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Abstract

The purpose of this thesis was to investigate consolidation performed robotically
of stacked epoxy pre-impregnated carbon fiber. Consolidation is when the com-
posite is compacted by applying pressure. This removes voids in the composite
which increases mechanical properties. The process of consolidation is generally
assumed to be viscoelastic. Two tests were made to investigate the viscoelastic
properties of the uncured composite material: One relaxation test to investigate
how temperature, stacking sequence, strain level and sample size affects time-
dependent viscoelastic properties. The second experiment was to study the level
of compaction achieved from local consolidation of the composite material, the lat-
ter obtained when using an industrial robot. The relaxation test showed that the
compression response was decreased with higher temperatures and increased with
higher strain levels. Samples with a reduced area showed larger relaxation effects
than unreduced samples. Unidirectionally stacked samples had larger relaxation
effects than samples stacked cross-directionally. The experiment with robotically
applied consolidation did not show any measurable compaction at the pressure
levels investigated. The lack of compaction is assumed to be caused by shearing
of the upper layers due to high tool friction and that the applied pressures were
not high enough to noticeably deform the composite material.



1 Introduction

The process of compacting composite
material by applying pressure is called
consolidation. In the material this is
achieved by removing voids. This in-
creases the density and the fiber volume
fraction of the composite.
Achieving a high consolidation during
manufacture is important when making
composites. This is because mechani-
cal properties are decreased with higher
void fractions [1] and fatigue resistance
is dependent of low amounts of voidage.
It is also of importance to achieve a
fiber volume fraction that is uniform
throughout the composite.
The studied material systems were
carbon fiber pre-impregnated with
epoxy. Pre-impregnated fiber mate-
rial is known as prepreg. In compos-
ites made from prepreg there is two
main types of voids. Inter-ply voidage
between each layer prepreg material,
which can be removed by vacuum.
The other kind of voidage is intra-ply
voidage, which is internal to a layer of
prepreg [2]. Intra-ply voidage mainly
consists of small non-connected voids
in the resin. Low gas permeabilities
through the resin makes it very difficult
to remove intra-ply voidage[3].
Generally the process of consolidation
is assumed to consist of resin flow and
fiber deformation. The resin flow is vis-
cous through porous media and the fiber
deformation behaves elastically. When
a pressure is applied to an uncured com-
posite the load is initially carried by
the viscous resin. Gradually the load
is transferred to the fiber network as
trapped air and resin are squeezed out
of the composite. In the final stage of
the consolidation the applied pressure
is completely carried by the fiber bed
[4, 5].
Robotic forming of uncured prepreg is

currently researched as a future compos-
ite manufacturing technique. The aim
of this thesis is to test the viscoelastic
consolidation properties of prepreg ma-
terial during robot forming.

2 Theory

Materials that behave both viscously
and elastically are called viscoelas-
tic. The simplest representation of vis-
coelasticity is a combination of springs
that act elastically and dampers that
behave viscously. A viscous damper is
modeled by the constitutive equation as

σ = η
∂ε

∂t
. (1)

Where σ, η and ∂ε
∂t

are the mate-
rial stress, viscosity and strain rate.
The constitutive equation describing
the spring are simply the elastic equa-
tion

σ = Eε. (2)

In which E and ε are the material mod-
ulus and strain [6].

Viscoelastic material properties are
mostly determined from relaxation or
creep experiments. In relaxation tests
the strain is kept constant allowing the
stress in the material decrease with
time. Creep tests keep the stress con-
stant and allow the strain to increase.

The springs and dampers can be mod-
eled as in a series or parallel com-
bination. The different combinations
have varying modeling accuracies de-
pending on test method and material
type. The series model is known as
a Maxwell material and in parallel is
called Kevin-Voigt. The Kevin-Voigt
model is accurate for creep and the
Maxwell model predicts relaxation with
good accuracy [7]. The governing equa-
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tion for a Maxwell material is

1

E

∂σ

∂t
+
σ

η
=
∂ε

∂t
. (3)

Where ∂σ
∂t

is the stress rate of the stud-
ied material.

