stresses. The curvature is meas-
ured at the beginning and after each layer removal;
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Figure I Plan and section of the mouldings (not to scale). The wall
thickness was about 3 mm. Bars with axis parallel to the flow
direction were cut from positions El, E2, G2, G3, K2 and K3. In
a limited number of experiments bars were cut spanning the gate
(G1) or spanning the knitline (K1) but the studies of these samples
are not reported here.

then a plot is made of the curvature, p, versus the total
depth z, — z, of material removed, where 2z, is the
initial bar thickness and z; is the distance from the
machined surface to the plane that was located at
the bar centre before layer removals commenced.
Data taken from this plot are then used to determine
the through-thickness residual stress distribution in
the x (bar axis) direction using the equation provided
by Treuting and Read [31]:

. E dpu(z1) | vdp,(zy)
Orx = ‘m[(20—21)2< dz, T dz >
+ 4(zo + z1)[paz1) + vpy(z1)]
—2 J " [0 + vpy(2)] dz] (1)

where p, and p, are the curvatures in the x and
y directions, respectively, E is Young’s modulus and
v is Poisson’s ratio. It is difficult to measure the curva-
ture, p,, across the bar width and the assumption was
made that the stresses in the plane of the mouldings
were equi-biaxial so that p, = p, = p, giving

E d
G, :(21) - m ((Zo + zy)? d—zpl
4z + 20)p — 2F pdz> )

Layers were removed by high-speed milling using
a single-point cutter and fly-cutting action. Whereas
this has proved to be most satisfactory in many studies
of residual stresses in thermoplastics, the tool tip be-
came damaged much more rapidly with the reinforced
thermosets than with thermoplastics or even rein-
forced thermoplastics. As a result the tool was
changed much more frequently than was the case with



the analysis of thermoplastic bars. The bar was fas-
tened to the milling machine bed using a vacuum
chuck, permitting swift stress-free removal of the
sample at the end of a machining pass. The plots of
curvature versus depth removed were found to have
much more scatter than is the case with thermoplas-
tics samples [10-13, 19, 26], an observation which is
discussed later. Improvements were made by increas-
ing the frequency of milling tool change but the scatter
was never reduced to the level routinely achieved with
thermoplastics mouldings.

The curvature was measured using the optical lever
principle with a laser as light source [10, 32]. A pro-
filometer was also used in some cases for comparison.
The thermosets tested here have greater stiffness than
the thermoplastics samples examined in previous
studies, and the chance that the force applied by the
profilometer to the sample bar causes an error is much
less with the reinforced thermosets. Nevertheless the
method proved to be less satisfactory than the optical
lever method for practical reasons [8].

The Treuting—Read expressions (Equations 1 and
2 are based on an analysis for samples with uniform
Young’s modulus. In another phase of the investiga-
tion the distribution of Young’s modulus through the
depth of the mouldings was determined [7, 8] and was
found to vary quite significantly. The measurements
provided the data required to perform a refined resid-
ual stress analysis introduced by Paterson and White
[33] in which the variation in Young’s modulus is
taken into account. This analysis is very laborious and
was performed only for a representative selection of
samples.

3. Results

The scatter in the curvature measurements was unac-
ceptably large in a significant fraction of the analyses
conducted for this investigation. In some cases it was
possible to attribute this to the low level of stress in the
sample, resulting in very small curvatures and, conse-
quently, a large fractional measurement error. This
was not the only problem and large scatter was often
found even in samples which produced significant
curvatures when layers were removed. The results
presented below are selected to illustrate these difficul-
ties and to provide a representative sample of those
analyses which seemed most reliable because of their
relative freedom from scatter

3.1. Phenolic composites

3.1.1. Standard mouldings (no post-cure)
Fig. 2 shows the curvature measurements for a sample
extracted from the knitline side (K2) of a standard
moulding (made using a hold pressure of 25 bar for 15
s). The scatter is large and it is not possible to con-
struct with confidence a suitable line upon which to
base a Treuting—Read analysis. This is an example
where it can be deduced that the residual stresses are
small. To demonstrate this an analysis is carried out
using the best-fit straight line (shown in Fig. 2). When
the curvature plot is represented by a straight line, the
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Figure 2 Curvature versus depth removed for a sample extracted at
position K2 from a standard phenolic moulding. The least-squares
best-fit straight line is shown.

