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Abstract

A method to measure the fibre bed compaction curve directly from composite prepreg is presented. The method was used to measure the
compaction curve of unidirectional and quasi-isotropic AS4/3501-6 carbon—epoxy prepregs. Similar compaction curves were obtained in all
cases. The compaction curve obtained was used by a finite element process model, COMPRO, to simulate the uniaxial compaction of 8 and
16 ply laminates at different temperatures. The force—displacement response predicted by the model closely matched the experimental
results. The method which can be used on both tape and fabric prepregs, has the major advantages of being a direct measure of the prepre
behaviour, and requires no special preparation of the sar@p001 Elsevier Science Ltd. All rights reserved.
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1. Introduction of resin. This leads to the following equilibrium relation:
Flow and compaction behaviour during autoclave proces- g=0+P @
sing of thermoset matrix composites has a significant effect wherea is the effective stress in the fibre bed dhthe resin
on the final thickness profile, residual stress distribution and pressure. The relationship between the effective stress and
distortion of composite structures. The prediction and the fibre bed deformation is given by the fibre bed compac-
control of both the mean value and the variability of these tion curve. This parameter is a critical material property
effects is a major concern to industry. To address this input for any flow-compaction model. Compaction curves
problem, science based process models have been develkhave been measured by several investigators for carbon fibre
oped [1-6]. Typically, these models treat the composite as beds [7—12] and glass fibre fabrics [13,14]. Kim et al. [15]
a deformable fibre bed saturated with a curing resin. The did numerous experiments on dry and lubricated glass and
resin flow relative to the fibre bed is governed by Darcy’s carbon fibre beds. Gutowski and Dillon [16] propose a
law and is coupled with the compaction behaviour of the “universal” model that fits all the fibore bed compaction
fibre bed. At any point in the composite, the total through curves found in the literature. They emphasize that this
thickness strese is shared by the fibre bed and the resin model is valid only if the fibre bed configuration is not
(Fig. 1). The simple viscoelastic system presented in Fig. 1 modified by the condition of the experiment.
implies that during compaction the resin flow and fibre bed  The principal difficulty in determining the fibre bed
compaction are the viscous and the elastic component,compaction curve is how to measure the response of the
respectively. Theoretically, in a very low fibre volume frac- fibre bed alone. The resin plays a significant role, and it is
tion prepreg, or perhaps in a system with ideal straight difficult to determine the resin pressue Therefore typi-
fibres, the fibre bed carries no through the thickness stresscally, the fibre bed is tested in a dry form or is impregnated
In practice, the relatively high fibre volume fraction, and the with silicone oil after dissolving out the polymer matrix.
wavy geometry of real fibre beds mean, significant stress However the act of dissolving the resin out of the prepreg
can be borne by the fibre bed, especially if there is any losscan change the fibre arrangement and could affect the fibre
bed compaction behaviour. It is also a time-consuming and
tricky operation. The use of a very low viscosity fluid (e.g.
* Corresponding author. w < 0.1 Pa s) or no fluid, and the loading of the specimen at
E-mail addressanoush.poursartip@ubc.ca (A. Poursartip). avery low rate (e.g<0.1 mm/min) are steps normally taken
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o mode of the fibre bed. To obtain a uniaxial testing condition,
+ the deformation in the transversg (lirection is blocked by
the mould walls and the fibres are oriented in the longitu-
+ U, dinal (x) direction. Since, the fibres are very stiff in the
longitudinal direction compared to the transverse vertical
RESIN P I:ﬂ % 6 FIBRE BED deformation, fibre bed deformation in the longitudinal direc-
tionis negligible. The composite is heated and resin is allowed
to flow out longitudinally k direction) in order to get the fibre
* bed effective stresses at increasing values of compaction
strain. The compaction curve of the fibre bed is extracted
@) from the measured displacemeny) (and applied loadR)).
A compaction testing fixture was designed and installed
Fig. 1. Analog representation of composite prepreg with the elastic (fibre gn a servo-hydraulic testing machine (Fig. 3(a)). The fixture
bed) and viscous response (resin) of compaction. consists of a top piston that applies the load to the sample,
which is constrained laterally direction) in a mould (Fig.
to minimize the viscous response effects caused by the fluid3(b)). The gap tolerance between the mould wall and the
flow out of the sample. When a wetting fluid is used, the piston is just enough to provide a sliding fit between the two
fluid pressure is measured and subtracted from the totalparts. The fixture was installed in an environmental chamber
applied stress to obtain the fibre bed effective stress. where the temperature can be controlled from room
In the present work, an experimental procedure is temperature to 20C. Heat is applied to the mould by air
presented which allows the measurement of the compactionconvection. The temperature of the mould is monitored by
behaviour directly from the actual prepreg. This technique two thermocouples located at the top and lower parts of the
allows the measurement of the material as is, without any fixture. The testing fixtures are machined from solid steel,
steps that could alter the fibre arrangement in the matrix. In and thus have a relatively high thermal mass. Therefore,
addition, the technique is very simple, and requires little once the target temperature is reached, the fixture tempera-
sophisticated instrumentation or equipment. Results ture remains stable during the test. The load applied to the
obtained for a commonly used composite system are specimen is measured by the load cell of the testing
presented, followed by a series of verification simulations. machine. The displacement of the mould is monitored by
the testing machine LVDT, which was previously calibrated
with a digital micrometer. The tests are conducted under

