In-Plane Compression of Constrained Preforms
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Preforms constructed from a plain-weave, glass fabric were compressed in-plane
within a fixture that mimicked the constraints of a closed mold. Typically, a gap
was left between the bottom of the preform and the floor of the fixture; upon initial
compression, the preform slid within the fixture, which allowed the friction between
the preform and the fixture wall to be measured. The preform began to compress as
it contacted the floor of the fixture. The deformation was proportional to the applied
stress until a critical stress was reached. Above this stress, the preform sustained
damage in the form of localized buckling and a corresponding decrease in mechani-
cal integrity. The in-plane compressive behavior varied with system parameters,
such as preform geometry, fabric orientation, and clamping stress and was shown
to be strongly dependent on friction of the preform against the fixture wall. A model
was developed to describe the contribution of preform friction with the fixture wall

to the in-plane compressive behavior of constrained preforms.

INTRODUCTION

mproper preform wetting is a major obstacle to be

overcome in liquid composite molding. Ideally, resin
flows through the preform, wetting it completely. How-
ever, if small gaps exist between the preform and the
mold wall, resin preferentially flows through these
and may lead to dry spots. This is known as race-
tracking or the edge effect; it and the resulting prob-
lem are illustrated in Fig. 1. Gaps at the edges may be
present as a result of imprecise shaping, cutting, or
placement of the preform or because of preform defor-
mation by high-pressure injection of the resin. At-
tempts have been made to model flow fronts in liquid
composite molding by taking the edge effect into ac-
count. The problem of modeling resin flow through a
fiber preform has been approached using Darcy’s law
(14), which describes the flow of a pressurized New-
tonian fluid through a porous media.

Q T (1)
In Eq 1, Q is the flow rate, K is the permeability of the
medium, v is the viscosity of the fluid, and dP/dL is
the pressure gradient. To develop this type of model,
experiments must be performed to determine the per-
meability of the preform. This is not an easy task and
has been the primary subject of several publications
(5-7). Typically, the edge effect has been included in
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these models by increasing the permeability near the
mold wall relative to the permeability of the bulk pre-
form. But modeling the edge effect has proven to be
extremely difficult. Calhoun et al. (8} found the edge
effect to be unpredictable even during controlled ex-
periments, suggesting the edge effect to be sensitive to
small variations in fabric layer misalignment, loose
edge fibers, and gap size.

As mentioned, preform deformation by the injected
resin may contribute to the edge effect, where defor-
mation may occur out-of- or in-plane with respect to
the preform. Out-of-plane compression has been
studied by a number of authors (6, 9-12). Localized
out-of-plane deformation has been observed by Han et
al. (9) at high injection pressures near inlet gates, af-
fecting the flow of resin in these areas. However, these
gaps should close when the pressure is reduced, as
the highly compressed preform returns to its original
dimensions. In contrast, siable gap formation may
occur during in-plane deformation of constrained pre-
forms, exacerbating the edge effect. Friction between
the clamped preform and the mold wall resists in-
plane motion of the preform, and therefore, gaps
formed by high-pressure injection of the resin are
likely to remain open when the pressure is reduced.
Several models have been proposed that combine pre-
form deformation with mold filling (13, 14). However,
these models have not addressed the effects of preform
deformation on the edge effect.

The present work focuses on the in-plane compres-
sion behavior of constrained fiber preforms. However,
out-of-plane compression and frictional characteristics
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Fig. 1. Schematic of the edge effect: Preferential flow of resin
through gaps between the preform and the mold wall may
lead to improper preform wetting. Such gaps may be formed
by in-plane compression of the preform by high-pressure in-
Jection of the resin.

have been examined, as well. The effect of a number
of parameters has been studied, including preform
geometry, fabric orientation, and clamping stress.
These tests provide a means to measure the in-plane
deformation behavior of constrained preforms, which
is needed for preform deformation to be included in
models used to describe the edge effect. Furthermore,
a model system has been created to elucidate the in-
terplay between preform compression and friction
against the mold wall during the in-plane compres-
sion of a constrained preform.

EXPERIMENTAL
Materials and Specimen Preparation

All preforms were constructed from a plain-weave,
E-glass fabric with an areal density of 0.33 kg/m?
(Hexcel 7500-50 F16). 3M Super 77 spray adhesive
was used as a binder. All preforms were constructed
in the following steps. The fabric was cut into plies
with the same dimensions and orientation of warp
and weft fibers. Typically, multiple specimens were
cut from a single preform to ensure consistent values
of binder content and fabric orientation. Therefore,
the dimensions of the plies were determined by the
number and size of specimens to be cut from the pre-
form. Approximately 2.5 cm was added to the length
and width of the plies because the edges of the final
preform required trimming. Once the plies were cut,
the first ply was placed on a flat surface, and a light,
uniform coat of adhesive was applied. Before the ad-
hesive set, the next ply was placed on the previous
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one, taking care to match the edges and the orienta-
tion of warp and weft fibers between the two plies.
Any wrinkles in the ply were smoothed, and the plies
were compressed to assure complete contact between
them. Subsequent plies were added using the above
procedure, until all plies had been added. The adhe-
sive was allowed to dry overnight. The edges of the
preform were trimmed, and specimens were cut using
an Olfa Rotary Cutter and a Craftsman Handi-Cut.