05—
£
£ o.o\ §
: . S
E L
&3 [

[ ]
05—l
0 0.5 1.0 1.5
Z,— Z, (mm)

Figure 3 Curvature versus depth removed for a sample extracted at
position E2 from the phenolic moulding that also provided the
sample used for Fig. 2. The line represents a cubic fit and is included
simply for guidance.

Treuting—Read analysis gives a parabolic residual
stress distribution with the maximum or minimum at
the centre of the moulding and with stress magnitudes
everywhere proportional to the gradient of the curva-
ture plot line [11, 12]. In the example given in Fig.
2 the gradient is negative and this corresponds to
tensile stress at the surface and a compressive min-
imum at the centre. The gradient is very small, and the
stress magnitudes are correspondingly small: 1.7
MNm~? (tensile) at the surface and 0.85 MNm ™2
(compressive) at the moulding centre. It is rare to find
a tensile stress near the surface of an as-moulded
thermoplastic injection moulding but the observation
of a tensile stress at the surface of a reinforced phenolic
moulding was not unique, as shown by the data ob-
tained with a sample taken from one of the connecting
ends (E2) of the same moulding (Fig. 3). It is quite clear
that the gradient of the curvature plot is negative near
the surface (zo — z; = 0) and this means that the resid-
ual stress at the surface is tensile. A full analysis is not
given here because of the lack of precision in locating
the best line to represent the curvature plot in the
presence of the scatter. A sample extracted from the
gate side (G3) of the same moulding gave a curvature
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plot with gradients of the opposite sign, indicating
that compressive stress was present near the surface
(Fig. 4).

Samples made with a larger hold pressure (45 bar)
but shorter hold time (5s) were found to have stresses
of the same sense but lower magnitudes in the K2 and
G2 positions but in the E2 position there were com-
pressive stresses near the surface (compared with ten-
sile stresses in the standard moulding) [8].

3.1.2. Post-cured samples

Post-cured samples tended to contain larger stresses
and always had compressive stresses near the surface
and tensile stresses in the interior. Thus the post-
curing did not relax the residual stresses but actively
promoted a change.

Fig. 5 is the curvature plot for a connecting end (E1)
bar extracted from a post-cured standard phenolic
moulding. Although there is some scatter after
zo — z1 & 0.5, the early trend is easily located and
shows that the stress near the surface is compressive
and substantial (Fig. 6). Fig. 7 shows the curvature
plot for the G2 sample from the same moulding.
The best-fit straight line was used as the basis of the
residual stress analysis (Fig. 8). The K2 sample also
contained significant residual stresses, raising to
about 10 MN m~? compressive near the surface and
7 MNm ™ ? tensile near the centre [8].

After the post-cure treatment the samples moulded
with a larger hold pressure (45 bar) but shorter hold
time (5 s) were also found to have compressive stresses
near the surface and tensile stresses near the centre. As
with the post-cured standard mouldings, the curva-
ture plots were steeper than for the as-moulded state,
giving larger stress magnitudes. Fig. 9 shows the cur-
vature plot for a G3 sample and, although there is
some doubt regarding the exact location of the best
line to represent the data, the analysis indicates strong
compressive residual stresses near the surface and
correspondingly strong tensile stresses near the centre
(Fig. 10). In addition to the residual stress distribution
obtained using the Treuting-Read analysis, Fig. 10
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Figure 4 Curvature versus depth removed for a sample extracted at
position G3 from the phenolic moulding that also provided the
sample used for Fig. 2.
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Figure 5 Curvature versus depth removed for a sample extracted at
position E1 from a post-cured phenolic moulding.
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Figure 6 Residual stress distribution derived from the curvature
plot shown in Fig. 5.
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Figure 7 Curvature versus depth removed for a sample extracted at
position G2 from a post-cured phenolic moulding. The least-
squares best-fit straight line is shown.

also gives the results of the Paterson—White analysis
that takes into account variations in Young’s modulus
with depth, based on the same curvature plot (Fig. 9).
The Paterson—White analysis shows the same general
features as the Treuting-Read analysis, confirming
that the use of the simpler Treuting—Read method is
justifiable in the studies described here because of the
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Figure 8 Residual stress distribution derived from the curvature
plot shown in Fig. 7.
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Figure 11 Young’s modulus distributions for samples extracted at
the K2 (——) and G3 (----) positions from the post-cured phenolic
moulding used for Figs 9 and 10.
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Figure 9 Curvature versus depth removed for a sample extracted at
position G3 from a post-cured phenolic moulding that was origin-
ally moulded using 45 bar hold pressure for 5 s.
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Figure 10 Residual stress distributions derived from the curvature
plot shown in Fig. 9 using the Treuting-Read method (——) and the
Paterson—White procedure (- - - -), respectively.

large time penalty incurred when using the more exact
method due to Paterson and White. This is true even
though Young’s modulus varied quite considerably in
the example given above (Fig. 11). A similar result was
obtained with a bar extracted from the K2 position of
the same moulding (Figs 12 and 13).