To model viscoelastic behavior over
time Prony series expansion are often
used. A Prony expansion uses fixed-
interval sampled data to make a Prony
series, which is a superposition of mul-
tiple exponential functions. This makes
Prony expansion similar to Fourier ex-
pansion. The multiple exponential func-
tions are useful for modeling the damp-
ening behavior of relaxation. A Prony
series expansion of the equation for
a Maxwell material giving the time-
dependent relaxation modulus E(t) is

E(t) = Ee + n
n∑
i=1

Ei exp
−t
ρi . (4)

In which Ee is the equilibrium modu-
lus when the time t reaches infinity. n
is the number of Prony-coefficients used
in the series. Ei and ρi are modulus and
time constants, respectively, for the re-
laxation process [7, 8].

Lukaszewicz and Potter showed that the
consolidation process of uncured unidi-
rectional epoxy pre-impregnated carbon
fiber can be described as a viscoelas-
tic material, by performing relaxation
tests and fitting the resulting through-
thickness modulus to a Prony series [8].

3 Method

Two different experiments were made to
research the consolidation process dur-
ing robot forming. One consisting of a
relaxation test and one for testing local
consolidation with robot-applied pres-
sure.

3.1 Relaxation

Material

The compressive test was performed
with an Instron 4505 tensile and com-
pression test rig. An oven was used
to heat the samples during the test.
The tool used for compacting the sam-
ples in the out of plane direction was
a flat compression tool consisting of
one rigid half and one with a spheri-
cal seating giving the sample an equal
and distributed load. The test setup
is shown in figure 1. The samples
were square stacks of an uncured unidi-
rectional pre-impregnated carbon fiber
(Hexcel m21/t700). The length of the
sample sides were 50 mm and there
were eight layers in the stack. Two
stacking sequences were used, one cross-
directional

[
90◦ 0◦]

4
and one unidirec-

tional
[
0◦]

8
. Plastic film was used to

avoid the samples sticking to the tool.

Figure 1: Setup for relaxation tests

Experimental procedure

Prior to compacting, the samples were
vacuumed at 1 bar in a vacuum bag at
room temperature for one hour. After
the oven was heated to the test tem-
perature (40 ◦C and 70 ◦C), the samples
were placed between two layers of vac-
uum bag plastic in the tool. While ly-
ing in the tool they were heated up to
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the test temperature during 15 minutes.
The samples were then deformed to pre-
scribed deformations of either 0.3 mm
and 0.5 mm. The deformation distance
was counted from when the compact-
ing pressure was 10 kPa. This defor-
mation was then kept constant during
a relaxation period of 15 minutes. Dur-
ing this relaxation period the necessary
applied load was logged as it decreased
with time. To test the influence of the
sample size on relaxation some samples
were cut with half width.
The test series used for the relaxations
test are presented in table 1. All test
series had three repetitions.

Table 1: Test series for relaxation mea-
surements

test temp. layup size strain
series [◦ C] [%]

A 40 cross full 20.4

B 40 cross full 12.2

C 70 cross full 20.4

D 70 cross full 12.2

E 40 uni full 20.7

F 70 uni full 20.7

G 70 cross half 20.4

Computation

The method used to compute the relax-
ation modulus was:

Step 1: A area was calculated from the
width and length of the sample after
testing. This area was used as a proxy
for the sample area during relaxation.

Step 2: The strain of the sample was
computed from the position data of the
measurement.

Step 3: The stress during the relaxation
process was computed by dividing the
logged force with post-test area.

Step 4: By dividing the relaxation
stress with the computed strain a re-
laxation modulus could be retrieved.

Step 5: The coefficients for the Prony
series fitting of the relaxation modu-
lus was computed with the MATLAB-
function NonLinearModel.fit.

3.2 Robotic consolidation

Material

For testing local consolidation a KUKA
KR 10 R1100 SIXX 6-axis industrial
robot was used. The composite ma-
terial used for this test was a prepreg
with Hexcel Hexply 6376 epoxy and uni-
directional carbon fibers. The samples
used for the test had stacking sequence
of
[
90◦ 0◦ 0◦ 90◦]

2
. Two sample

sizes were used, 100 mm × 30 mm and
300 mm×40 mm. A custom made pneu-
matic tool were used to the scrape to
sample with a known pressure. The test
setup is shown in figure 2.