For in-plane compression experiments, “standard”
specimens had the following attributes. They were
made from 21 plies of fabric, oriented such that the
warp fibers were parallel to the principal stress; this
orientation was designated 0°/90°. The “standard”
specimens were cut to a width of 51 mm (2 in.}, which
corresponds to the inner-width of the in-plane com-
pression fixture (see Testing Procedures), and a length
of 25 mm (1 in.). Binder content was held between
0.50 and 1.0 wt% for all specimens. A number of pa-
rameters were independently altered from the “stan-
dard” values during preform construction. In addition
to the “standard” length, specimens were constructed
with lengths of 10, 51, and 76 mm. A second fabric
orientation was included for these specimens in which
the warp and weft fibers were at 45° angles to the
principal stress; this orientation was termed *45°.
Specimens were constructed with 24 and 27 plies of
fabric, in addition to the “standard” value of 21. To
determine if the variation in binder content had an ef-
fect on mechanical properties, specimens were con-
structed with binder contents of 0.35, 0.50, and 1.1
wt%. Specimens with varying numbers of plies and
binder content were constructed with a 0°/90° fabric
orientation and a length of 25 mm.

Out-of-plane compression specimens were cut into
squares with a side length of approximately 50 mm.
This geometry was chosen to ensure that the area of
the specimen was greater than the area of the upper
surface of the out-of-plane compression fixture (see
Testing Procedures). Specimens with 21, 24, and 27
plies were constructed for out-of-plane compression
experiments. Again, binder content was held between
0.50 and 1.0 wt%.

Testing Procedures
In-Plane Compression

In-plane compression was performed with an exper-
imental fixture that simulated the constraints placed
on a preform in a closed mold (Fig. 2). The fixture is
composed of two steel plates and three spacers, which
bolt together, and a two-part piston. When assembled,
a cavity is left for the specimen with a constant width
and thickness of 50.8 mm (2 in.) and 6.35 mm (0.25
in.), respectively. Figure 2 shows the fixture with the
front plate removed. The specimen was placed in the
fixture, as shown, and the front face was bolted on,
clamping the specimen. The specimen was loaded
through the two pistons; one was rectangular, and
the other was semicircular. The semicircular piston
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Fig. 2. Schematic of friction/in-plane compression experi-
ment: As the specimen is driven downwards, it initially slides
and then compresses.

transferred the load evenly across the top of the speci-
men, in case the top of the specimen was not parailel
with the bottom of the rectangular piston. The rectan-
gular piston was driven downward by a screw-driven,
4502 Instron having a 10 kN load cell at a rate of 6.0
mm/min. A polytetrafluoroethylene mold release
agent was applied to the inner-wall of the experimen-
tal fixture before each test to mimic conditions of a
real molding operation. A clear, plastic face was also
fabricated to view specimen deformation as it took
place. To measure friction and compressive behavior
in a single experiment, a small gap (< 5 mm) was left
between the bottom of the specimen and the floor of
the fixture. As the piston was lowered, the specimen
began to slide, which allowed the frictional properties
to be measured. Once the bottom of the specimen
reached the floor of the fixture, in-plane compression
of the specimen increased. Five identical specimens
were tested for each set of conditions.

Out-of-Plane Compression

Out-of-plane compression experiments were per-
formed by compressing the specimen between flat,
paraliel surfaces to measure the clamping stress ap-
plied by the in-plane compression fixture. Figure 3
shows a cutaway view of the out-of-plane compression
fixture. The lower surface is the flat face of a hemi-
sphere, which has a diameter of 79.4 mm. This hemi-
sphere rests on a base with a concave depression; the
curvature of this depression matches that of the
hemisphere. This configuration allows the upper and
lower surfaces to automatically adjust if the faces of
the specimen are not precisely parallel. The upper sur-
face is the face of a cylindrical piston, which is driven
downwards by the Instron at a rate of 2.5 mm/min.
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Fig. 3. Schematic of out-of-plane compression experiment.

The face of the piston has a diameter of 42.8 mm. To
measure the clamping stress imposed by the in-plane
compression fixture, the specimen was compressed to
a thickness of 6.35 mm (i.e. the inner thickness of the
in-plane compression fixture). Initial tests indicated
that the specimens behaved viscoelastically, so the
specimens were allowed to relax for approximately five
minutes before the clamping force was measured. This
time allowed the majority of relaxation to occur. Visco-
elastic behavior of preforms compressed out-of-plane
has been observed previously (11, 12). The clamping
stress was calculated by dividing the measured clamp-
ing force by the area of the upper surface (1,440 mm?),
Five identical specimens were tested for each clamp-
ing stress.