Zy— Z, (mm)

Figure 12 Curvature versus depth removed for a sample extracted at
position K2 from the post-cured phenolic moulding used for Figs
9-11.
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Figure 13 Residual stress distributions derived from the curvature
plot shown in Fig. 12 using the Treuting-Read method (——) and
the Paterson—White procedure (- - - -), respectively.

3.2. DMC1

The curvature plots for DMC1 were rather shallow.
There was a tendency for the curvature to fall near the
left-hand axis, indicating tensile stresses near the
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surface. An example is shown in Fig. 14 for a sample
extracted from the E2 position of a moulding that was
made using a high hold pressure (192 bar) and high
hold time (19.8s). The corresponding residual stress
distribution is shown in Fig. 15. The K2 sample from
the same moulding also appeared to have a (weak)
tensile stress near the surface [8] but the curvature
plot for the K3 sample showed a positive gradient,
indicating compressive stress near the surface (Fig. 16).
The best-fit straight line was used for the residual
stress analysis of Fig. 16 and the result is shown in Fig.
17. Samples extracted from DMCI1 mouldings made
with the lower hold pressure (96 bar) and shorter hold
time (10s) tended to produce curvature plots with
greater scatter; the curvatures were generally quite
small and there were indications that the residual
stresses were tensile near the surface in some samples
and compressive in others [8].

3.3. DMC2

The curvatures obtained when layers were removed
from samples made from DMC2 were generally small,
indicating fairly small residual stress magnitudes. An
example is shown in Fig. 18 in which the best-
fit straight line is chosen for analysis in the presence
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Figure 14 Curvature versus depth removed for a sample extracted
at position E2 from a DMC1 moulding.
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Figure 15 Residual stress distribution derived from the curvature
plot shown in Fig. 14.
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Figure 16 Curvature versus depth removed for a sample extracted
at position K3 from a DMCI1 moulding. The least-squares best-fit
straight line is shown.

Residual stress (MN m2)
o

0 0.5 1.0 1.5
Z,— Z, (mm)

Figure 17 Residual stress distribution derived from the straight line
in the curvature plot shown in Fig. 16.
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Figure 18 Curvature versus depth removed for a sample extracted
at position G3 from a DMC2 moulding. The least-squares best-fit
straight line is shown.

of significant scatter. The gradient is small and posi-
tive and corresponds to a parabolic stress distribu-
tion with a maximum compressive stress of about
1.5 MNm ™ ? at the surface and a maximum tensile
stress of less than 0.8 MN m ™2 at the centre.



4. Discussion

We believe that this is the first study in which signifi-
cant attention has been paid to the determination of
residual stresses in short-fibre-reinforced thermosets.
The testpieces were extracted from injection mould-
ings that were made in batches using controlled condi-
tions and taking all reasonable precautions to produce
consistent parts. It is shown that the stress levels
were often significant, with magnitudes of around
15 MN m ™ ? common. In many cases the scatter in the
curvature data was so large that no sensible line could
be chosen to represent them and no residual stress
analysis could be performed. Nevertheless many satis-
factory analyses were obtained that gave considerable
insight into the nature of the residual stresses present
in these mouldings.