2. Experimental procedure displacement control. This way, the compaction of the
specimen is precisely controlled.

The testing apparatus developed to obtain the compaction The procedure to measure and compute the fibre bed
curve (Fig. 2) is similar to that used in Ref. [7]. With this compaction curve is presented in Fig. 4. The method
apparatus, a unidirectional composite specimen is loaded inconsists of deforming the specimen to increasing levels of
the vertical direction 4), which is the main deformation displacement. At each increment, the displacement is held
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Fig. 2. Schematic of the experimental setup for the fibre bed compaction tests.
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Fig. 3. Photographs of: (a) the compaction fixture as installed in a temperature controlled chamber; and (b) a close-up view of the compaction fixture.
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Fig. 4. Compaction curve measurement procedure: (a) deformation is applied in increments until the measured load stabilizes to a constatttevalue; (b)
compaction curve is directly obtained from the load—displacement; and (c) the compaction curve is shifted on the strain axis to pass througth a measure
compaction test performed under stress control.
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Table 1 The specimens were prepared by laying-up 16 plies of
Total in-plane strains and volumetric strain measured after the compaction A54/3501-6 carbon—epoxy prepreg. Six unidirectionalle[O]
tests and four quasi-isotropic [Of 45,— 45,90}, specimens
Sample &, (mm/mm) &, (Mm/mm) &y (Mm/mm) were tested. The specimens length &nd width (V) were

50 and 25 mm, respectively. The specimens were debulked

[8]'; 8'82 8'88 :g'g at room temperature in a vacuum bag. This procedure was
{0}:3 001 0.00 _0.24 required to remove most of the air bubbles between the
[0]-4 0.00 0.02 ~0.19 individual plies. A series of measurements (sample mass
[0]-5 0.00 0.00 -0.18 and geometric dimensions) were taken before the test. The
[0]-6 0.00 0.01 -0.17 specimens were wrapped in a thin film of Teflon (thickness
[Q]'; 8'81 8'88 :g'ig of = 0.01 mm) to prevent them from sticking to the fixture.
{8}:3 0.01 001 _018 The Teflon film also stops any possible resin flow in the
[Q]-4 0.01 0.00 —0.18 sliding fit between the mould wall and the piston. The defor-

mation of the Teflon film accounts for less than 1% of the
specimen deformation in the pressure range of interest
constant until the load measured relaxes to a stable value(o < 1 MPa) and was ignored in the analysis of the results.
(Fig. 4(a)). Assuming the composite material as a simple The specimen final straing{and¢,) are determined from
viscoelastic system (Fig. 1), the value of the relaxed load the caliper measurements of the specimens length and width
will correspond to the elastic response of the material, which before and after the test. The specimen volumetric strain
is the fibre bed effective stress for a given displacement. By (&,) is computed from the resin mass loss during the test.
loading the specimen to different displacement levels, the The following expressions are used to calculate the different
complete fibre bed compaction curve is extracted from the specimen strains:

displacements and the relaxed load values at each loading

step. From the master loading curve, the relaxed load is L' —Lg W =W

plotted against the displacement at each holding step (Fig.”* ~ ~ L, YU W,

4(b)). Finally, the stress—strain curve obtained from the )
load—displacement curve is shifted as shown in Fig. 4(c). . _ 1 (Mo~ M’