Cyclic Loading

Cyclic, in-plane compression experiments were per-
formed to examine the mechanical integrity of a speci-
men that had been previously loaded. For these ex-
periments, a gap was not left between the bottom of
the specimen and the floor of the fixture. A “standard”
specimen was repeatedly loaded and completely un-
loaded, with the maximum compressive stress being
increased after each cycle. Loading and unloading
both took place (by driving the piston) at a rate of 6.0
mm/min; when the maximum compressive stress was
reached, the direction of the piston immediately was
reversed. The specimen was exposed to increasing
maximum compressive stresses of 0.55, 0.69, 1.0,
and 2.4 MPa.

RESULTS

A typical stress versus displacement curve for a fric-
tion/in-plane compression experiment is shown in
Fig. 4. Three main regions are present, corresponding
to specimen sliding, elastic deformation, and severe
deformation. As the piston was lowered, the static
friction between the specimen and the wall of the
fixture was eventually overcome, and the specimen
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Fig. 4. Results of a typical friction/in-plane compression ex-
periment: The specimen begins to slide at point 1, the fric-
tional stress, and compression of the specimen begins at
point 2. Severe, non-uniform deformation of the specimen be-
gins at point 3, the maximumn elastic stress. The elastic slope,
m, is a measure of specimen stiffness.

began to slide. This occurred at point 1 and was re-
ferred to as the frictional stress. The frictional stress
was used to determine the coefficient of friction be-
tween the specimen and the fixture wall. The speci-
men continued to slide until it reached the floor of the
fixture at point 2. The stress at point 2 was not used
as a preform property because it exhibited poor repro-
ducibility, which was attributed to transfer of the poly-
tetrafluoroethylene mold release agent from the fixture
wall to the specimen. With further downward motion of
the piston, only compression of the specimen occurred.
Initially, the response was linear, and the displace-
ment over which this occurred is termed the elastic
regime. The slope of the stress versus displacement
curve in this region, m, is referred to as the elastic
slope. The elastic regime ended at what is termed the
maximum elastic stress, at point 3. Above this stress
and corresponding displacement, severe, permanent
deformation of the specimen occurred. Clearly, paral-
lels exist between the deformation of constrained pre-
forms and those of a typical solid. However, it should
be noted that the measured properties of constrained
preforms depend on the system (e.g. geometry and
clamping stress). For this reason, the measured prop-
erties, such as elastic slope, should not be thought of
as material property constants because they vary with
the system.

Out-of-plane compression tests were performed to
measure the clamping stress exerted on the specimen
by the experimental fixture. Figure 5 shows typical re-
sults. As the specimen was compressed, the load rose
sharply, but if the specimen was then held at a con-
stant thickness, the load relaxed. The majority of the
relaxation occurred within 5 min for all specimens.
Since the inner-thickness of the in-plane compression
fixture was held constant (6.35 mm), the clamping
stress was altered by varying the number of plies. The
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Fig. 5. Results of a typical out-of-plane compression experi-
ment: The stress increases as the specimen is compressed. It
decreases to a constant value when the specimen is held at a
constant thickness.

clamping stress for specimens made with 21, 24, and
27 plies of fabric 5 min after compressing to the
inner-thickness of the cavity in the in-plane compres-
sion fixture is shown in Table 1. The clamping stress
increased with the number of plies, as expected.
Specimen deformation was viewed during the in-
plane compression experiments by using a clear,
plastic face on the fixture. Figures 6 and 7 show ex-
amples of severely deformed specimens (i.e. deformed
to well above the maximum elastic stress); the initial
length of the specimens was 51 mm. As shown in Fig.
6, 0°/90° specimens exhibited localized deformation
bands, which cross the entire width of the specimen
perpendicular to the applied stress. The first of these
bands appeared near the top of the specimen, and
others followed at regular intervals along the length of
the specimen; the height of the bands is equal to the
spacing between weft fibers (~2 mm). The bands re-
sult from coordinated buckling of fibers in neighbor-
ing plies. Figure 7 shows that *45° specimens also ex-
hibit localized deformation bands. However, the bands
are not perpendicular to the applied stress, and not
all bands cross the entire width of the specimen.
Again, the bands arise from the buckling of the fibers.
Not surprisingly, the deformation in the *45° and the
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Table 1. Relaxed Clamping Stresses 5 min After
Compressing to 6.35 mm.

Number of Plies Average Clamping Stress, MPa

21 0.140
24 0.504
27 1.54

0°/90° specimens differs, even at stresses below the
maximum elastic stress. Figure 8 shows stress versus
displacement curves up to the frictional stress (1 on
Fig. 4) for 76 mm-long specimens with the two fabric
orientations. The +45° specimen clearly deformed
more than the 0°/90° specimen before sliding began.
Figure 9 is a plot of frictional displacement (i.e. speci-
men deformation before sliding occurs) versus speci-
men length. The frictional displacement is greater in
the *45° specimens than in the 0°/90° specimens for
all lengths greater than 10 mm.