The residual stresses varied in an unpredictable
manner and repeat measurements were rarely in close
agreement. Residual stress distributions were usually
different at different locations within the same mould-
ing and were usually different at equivalent locations
in different mouldings from the same batch. Examples
were found in which the senses of the stress distribu-
tion were different at different locations within the
same moulding, with compressive stresses at the sur-
face at some locations and tensile stresses at the sur-
face at other locations. Compressive stresses form at
the surface of thermoplastic mouldings as the result of
the temperature gradient that is present during solidi-
fication. The opposite temperature gradient is present
at the beginning of the moulding cycle with injection-
moulded thermosets because warm material is injec-
ted into a hotter mould. If this temperature gradient
were to be maintained during curing, then residual
stresses of opposite sense to those in thermoplastic
mouldings would be expected to form when a uniform
temperature is finally re-established. The curing pro-
cess is exothermic, however, and, if the reaction is
rapid enough, the temperature at positions remote
from the stabilizing influence of the mould wall may
rise above that of the mould, so reversing the temper-
ature gradient. If this situation prevails during the
curing process, then the residual stress is predicted to
be compressive near the surface and tensile in the
interior when the part has cooled to a uniform temper-
ature. The exotherm is difficult to control and may
produce different effects at different locations. In re-
gions with high fibre concentration the effect will be
quelled somewhat by the heat absorption of the non-
reacting filler. If the fibres are aligned, the thermal
conductivity will be anisotropic and this may lead to
further differences if the fibre orientation distribution
is non-uniform throughout the moulding. Light op-
tical examination of sections of these mouldings
confirmed the presence of fibre bunching and of
non-uniform fibre orientation distribution [7, §].

The majority of analyses performed on as-moulded
phenolic samples showed that the residual stress was
compressive near the surface and tensile in the in-
terior. There was a significant number of examples in
which the opposite sense was obtained, however, and
it is evident that control of residual stress is extremely
difficult with this type of material. In the examples

given above the use of a higher hold pressure for
a shorter time appeared to produce smaller residual
stress magnitudes, but the apparent change is much
smaller than the range of values obtained from sam-
ples from a single batch of mouldings and cannot be
taken as a reliable guide to a means of control.

The post-cured phenolic mouldings appeared to
have a more consistent residual stress distribution,
with compressive stresses near the surface and tensile
stresses in the interior. The stress magnitudes were
generally higher than those measured in as-moulded
samples, indicating that some active change was pro-
moted by the post-cure. It might have been expected
that post-curing would cause stress relaxation but
instead it seems that the effect of the completion of the
chemical reactions involved in curing dominated. The
changes in stress distribution are consistent with
shrinkage in the interior and it is speculated that the
state of cure was less developed there at the end of the
original cure so that, during the post-cure treatment,
more shrinkage took place in the interior than near
the surface, producing or enhancing tensile stresses
there and causing the setting up of opposing (compres-
sive) stresses near the surface.

The residual stress magnitudes measured in the
DMC samples were generally smaller than those in
the phenolic mouldings, with the nil-shrink grade
(DMC2) tending to have smaller stresses than the
low-shrink grade (DMCI1). In all cases there was
a wide spread of behaviour and the inconsistency is
the most important characteristic. It was found that
tensile residual stresses and compressive residual
stresses were found near the surface in the DMC
mouldings with almost equal probability. Thus there
was more tendency to have tensile residual stresses
near the surface with DMC samples than with phen-
olic mouldings.

Although the results presented here are the most
positive confirmation yet published that residual stres-
ses can form in injection-moulded reinforced ther-
mosets, this should be no surprise. Mouldings made
from these materials are known to be prone to warping
and are frequently placed in jigs immediately after
ejection from the mould to ensure that they retain the
target dimensions as they complete curing. The import-
ance of this phase of the forming process is confirmed in
the study of post-curing of phenolics in which it was
demonstrated that the residual stresses change mark-
edly after ejection from the mould. If the changes are
unbalanced, this will lead to warping and distortion.
The current study did not examine imbalances in resid-
ual stresses across the section; this would be almost
impossible to achieve since the preferred method would
be to conduct layer removal measurements from oppo-
site sides of two nominally identical samples [11, 12,
34-36]. In the presence of the inconsistency between
samples tested in this study it would not be possible to
select identical samples for such an investigation.

5. Conclusions
Significant residual stresses may form in injection
mouldings made from fibre-reinforced thermosets.
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Measurements of the order of 15 MNm ™2 were com-
mon; this is a significant fraction of the tensile break-
ing stress for this class of material. The magnitude of
the stresses and even their sense varied unpredictably
from moulding to moulding and even from one loca-
tion to another within the same moulding. This is
believed to be at least in part due to fibre bunching
and variations in fibre orientation distribution, pos-
sibly through the effect on the temperature rise asso-
ciated with the curing exotherm. Modifications in the
residual stress distribution are promoted by post-cur-
ing in phenolic mouldings; stress magnitudes generally
increased and the variability reduced. The effect of
changes in processing conditions on residual stresses
was difficult to determine in the presence of such large
variations when no changes in processing conditions
were applied.
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