The calculated stress—strain curve (the dashed curve) is ©  pg \ LoWoHq

forced to pass through a poirte™, &"). This point is

obtained by an independent compaction test at a constantwhere pg is the resin densityl, W, Hy are the initial
pressure until all the applied stress) (s taken by the fibore ~ sample length, width and thickness, respectivély, W,
bed(é ") where the final compaction strain (i.e. volumetric H’are the final sample dimensiomdy andM’ are the initial
strain) ise”. This shifting on the strain axis is required since and final mass. The testing conditions, namely the tempera-
it is very difficult to determine precisely the onset of speci- ture and the loading rate, were selected to minimize the

men loading. viscosity of the resin and to maximize the duration of the
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Fig. 5. Applied displacement and measured load variation with time showing the load relaxation at the different displacement increments (1-11).
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Fig. 6. Load—displacement curve showing the points (1-11) extracted to generate the fibre bed compaction curve.

test before the resin starts to cure. Using the viscosity dataitudinal direction. Therefore, the measured vertical defor-

for the 3501-6 resin [17], a testing temperature of°tOand mation of the specimere() were caused by the volumetric

a loading rate of 0.1 mm/min. were chosen. With these strains which are a consequence of the bleeding of excess

conditions, the test duration was between 30 and 60 minresin. A typical variation of the displacement and the

which does not allow the resin to cure significantly since applied loadF, with time for the load-hold compaction

viscosity measurement data suggests that the resin viscosityest is presented in Fig. 5. During each displacement hold

will increase from 0.4—3.5 Pa s, well below the gel point at period, the load gradually relaxes to a stable level. This

1000 Pa s. behaviour confirms the viscoelastic nature of the material
depicted in Fig. 1. To verify that the hold times allowed
sufficient load relaxation before loading to the nextincrement,

3. Results and discussion the following exponential load decay relation was fitted to the
force time relaxation data for each time increment:

The specimen final strains calculated using Eq. (2) are

presented in Table 1. In all cases,and e, were negligible Fz(t) = (Fg — Fo) e+ F, (€))

as expected by the physical constraints of the mould and by

the fact that the fibres prevented any motion in the long- wherebis a constang;is the initial load (whem = 0) andrF,
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Fig. 7. Compaction curve shift to the measured compaction pdirt 0.184 ands " = 625 kPa
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Fig. 8. Compaction curves obtained for all specimens, and fitted curve used in computer simulations.

isthe relaxed load (whdan— t,). The accuracy of Eq. (3)tofit ~ strain curve shown in Fig. 7 (dashed curve). The final
the load relaxation data was verified by computing the correla- step consists of shifting the obtained stress—strain curve
tion coefficient squared=f). For all load increments$? was on the strain axis (Fig. 7) so that the curve passes
between 0.95 and 0.99 which indicates a very good fit since through the point&", &) obtained from an independent
R? = 1indicates a perfect fit. Using Eq. (3), we found thatthe compaction test performed under constant stress until
difference betweehR,, and the measured relaxed load was less full compaction was achieved. For the prepreg studied,
than 0.1% FSD confirming that the hold times where long this point was measured at = 0.184 ands * = 625 kPa
enough. The relaxed load increases after each load step. Theluring a constant stress compaction of a 16 ply unidirec-
increase in relaxed load was gradual for steps 1-5 and wagional sample at 18C. Under these conditions, the laminate
much faster for steps 6—11. This directly confirms that the was fully consolidated and the measured volumetric strain
elastic load-bearing capacity of the specimen increases with(or resin volume loss) corresponds to the fibre bed strain at
increasing deformation. This behaviour supports the assump-the applied stress. The fibre bed compaction curves obtained
tion that the fibre bed behaves as a stiffening spring. for all specimens are presented in Fig. 8. All tested speci-

As shown schematically in Fig. 4(b), the fibre bed elastic mens follow the same master curve, including the quasi-
response can be constructed from the load—displacemenisotropic specimens. This indicates that the transverse
curve. The dashed line in Fig. 6 is the generated fibre bed compression behaviour of the prepreg is not significantly
load—displacement curve which is converted into a stress—affected by the lay-up.
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Fig. 9. Finite element model used for the compaction curve validation runs.
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Table 2 5. Compaction test finite element model
Comparison between predicted and measured specimen volumetric strains

for the validation compaction tests For each specimen tested, a finite element mesh was