The values of stress and displacement at the points
noted in Fig. 4 vary with preform construction para-
meters, such as specimen length, fabric orientation,
and clamping stress. Figure 10 shows a plot of the
frictional stress (1 on Fig. 4) versus specimen length
for 0°/90° and *=45° fabric orientations. The frictional
stress increased linearly with specimen length for
both fabric orientations. The +45° specimens exhib-
ited higher values of frictional stress than the 0°/90°
specimens. Figure 11 is a plot of elastic slope (m on
Fig. 4) versus specimen length for 0°/90° and *+45°
fabric orientations. The elastic slope decreased with
increasing specimen length and appeared to approach
a constant value for both fabric orientations. The
0°/90° specimens showed higher values of elastic
slope. Figure 12 is a plot of elastic slope versus clamp-
ing stress for 0°/90° specimens; the clamping stress
is related to the number of plies in Table 1. The elastic
slope increased with clamping stress by a factor of
about four over the range of clamping stress studied.

Direction of
comprassion

Deformat
bands

= A A L B TR EOE

Fig. 6. Severely deformed 0°/90° specimen of length 51 mm:
Localized deformation bands, which cross the entire width of
the specimen, are present at uniform intervals along the

length of the specimen and perpendicular to the applied
stress.
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Figure 13 is a plot of maximum elastic stress (3 on
Fig. 4) versus specimen length for 0°/90° and *=45°
specimens. Maximum elastic stress remained nearly
constant, independent of specimen length. For speci-
men lengths of 51 and 76 mm, considerably more
scatter was found for the +45° specimens than for the
0°/90° specimens. Maximum elastic stress is plotted
against clamping stress for 0°/90° specimens in Fig.
14. Maximum elastic stress increased by a factor of
six over the range of clamping stress studied.

Figure 15 shows the results of an in-plane cyclic
loading experiment. In this experiment, a single, “stan-
dard” specimen was repeatedly loaded and completely
unloaded, and the maximum stress (i.e. the stress at
which unloading began) was increased with each cycle.
In Fig. 15, the first cycle was reversed after reaching a
maximum stress of 0.55 MPa, which was approxi-
mately equal to the maximum elastic stress of the spec-
imen. In subsequent cycles, the specimen was loaded
to maximum stress values of 0.69, 1.0, and 2.4 MPa,
respectively. Loading and unloading are shown for the
first two cycles in Fig. 15, but only portions of the load-
ing curves are shown for the last two cycles to show the
elastic region in greater detail. Figure 15 shows a de-
crease in the mechanical integrity of the specimen after
it was loaded above its maximum elastic stress. During
the first cycle, the specimen was loaded to a stress
approximately equal to its maximum elastic stress,
and upon reloading (i.e. second cycle), the elastic
slope and maximum elastic stress are nearly equiva-
lent to the values from the first cycle. During the sec-
ond cycle, the specimen was loaded above its maxi-
mum elastic stress, and loading for the third time
revealed a noticeable decrease in the elastic slope and
maximum elastic stress. The first deformation band
appeared during the third cycle. The fourth cycle
showed an even greater decrease in the mechanical
integrity of the specimen. For none of the cycles, in-
cluding the first, did the specimen retumn to its origi-
nal length when the load was completely removed.

Direction of
compression

Detormation
bands

Fig. 7. Severely deformed +45° specimen of length 51 mm:
Localized deformation bands are present, which are nearly
perpendicular to the applied stress. Not all bands cross the
entire width of the specimen.
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Fig. 8. Onset of sliding in 0°/90° and *45° specimens of
length 76 mm.

The binder content could not be precisely controlled
and varied from 0.50 and 1.0 wt%. To determine if
this variation in binder content affected the mechani-
cal properties, in-plane compression experiments
were performed on specimens with binder contents
that completely overlapped the range mentioned
above (0.35-1.1 wt%). Figure 16 shows the results of
these experiments for 0°/90° specimens. The data
suggest that the elastic slope may increase slightly
{(Fig. 164}, and the maximum elastic stress may de-
crease slightly (Fig. 16b) with increasing binder con-
tent. But considerable overlap of the error bars can
also be seen. Therefore, over this range of binder con-
tent, the binder appears not to have a sustained effect
on either the elastic slope or maximum elastic stress.

DISCUSSION

Deformation of Constrained Preforms:
The Effect of Fabric Orientation

Figures 6 and 7 show severely deformed 0°/90° and
+45° specimens. These fabric orientations were cho-
sen because they are symmetric and represent the
two extreme fabric orientations with respect to the ap-
plied stress. Presumably, an intermediate fabric orien-
tation would deform in a manner exhibiting aspects of
these two. The fabric in both orientations appears to
deform by buckling at stresses above the maximum
elastic stress. Buckling was also observed by Fong et
al. (15) during in-plane compression of thermo-
formable glass fiber mats. However, the orientation of
the deformation bands with respect to the applied
stress differs in the two fabric orientations, which may
be attributed to the different orientations of the fibers.