Figure 2: Setup for robotic local consol-
idation tests

Experimental procedure

The samples were manufactured and
vacuumed with a pressure of 1 bar for
one hour, prior to the test. The sample
thickness were measured with a caliper
at both sample ends, before adding a
plastic film made of vacuum bag mate-
rial on top of the sample. This plastic
film was used to reduce friction between
the scrape and sample. The samples
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were then placed on a preheated and
temperature controlled aluminum sur-
face with a temperature 70 ◦C. When
the samples had reached a temperature
of 70 ◦C the measurement was started,
by placing the pressurized tool with the
scrape perpendicular to the sample at
the right end of the sample. The scrape
was then moved to the left side with
a speed of 1 mm/s or 3 mm/s, keeping
the same angle and load as set at the
right side. The used pressures at the
edge of the scrape were between 67 kPa
and 151 kPa. The side of the sample was
filmed by a camera to determine thick-
ness changes. Only the middle part of
the sample was recorded to maximize
the number of vertical pixels for each
sample. For the 100 mm × 30 mm sam-
ples a Nikon Coolpix P7100 camera was
used. The resolution was 1280 × 720
pixels. The 300 mm × 40 mm samples
were recorded with a DSP-equipment
from GOM, which had a resolution of
2448× 2050 pixels.
The test series used for the robotic local
consolidation tests are shown in table 2.

Computation

To compute the strains of the sample for
each measurement the following method
was used:

Step 1: Individual still images was
withdrawn from the video recordings
of the measurements at specified time
lengths of the video.

Step 2: The contrast of the images was
adjusted until a clear border between
the samples top edge and the back-
ground was obtained. This creates a
dark sample and a nearly white back-
ground.

Step 3: For every widthwise pixel posi-
tion, the number of pixels was counted
from the bottom of the image to the
breakpoint between the top edge and
the background.

Step 4: Step 2 and 3 was repeated for
the breakpoint between the lower edge
of the sample and the aluminum surface
the sample lay on.

Step 5: A sample thickness measured in
pixels was calculated for each widthwise
pixel position by computing the differ-
ence of the pixel heights for the bottom
and top edges.

Step 6: Eventual tilt of the camera
was compensated for by computing the
mean angle of the bottom side of the
sample and using trigonometric rules to
scale the obtained thicknesses. Poten-
tial tilt would cause the thicknesses of
the sample to seem larger than the ac-
tual ones.

Step 7: The strains of the sample com-
pared to the initial pixel thickness was
computed for every studied time.

Table 2: Test series for robotic consolidation measurements
test cylinder tool robot sample

series pressure pressure speed size

I 150 kPa 67 kPa 1 mm/s 100mm× 30mm

II 300 kPa 151 kPa 1 mm/s 100mm× 30mm

III 210 kPa 76 kPa 1 mm/s 300mm× 40mm

IV 350 kPa 133 kPa 1 mm/s 300mm× 40mm

V 350 kPa 133 kPa 3 mm/s 300mm× 40mm
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Table 3: Modulus at start and end of measurements for each relaxation test series

test temp. layup size strain E(t=0) E(t=900) E(900)
E(0)

series [◦ C] [%] [MPa] [MPa]

A 40 cross full 20.4 14.46 6.70 0.46

B 40 cross full 12.2 5.29 1.56 0.30

C 70 cross full 20.4 10.01 2.16 0.22

D 70 cross full 12.2 3.37 0.51 0.15

E 40 uni full 20.7 10.62 2.40 0.23

F 70 uni full 20.7 4.29 0.68 0.16

G 70 cross half 20.4 10.04 1.01 0.10

4 Results

The results for the relaxation and
robotic consolidation test are presented
in separate sections.
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Figure 3: Relaxation modulus curves