Sample Experiment COMPRO constructed. An example of the mesh used is shown in
Fig. 9. One half of the specimen was modelled due to the

ﬁgg ‘8&; ‘8-13 symmetry of the problem. The mesh was divided in two
V180 :0'19 :0'19 regions: the piston and the specimen. The piston was

modelled to reproduce the uniform compaction of the speci-
men during a compression test. The stiffness and imperme-
ability of the steel piston was achieved by setting the
4. Compaction curve validation element properties accordingly. The load measured during
the real compaction test was applied at the top of the piston
Independent validation tests were conducted to verify the as shown in Fig. 9. The sliding motion of the piston was
validity of the obtained compaction curves. The tests ensured by vertical sliding displacement conditions. Resin
consisted of using the compaction fixture (Fig. 2) to load flow out of the laminate was permitted by setting the resin
a specimen at different temperatures. The specimens wergressure to atmospheric at the right edge of the specimen
loaded in load control mode to simulate an autoclave condi- (Fig. 9). The temperature was set to be constant and uniform
tion where a prescribed pressure (rather than a prescribedn the piston and at the boundaries of the specimen during
deformation) is applied to the laminate. The first tests the entire simulation. The compaction curve used for the
named V100 and V140, were conducted for the following simulation is shown in Fig. 8. The vertical displacement
temperatures: 100 and 1@with an 8 ply AS4/3501-6 [Q] (uy extracted from the simulation corresponds to the value
laminate at a loading rate of 77 kPa/min to a maximum at the node indicated in Fig. 9. The predicted displacements
pressure of 800 kPa. For these tests, the specimen wasvere confirmed to be uniform along the length of the speci-
unloaded after reaching the maximum pressure. A third men, as in the actual compression test.
test named V180 was conducted at a temperature of
180°C with a 16 ply AS4/3501-6 [Q} laminate at a
loading rate of 128 kPa/min to a maximum pressure of 6. Discussion
570 kPa. For this test, the pressure was kept constant for
4 min before the specimen was unloaded. The validation Table 2 compares the volumetric strains predicted by the
procedure consists of a comparison between the measuredlow-compaction model with the experimental data. In Figs.
and predicted load—displacement curve and resin masslO and 11, the compaction predictions are compared with
losses using a finite element composites processing modethe experimental results at 100 and 4@0In both cases, the
(COMPRO) [18]. agreement between the numerical and the experimental data
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Fig. 10. Predicted and measured load—displacement behaviour of a AS4/35@1afhjAate subjected to a load controlled compaction test at a loading rate of
77 kPa/min to 800 kPa and a temperature of’@@&ample V100). The fibre bed elastic compaction curve is shown for reference.
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Fig. 11. Predicted and measured load—displacement behaviour of a AS4/35@latjfhte subjected to a load controlled compaction test at a loading rate of
77 kPa/min to 800 kPa and a temperature of’CAGBample V140). The fibre bed elastic compaction curve is shown for reference.

is very good. The load predicted by the model for the test at temperature, the viscous effects become less important.
100°C (Fig. 10) is slightly higher in the early stages of This is shown by the smaller difference between the
compaction§, < 0.2 mm). The actual fibre bed compaction compaction curve and the load—displacement curve for
curve was added to the graph for reference. As expected,the 140C test (Fig. 11) compared to the T@test (Fig.
during the early stages of compaction, where the fibre bed 10). The experimental results confirm that as the resin visc-
elastic stiffness is very low, the behaviour is dominated by osity decreases the load—displacement curve of the sample
viscous effects: the difference between the compaction approaches the load—displacement curve of a purely elastic
curve and the load—displacement curve is important. During fibre bed. Fig. 12 shows the result for the test at°C3and

this phase, the bulk of resin flow is taking place as indicated again very good agreement between the model prediction
by the large displacement change. The final stage of compac-and the experiment was found. In this case, it is important to
tion is controlled by the fibre bed elastic response as the fibrerealize that the higher loading rate used for V180 signifi-
bed stiffness increases dramatically. By increasing the cantly increases the viscous effects even with the reduction
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Fig. 12. Predicted and measured load—displacement behaviour of a AS4/35Q4nfdjate subjected to a load controlled compaction test at a loading rate
of 128 kPa/min to 570 kPa and a temperature of"C8@&ample VV180). The fibre bed elastic compaction curve is shown for reference.
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