+45° specimens were shown to deform more than
0°/90° specimens before the onset of sliding (Figs. 8
and 9). This extra deformation may be explained by a
“scissoring” of the fibers in the *45° specimens dur-
ing in-plane compression (Fig. 17). As scissoring oc-
curs, the specimen’s length decreases, while its width
increases. Therefore, if small gaps are initially present
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Fig. 9. The effect of specimen length on the frictional dis-
placement for 0°/90° and *+45° specimens.

between the sides of the specimen and the inner-wall
of the in-plane compression fixture, scissoring may
act to close these gaps, with a corresponding decrease
in specimen length. Only a limited amount of scissor-
ing may occur in *45° specimens because the fibers
are constrained by neighboring fibers and the walls of
the fixture. Scissoring does not occur in 0°/90° speci-
mens because the warp fibers (0°), which support the
majority of the load, are parallel with the applied
stress, and the weft fibers (90°) are oriented along the
width of the specimen, preventing the specimen from
widening during deformation. The excessive deforma-
tion for 51 and 76 mm long +45° specimens in Fig. 9
may also be attributed in part to the onset of buck-
ling. The frictional stress (Fig. 10) and the maximum
elastic stress (Fig. 13) show slight overlap for these
specimens, suggesting that some specimens may have
reached the maximum elastic stress before sliding oc-
curred.
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Fig. 10. The effect of specimen length on frictional stress (1 on
Fig. 4) for 0°/90° and +45° specimens. The coefficient of fric-
tion between the specimen and the fixture wall may be deter-
mined from this plot.
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Fig. 11. The effect of specimen length on elastic slope (m on
Fig. 4] for 0°/90° and *45° specimens. The curves are de-
scribed by Eq 7.

Frictional Stress

Friction plays an important role during in-plane
compression of a constrained preform because speci-
men deformation cannot occur without at least some
part of the specimen sliding within the fixture. The
frictional stress (1 in Fig. 4) was observed to increase
linearly with specimen length (Fig. 10). Since a gap ex-
isted initially between the bottom of the specimen and
the floor of the fixture, the frictional stress is typically
dominated by friction between the specimen and the
fixture walls (i.e. specimen deformation is expected to
be small). Figure 9 shows that minimal deformation
(~0.1 mm) occurred before sliding began with the
0°/90° specimens, irrespective of length. The deforma-
tion increased with specimen length before sliding
began with the +45° specimens. The frictional stress,
o5 can be converted to frictional force, Fy by multiply-
ing by the cross-sectional area of the specimen, Ay.

orA, = F;= uN @)

MRS BN
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i S SET

Elastic slope (MPa/mm)

T
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1
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Fig. 12. The effect of clamping stress on elastic slope (m on
Fig. 4) for 0°/90° specimens. The curve is described by Eq 11.
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The frictional force is equal to the static coefficient of
friction, p, times the normal force, N, which is the
product of the clamping stress, 0 gmpiny and the con-
tact area between the specimen and the fixture wall,

Acontowt‘
N= O clamping Aoontact (3)

The contact area is proportional to specimen length
because the specimen width is fixed, and therefore, a
linear relationship between frictional force and speci-
men length exists. Furthermore, the coefficient of fric-
tion may be determined from a plot of frictional force
versus normal force by measuring the slope. This
gives p values of 0.103 and 0.159 for 0°/90° and
+45°, respectively. The larger value of p for the £45°
specimens probably arises from scissoring, which
causes the specimen to widen, compressing the speci-
men against the side walls of the cavity.

Elastic Slope
Elastic Slope Versus Length

Elastic slope (m in Fig. 4) is a measure of preform
deformation within the elastic region. The elastic slope
was found to decrease with specimen length, appear-
ing to approach a constant value at large specimen
lengths (Fig. 11). In the absence of friction, the elastic
slope, m, is expected to be inversely proportional to
specimen length, L, for

Ao = mAL = EAe 4

where Ao is the stress increment, AL, is the displace-
ment, E is the elastic modulus, and Ae¢ is the strain
increment, which may be defined as

AL
Ae = 5 (5)
Hence,
E
m=r (6)

Were Eq 6 to describe elastic slope, m would decrease
monotonically with L. Instead, m becomes constant at
sufficiently long lengths. However, friction between
the specimen and the fixture is present and is ex-
pected to modify the specimen length dependence.

As is shown in the Appendix, when friction is pre-
sent and when the in-plane stress also contributes to
the frictional resistance to movement, mis given by

EpCa _uCa
= 1- Ax Y1
a, 17e ™) ™

m

where E is the modulus of the specimen, u is the fric-
tion coefficient between the specimen and the fixture,
C is the circumference of the specimen, a is a mea-
sure of the degree to which the compressive stress
contributes to the frictional resistance, Ay is the
cross-sectional area normal to the applied in-plane
force, and L is the specimen length. If desired, the
friction coefficient, circumference, and the coefficient
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Fig. 13. The effect of specimen length on maximum elastic
stress (3 on Fig. 4) for 0°/90° and *+45° specimens.

a can be given as a sum of products specific to the
faces and to the sides of the specimen, respectively.
Because of lack of data, however, this separation was
not done here. The major implication of this model is
that deformation occurs within a finite region of the
specimen adjacent to the loaded end.