4.1 Relaxation

Seven different test series were made
with varying material temperatures,
strains, stacking sequences and sample
sizes. For every test series a mean mod-
ulus was computed for each time in-
stance. The initial modulus at the start

of the measurement, the final at the end
and the ratio between these for each test
series are presented in table 3.
The average sample thickness be-
fore testing was 2.45 mm for cross-
directional samples and 2.41 mm for
unidirectional. In figure 5 are the width
and length extensions of the samples af-
ter testing presented. A graph showing
the computed relaxation modulii for all
measurements are displayed in figure 3.
Figure 4 show the relaxation modulus
normalized by the intital modulus of the
measurements.
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Figure 4: Normalized relaxation modu-
lus curves
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Table 4: Prony coefficients

test Ee E1 E2 E3 E4 E5 ρ1 ρ2 ρ3 ρ4 ρ5
series [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [s] [s] [s] [s] [s]

A 5.60 0.32 0.22 0.38 0.38 0.42 25.6 5 455.7 1103.6 107.4
B 1.21 0.12 0.19 0.11 0.21 0.20 34.1 8 126.9 0.9 853.9
C 1.61 0.32 0.39 0.49 0.29 0.22 28.4 102 606.3 6.0 0.8
D 0.39 0.13 0.15 0.16 0.08 0.10 42.4 7 0.5 726.8 146.4
E 2.11 0.45 0.47 0.32 0.17 0.33 27.7 7 523.1 0.7 91.0
F 0.60 0.12 0.19 0.09 0.14 0.21 31.4 5 477.4 109.3 0.6
G 0.90 0.35 0.39 0.21 0.43 0.49 30.0 6 397.5 97.6 0.7

Prony Fitting

The Prony series coefficients from the
non-linear fitting script for each test se-
ries are shown in table 4.

Figure 5: Relaxation: Relative increase
of sample width and length after testing

Temperature

The measurements with temperature of
70 ◦C had lower relaxation modulii than
corresponding 40 ◦C-measurements.
The 70 ◦C-samples also showed a larger
area-increase compared to the 40 ◦C-
samples, which is shown in figure 6. Re-
sults for measurements with a temper-
ature of 70 ◦C relative to measurements
with a 40 ◦C-temperature is presented
in table 5.

Table 5: Modulus for 70 ◦C relative to
the 40 ◦C-modulus.

compared test series t=0s t=900s
A & C 69% 32%
B & D 63% 33%
E & F 40% 28%

Figure 6: Relaxation: Area increase of
samples after testing

Stacking sequence

The tests with unidirectional samples
showed smaller relaxation modulii than
similar measurements made with cross-
directional samples. The initial unidi-
rectional modulus was 73% of the cross-
directional at 40 ◦C (test series A vs E) ,
and 43% at 70 ◦C (C vs F). At the same
temperature the sample area increased
more for unidirectional samples than for
cross-directional. This can been seen in
figure 6.
The ratio between the modulii at the
end and the start of the measurement
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Table 6: Results from tests with robot
test cylinder tool edge speed sample mean confidence measurable
no. pressure pressure size strain interval 95% strain

[kPa] [kPa] [mm/s] [mm] [%] strain [%] [%]
1 150 67 1.00 100× 30 0.46 (-2.38 , 3.30) 1.94
2 150 67 1.00 100× 30 -1.49 (-4.11 , 1.13) 2.01
3 150 67 1.00 100× 30 3.54 (-0.86 , 7.94) 2.34
4 300 151 1.00 100× 30 -1.03 (-3.97 , 1.91) 1.99
5 300 151 1.00 100× 30 2.49 (-0.49 , 5.47) 2.24
6 300 151 1.00 100× 30 0.97 (-3.03 , 4.97) 2.13
7 210 76 1.00 300× 40 0.13 (-1.11 , 1.37) 0.80
8 210 76 1.00 300× 40 0.85 (-0.91 , 2.60) 0.69
9 210 76 1.00 300× 40 2.49 (1.12 , 3.86) 0.82
10 350 133 1.00 300× 40 0.39 (-3.68 , 4.45) 0.82
11 350 133 3.00 300× 40 1.80 (-0.87 , 4.46) 0.81

show that there is a larger relative mod-
ulus decrease with time for samples
made with a unidirectional stack than
with a cross-directional. This can be
seen in table 3.