According to Eq 7, when p.Cal/Ay is small, the ex-
pression for elastic slope reverts to Eq 6, as expected.
When pCal/Ay is large, the exponential term be-
comes negligible, and the expression for elastic slope
becomes independent of specimen length (Eg 8).

m=E—— (8)

Hence, the elastic slope decreases with length to a
constant value greater than zero, which is the general
shape of the elastic slope versus specimen data in Fig.
11.

Equation 7 was used to model the results of Fig. 11
by choosing values of E and a that provided the best fit.
The calculated values of the elastic slope are included
on Fig. 11, and the calculations were made using E and
a values of 7.5 MPa and 3.5 for 0°/90° specimens and
4.5 MPa and 1.7 for =45° specimens. The values for
the remaining parameters came directly from the speci-
men geometry except u, which was measured.

Elastic Slope Versus Fabric Orientation

In Fig. 11, the 0°/90° specimens exhibited greater
values of elastic slope than did the =45° specimens.
Since the frictional constraint in the *+45° specimens
was found to be greater than in the 0°/90° specimens
(Fig. 10), a higher elastic slope might be expected from
the +45° specimens. However, the relative orientation
of fibers with respect to the applied stress should have
an effect on the elastic slope, as well. For 0°/90° speci-
mens, the warp fibers (0°) were oriented in the direction
of the applied stress, allowing these fibers to carry a
majority of the stress. In contrast, =45° specimens
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stress (3 on Fig. 4} for 0°/90° specimens. The curve is de-
scribed by Eq 14.

have fibers oriented 45° away from the applied stress,
and therefore, they are not able to support the stress
as efliciently. Furthermore, scissoring of the fibers oc-
curs within the elastic regime, also contributing to the
lower elastic slope for these specimens.

Elastic Slope Versus Clamping Stress

Elastic slope increases with clamping stress {Fig.
12) as a result of two mechanisms. First, by squeezing
the preform in the thickness dimension, increased
clamping stress increases the volume fraction of rein-
forcement. This increases the elastic slope because a
larger stress is needed to deform the greater number
of load bearing fibers per unit volume. Second, clamp-
ing stress increases the frictional force, F;; between
the specimen and the fixture wall (Egs 2 and 3). Fric-
tion between the specimen and the fixture wall has
been shown to affect the elastic slope (Fig. 11}, and
since the friction resists deformation, an increase in
the friction should increase the elastic slope.

The volume fraction of reinforcement, Vj; is given by

- NPareat
tpglass

\4; 9
where n is the number of plies, pg.q is the areal den-
sity of the fabric (0.33 kg/m?), t is the clamped thick-
ness of the specimen, and pg,, is the density of glass
(2.56 g/cm?). The increase in the volume fraction of
reinforcement with respect to clamping stress is
shown in Fig. 18.

As mentioned earlier, elastic slope varies with clamp-
ing stress (Fig. 12) because the clamping stress affects
the volume fraction of reinforcement within the speci-
men and the friction between the specimen and the
fixture wall. Therefore, the model of elastic slope as a
function of clamping stress is based on these two
mechanisms. To include the change in volume frac-
tion with clamping stress in the model, the data in
Fig. 18 were fitted with the following equation.
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Fig. 15. Results of a typical cyclic loading experiment: A sin-
gle, “standard” specimen is repeatedly loaded and unloaded
to an increasing maximum stress (0.55-2.4 MPaj. As the max-
imurn stress exceeds the maximum elastic stress (3 on Fig. 4),
the elastic slope (m on Fig. 4) and maximum elastic stress de-
crease upon reloading.

Vj{aclwnpmg) = ‘/fmnx -
(Vimax = Vimin) €XP(— DO ciamping) (10)

in which V., and Vj,, are the minimum and maxi-
mum volume fractions of reinforcement and b is a
constant. Vi, is simply the volume fraction of rein-
forcement in the unclamped specimen (0.37), and
Vimax is the volume fraction of reinforcement at very
high clamping stress. For close-packed, parallel fibers
with equal radii, V;,,,, would approach 0.91, but
stacks of a plain-weave fabric should have signifi-
cantly less efficient packing. The best fit to the data
was obtained with the values of 1.25 and 0.60 for b
and Vy..,, respectively. The effect of clamping stress
on the friction between the specimen and the fixture
wall was included by using Egs 2 and 3.

The model assumes that terms proportional to the
frictional force and volume fraction of reinforcement
add to give the elastic slope. The volume fraction of re-
inforcement should be related to the elastic slope
through the “rigidity” of the fibers, which is the modu-
lus of the fibers, E, divided by the specimen length, L.
The frictional force, Fj can be related to the elastic
slope by dividing by the specimen volume, V, since the
elastic slope may be thought of as a force over a given
volume. This leads to

Ff(o' clarn.plng)

v 1y

rn(“clampmg) = Cl% Vf(aclanmmg) + Cy
where ¢, and c, are constants. Values of 6.77 X 10™#
and 48.26 for ¢, and c, resulted in the best fit for the
data in Fig. 12. Since these data are nearly linear, this
suggests that the frictional component has a greater
impact on the elastic slope than does the reinforce-
ment volume fraction.
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Fig. 16. a} The effect of binder content on elastic slope (m on
Fig. 4), and bj the effect of binder content on the maximum
elastic stress (3 on Fig. 4) for 0°/90° specimens.

Maximum Elastic Stress

The maximum elastic stress (3 on Fig. 4) is the
upper limit of the elastic regime. Above this value, two
phenomena occur. The amount of specimen deforma-
tion per unit stress increment increases, and the pre-
form sustains permanent structural damage. Typical
damage above the maximum elastic stress is shown in
Figs. 6 and 7 for 0°/90° and *45° specimens in the
form of buckling. Cyclic loading experiments provide
further insight into the damage sustained above this
critical stress. Figure 15 shows that once a specimen
has been loaded above its maximum elastic stress, its
mechanical integrity degrades. On reloading, the elas-
tic slope and maximum elastic stress are less. Cyclic
loading experiments also demonstrated that localized
buckling occurs at a stress just above the maximum
elastic stress. Therefore, to minimize preform defor-
mation and maintain the mechanical integrity of com-
ponents, the applied stress should not exceed the
maximum elastic stress.

Maximum Elastic Stress Versus Preform Length

A plot of maximum elastic stress versus specimen
length (Fig. 13) shows the maximum elastic stress to
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Fig. 17. Schematic of fiber scissor-
ing in +45° specimens: Under an
applied load, the length of the
specimen decreases, and the
width of the specimen increases.

be nearly independent of specimen length for both
0°/90° and *45° specimens. These results, as well as
those from the cyclic loading experiments, suggest
that the maximum elastic stress corresponds to the
onset of preform damage. As shown in Figs. 6 and 7,
damage occurs in the form of localized buckling,
which begins near the top of the specimen and follows
at regular intervals along the length of the specimen.
In Fig. 13, there is considerable scatter in the data for
*45° specimens with lengths of 51 and 76 mm. This
may have occurred because the frictional stress (Fig.
10) approaches the maximum elastic stress {Fig. 13)
for large specimen lengths. The frictional stress in-
creases proportionally with preform length, while the
maximum elastic stress is independent of preform
length. Therefore, with increasing preform length, the
frictional stress is expected to reach the maximum
elastic stress. At this point, damage to the preform is
expected before sliding occurs.

Maximum Elastic Stress Versus Clamping Stress

Maximum elastic stress increases with clamping
stress (Fig. 14). This phenomenon may be explained
using the same basic ideas for the increase in elastic
slope with clamping stress. The volume fraction of re-
inforcement increases with clamping stress {Fig. 18},
and therefore, it takes a larger stress to damage the
greater number of load-bearing fibers per unit vol-
ume. The clamping stress is also proportional to the
friction between the preform and the fixture wall (Egs
2 and 3). The maximum elastic stress appears to be
independent of friction between the specimen and the
fixture wall (Fig. 13), but it should be affected by the
friction between the plies within the specimen. Local-
ized buckling begins at the maximum elastic stress,
and the plies within the specimen must slide past one
another for buckling to occur. The clamping stress
should be proportional to the frictional force required
for the plies to slide past one another.

The maximum elastic stress as a function of clamp-
ing stress was modeled in a similar fashion to the
elastic slope as a function of clamping stress. The vol-
ume fraction of reinforcement was included through
Eq 10, while the friction between plies was included
using Egs 2 and 3. However, in this case, p and A,
tact TefET to the coefficient of friction and contact area
between the plies, as they slide past one another. The
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model assumes that terms proportional to the fric-
tional force and volume fraction of reinforcement add
to give the maximum elastic stress. The volume frac-
tion of reinforcement within the specimen was related
to the maximum elastic stress through the Euler
buckling stress for the individual fibers, o,

w? E (df)z
where E is the modulus of the fibers, dyis the diame-
ter of the fiber, and Ly is the length along which the
fiber buckles. The buckling length equals the height of
the localized deformation bands (~2 mm). To quantify
the frictional force, F between the plies, A, Was
calculated as

Acontacs = (n = 1)wLy (13)

where n is the number of plies, w is the width of the
specimen, and Ly is the buckling length. The frictional
force was related to the maximum elastic stress by di-
viding by the cross-sectional area of the specimen, Ay.
This results in the following expression for maximum
elastic stress, MES, as a function of clamping stress.
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Fig. 18. The effect of clamping stress on the volume fraction
of reinforcement within the specimen. The cwve is described
by Eq 10.
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Fig. 19. Schematic of the model used to predict preform de-
formation within the elastic regime. A stress, o gppeq, IS trans-
mitted to the top of the specimen (x = 0). Part of this stress is
used to overcome the friction between the specimen and the
fixture wall, and the remainder is used to compress the pre-
form.

Ff (o'clamping)

MES(0 clamping) = €10V{(O ctamping) T+ €2 Ay

(14

where e, and e, are constants. Assuming a coefficient
of friction of 0.3 between the plies of the specimen, e,
and e, values of 0.86 and 0.90 give the best fit to the
data using Eq. 14. Since the data in Fig. 14 are nearly
linear, this suggests that the frictional component has
a greater impact on maximum elastic stress than the
contribution of the volume fraction of reinforcement.