Strain

By comparing the modulus of test series
A and B, and also C and D it can be seen
that a higher strain gives a higher mod-
ulus. The 12%-strain modulus relative
to the 20%-strain modulus, for measure-
ments that is otherwise similar, is pre-
sented in table 7.

Table 7: Relative modulus for strain
comparison

compared test series t=0s t=900s
A & B 37% 23%
C & D 34% 24%

Size

Initially the sample with half the area
has almost (slightly larger) the same re-
laxation modulus as the similar sample
with a full width. The final equilib-
rium modulus for the half sized sample
was nearly half of the modulus for the
full sized sample. The area of the half-
width samples increased on average by
12.6% after testing. Contrasting to the
full sized, which only increased by 7.5%.

4.2 Robotic consolidation

Eleven measurements were made with
the robot. The mean strains and 95%
confidence intervals of the strain after
testing are presented in table 6. Defor-
mations directed down into the material
is defined as negative. The measured
sample thickness before testing were in
the region of 1.15 mm to 1.20 mm.

In figure 7, the shape recognition of the
first frame of measurement 2 is shown.
Areas in the measurement that had
clear problems with the shape recogniz-
ing function at the edge of the images
were removed from the computation of
the deformations and strains.

More examples of the shape recognitions
are shown in the appendix.

5 Discussion of results

5.1 Relaxation

The declining modulus when the strain
of the samples is kept constant is consis-
tent with that the studied material has
a viscoelastic behavior in its uncured
state.
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Figure 7: The initial frame of robotic measurement 2 with the shape recognized
by the code marked in green.

Size

The initial moduli for measurements 3
(full size) and 7 (half size) are very close
to each other, but the Prony equilibrium
moduli at fully relaxed state differ. The
half sized sample has a final equilibrium
moduli that is slightly less than 50% of
the moduli for the full sized sample.
An explanation for this could be that
at the initial stages of the relaxation,
the pressure from the matrix should be
the major contribution to the load re-
sponse of the applied pressure. With
the full sized sample it would take more
time for the matrix to flow towards the
sample edge than for a sample with half
the width at similar pressure. This
would cause the modulus for the half
width sample to decrease faster as there
would be less pressure originating from
viscous-like behavior of the matrix. But
that does not explain why the final mod-
ulus at equilibrium is not the same.
A possible explanation of the equilib-
rium modulus difference for the two
sample sizes could be found by study-
ing the width expansion of the sam-
ples. The longest side of the half sized
sample showed a length extension af-
ter testing similar to the one found in
full-sized samples. The width of the
half sized sample increased by 8% af-
ter testing, contrasting to full sized sam-
ples which showed an increase that was

around 4%. This matters because ac-
cording to previous research it is mainly
the fiber bed that gives the elastic re-
sponse of an uncured composite. As
the fibers move with the matrix flow the
fiber bed changes. By pulling the fiber
bed apart the elastic response should
decrease as there is less fibers per area
unit. This could be a cause of the lower
equilibrium modulus of the half sized
samples.

Temperature

The two different tested material tem-
peratures showed that the relaxation
modulus was reduced with increased
temperature. How much of a differ-
ence the changed temperature made de-
pended on the stacking sequence and
to some extent the level of strain dur-
ing the test. This influence is described
under the sections on stacking sequence
and strain.

Stacking sequence

The unidirectional stacking sequence
showed a lower relaxation modulus com-
pared to the cross-directional. This is
likely caused by friction in the cross-
directional samples, which reduce the
movement of the fibers both lengthwise
and widthwise. The unidirectional laid
up fibers encounter less friction trans-
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verse to the fibers and thereby making it
easier to deform the fiber network caus-
ing lowered elastic response from the
material. This can be seen by looking
at the width expansion (transverse to
the fibers) of the unidirectional samples,
which was 6.9% at 40 ◦C and 8.5% at
70 ◦C. Along the fibers the expansion
was only 2.4% for both temperatures.
At 40 ◦C the cross-directional samples
had an average extension of 3.6% at
their most extended side and the 3.2%
at their least extended. For 70 ◦C the
average extensions were 4.1% and 3.3%.
This can be seen in figure 5.
The amount the modulii differ between
cross- and unidirectional stacking se-
quences depend on the temperature. At
40 ◦C the relative difference in initial
modulus for uni- and cross-directional
was lower than for 70 ◦C. A potential
reason for this is that the lower ma-
trix viscosity, that is a result from the
increased temperature, makes the vis-
cous part of the load response smaller.
This means that at higher temperatures
the response of fiber network contribute
relatively more to the load response
and therefore the difference between the
initial modulii of the two stacking se-
quences becomes larger.

Strain

As expected increased strain gave higher
relaxation modulii. The ratio between
the modulii for 12.2% strain and 20.4%
did not change much with increased
temperature and was reduced slightly
towards the end of the relaxation pro-
cess.

5.2 Robotic consolidation

At the tested pressures none of the
robotic measurements showed any clear
compaction. The 95% confidence in-

terval for the strain of nearly all sam-
ples is centered around zero strain. The
mean strain of most measurements show
a very small expansion of the material.
This is opposed as what might be ex-
pected from scraping the samples with
a pressurized tool. The measurements
made with the DSP-camera had an ac-
curacy good enough for concluding that
the strains are near zero. One explana-
tion could be that the applied pressure
was not high enough to cause a com-
paction of the samples. In many of the
measurements there seem to be no de-
formations under the scrape that is so
large that they are noticeable. Another
possible explanation could be shear by
friction from the scrape on the top of
the samples causing shear between the
prepreg layers. This is supported by
horizontal movement of the top layers,
which can be seen when comparing im-
age series for some of the measurements.
The shearing of the sample could pos-
sibly be reduced by reducing the fric-
tion from the scrape. A method for this
could be using a scrape rounder edges
than the one used for these tests. An-
other possibility could be to use a mate-
rial that is more slippery than the vac-
uum bag plastic used for this purpose.

6 Conclusion

Viscoelastic behavior of the prepreg ma-
terial can be concluded by the expo-
nentially declining relaxation modulii.
The compression response was shown
to be temperature-dependent as an in-
creased temperature lowered the relax-
ation moduli. This is probably caused
by lowered matrix viscosity. The com-
pression response was also dependent
on the stacking sequence used for the
samples. Unidirectionally stacked sam-
ples were easier to relax than cross-
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directionally stacked. This is concluded
to be caused by increased fiber net-
work deformations transverse to the
fibers with the unidirectional stack-
ing sequence. The stacking effect was
also shown to be larger with increased
temperature. The sample size reduc-
tion showed that the viscoelastic behav-
ior is affected by boundary conditions.
The robotic local consolidation test did
not show any measurable consolidation.
This is concluded to be caused by com-
paction pressures not high enough and
shearing of the samples from tool fric-
tion.
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Appendix

Robotic consolidation

Figure 8: The initial frame of measurement 1 with the shape recognized by the
code marked in green. The recognition was very good for both the initial and
final frame.

Figure 9: The final frame of measurement 1 with the shape recognized by the
code marked in green.

Figure 10: The initial frame of measurement 3 with the shape recognized by the
code marked in green. The recognition over the lower right edge and some parts
of the lower left edge had faults. The strains from these parts of sample were not
accounted for as they would have been false.
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Figure 11: The final frame of measurement 3 with the shape recognized by the
code marked in green.

Figure 12: The initial frame of measurement 7 with the shape recognized by the
code marked in green. The top left corner of sample and a small part of the
bottom right were not recognized accurately enough are were not used for strain
computations.
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Figure 13: The final frame of measurement 7 with the shape recognized by the
code marked in green. The top right of the sample had major difficulties with the
recognition are were not used in the strain computation.

Figure 14: The initial frame of measurement 10 with the shape recognized by the
code marked in green. The top right part of the sample had a false recognition
and were not included in the computations. A couple of small dots in the top and
lower edges were not accurate enough and were also discarded.
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Figure 15: The final frame of measurement 10 with the shape recognized by the
code marked in green. The discarded areas were similar to those from figure 14.
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