CONCLUSIONS

When subjected to in-plane compression, con-
strained preforms behave in a predictable fashion up
to the maximum elastic stress (3 on Fig. 4). Above this
stress, buckling of the preform ensues, which com-
promises the mechanical integrity of the preform and
results in severe deformation. Therefore, preform de-
formation, and the edge effect, may be reduced by
keeping the pressure of the injected resin below the
maximum elastic stress. Before the maximum elastic
stress is reached, preform deformation is proportional
to the applied stress via the elastic slope (m on Fig. 4).
Maximum elastic stress and elastic slope vary with
specimen geometry and clamping stress, which alters
the frictional constraint imposed on and the volume
fraction of reinforcement within the preform. However,
increasing clamping stress decreases the permeability
of the preform, which may exacerbate the edge effect.
Orienting fabric so the fibers are aligned with the
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applied stress provides superior resistance to defor-
mation. Lack of alignment between fibers and the ap-
plied stress leads to scissoring of the fabric, which re-
sults in significant deformation at low applied stress.
Furthermore, since preform deformation below the
maximum elastic stress is predictable, it may be rela-
tively simple to include it in models that predict the
edge effect during liquid composite molding.

APPENDIX: MODEL FOR ELASTIC SLOPE
VERSUS SPECIMEN LENGTH

The mechanical stresses acting on a preform speci-
men when a downward-acting in-plane force is im-
posed are indicated in Fig. 19. The in-plane compres-
sive stress acting at the upper surface of the preform
1S Oupptied = Fappliea/ Ax» Where Fip . is the force, and
Ay is the cross-sectional area; this reacts against the
friction forces acting on the lateral surfaces of the pre-
form, as well as any upward in-plane force acting at
the bottom of the specimen. The friction force, pnC
[0 damping + as ,myd]dx, is shown explicitly in Fig. 19
only for the incremental length of specimen, dx, lo-
cated a distance x from the top surface. In this ex-
pression, p is the friction coefficient, C is the circum-
ference of the specimen, o gmping is the clamping
stress, Ogm,(A is the downward-acting in-plane com-
pressive stress at x, and a is a measure of the degree
to which the compressive stress contributes to the
frictional resistance. The in-plane compressive force,
Fomp acting on any horizontal plane in the specimen
at a distance x from the upper surface is then

Fcomp(x) = AXUoomp(x) =

Fapph‘ed - J “’C[Gclwnptng + ao'comp(x)]dx (A1)
]

If desired, the friction coefficient, circumference, clamp-
ing stress, and the coefficient a can be given as a sum
of products specific to the faces and to the sides of the
specimen, respectively. Because of lack of data, how-
ever, this separation will not be done here.

Equation Al can be turned into a differential equa-
tion for o, by differentiating it with respect to x,
giving

do, 1
i = 2, (BClOmmg + WTem0)]}  (A2)

To solve this equation, 6., can be assumed to
have the form

Comp(X) = Ge ™+ H (A3)
which gives

comp

T = JGe ™ == Sowmlx) ~ H)  (A4)

By comparing Eq A4 with Eq A2, J and H are seen to
be given by
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C
J:M
Ax

H= - 0gampng/a
Atx =0, 0, (0) =
G ~ Ocamping/ @ = Foppiea/ Ax, giving
Fapptea | Octamping
X a

G =

Hence, the downward-acting, in-plane compressive
stress at any location within the specimen is given by

_ F, applied  Yclamping —‘ﬁc—a x  Oclamping
e G
X

(A3)

If the in-plane force, F,,,;.4. is incrementally in-
creased, the in-plane stress increases according to

AF,
AG comp(%) = —Z‘:& e i x (26)

The corresponding change in displacement is given by

L LAc X
AL = [ Aedx = J ﬂ(——)dx
[} 0 E
AFoppiea Ax uCa,
= - e x 7
EAy nCall ™€ &0 (a7

where E is the elastic modulus of the preform. Be-
cause the elastic slope, m, equals

(AF uppiea/ Ax)/ AL,

EpCa —uCa ;\ ~1
m= L (l —e L> (A8)
Ax

The major implication of this model is that deforma-
tion occurs within a finite region of the specimen ad-
jacent to the loaded end. This is apparent from Eq A5,
in which o ,m,(d decreases with increasing x; when
awmp(x) reaches zero, the specimen no longer deforms.
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NOMENCLATURE

Contact area
Cross-sectional area
Constant

Constant
Circumference
Constant

Constant

Fiber diameter
Modulus of elasticity
Constant

Constant

Applied force
Compressive force
Frictional force
Integration parameter
Integration parameter
Integration parameter
Permeability

Length

Fiber length

Maximum elastic stress

Elastic slope
Normal force
Number of plies
Pressure

Flow rate
Thickness
Volume

Volume fraction of reinforcement

Maximum volume fraction of rein-

forcement

Minimum volume fraction of rein-

forcement
Width

Distance from the top of the preform

Strain

Viscosity

Coefficient of friction
Areal density
Density of glass
Stress

Buckling stress
Clamping stress
Compressive stress
Frictional stress
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