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ABSTRACT
The topic of this project is an experimental study of prepreg characteristics, such as tack,
consolidation and temperature sensitivity during forming. The aim has first been to
understand how the material reacts during different manufacturing processes. Secondly, to
recommend suitable parameter settings, based on the findings, in order to get a good and
reliable manufacturing process.
In a literature study it was found that the prepreg tack is difficult to measure. It is debated by
the scientific community today how to best describe prepreg tack, and the answer is affected
of what parameters that are sought to be reproduced. Consolidation tests have, in this study,
been performed in an Instron machine. The relaxation of two different materials has been
measured in room temperature, 40 °C and 60 °C, with a maximum pressure of 2-10 bar.
These limits are set to cover the temperature- and pressure scope in a robot forming
process.
Results show that neither of the materials will experience full consolidation during these
tests, and therefore, neither in a robot forming process. It is therefore recommended to
consolidate the material in a separate process, if forming it with a robot. The material
6376/HTS is more temperature sensitive than the other tested material, an aerospace
graded prepreg with T800 fibres.
Forming tests was carried out in a vacuum forming box with the goal to find a temperature
where no forming defects can be seen by eye. This is found to be true at temperatures above
50 °C for the material 6376/HTS when stacked in sequence [45, 0, -45, 90]4s.
None of the materials are recommended to be robot formed in room temperature. Results
show that one can see correlations between the forming tests and the consolidation tests.
The tests are also assessed as a good way to gain basic understanding of the characteristics
of a specific material.

SAMMANFATTNING
En undersökning har gjorts av egenskaper hos prepreg så som dess tack, konsolidering och
temperaturkänslighet i samband med formning. Syftet var att förstå hur materialet reagerar
vid normala tillverkningsprocesser, för att i förlängningen kunna rekommendera inställningar
för en stabil process.
I en litteraturstudie visar resultaten på att det är svårt att karaktärisera prepreg tack. Vad
som är den bästa metoden tvistas det om inom vetenskapen och svaret påverkas också av
vilken process som resultaten avses användas till. Konsolideringstester har utförts i en
Instron-maskin där relaxeringen av två olika material har mätts. Testade temperaturer är
rumstemperatur, 40 °C och 60 °C och maxtrycket har varit 2-10 bar. Gränserna är valda för
att täcka temperaturer och tryck som används i en robotformnings-process.
Resultaten visar att inget av materialen kommer att nå full konsolidering under testerna och
därför inte heller under en formningsprocess med robot. Det rekommenderas därför att
konsolidera materialet innan eller efter en sådan formningsprocess. Materialet 6376/HTS är
mer temperaturkänslig än det andra testade materialet, ett flyg- och rymd-klassat prepreg
med T800 fibrer.
Formningstester har gjorts i en låda för vakuum-formning med målet att finna en temperatur
då materialet kunde formas utan synliga formningsdefekter. Den temperaturen är 50 °C eller
högre för 6376/HTS då det är upplagt med stackningssekvens [45, 0, -45, 90]4s.
Inget av de testade materialen rekommenderas att formas med robot i rumstemperatur.
Resultaten visar att det finns korrelationer mellan formningstesterna och konsolideringstesterna. Experimentmetoderna bedöms också vara en bra utgångspunkt för att få en
grundförståelse för vilka egenskaper ett specifikt material har.
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INTRODUCTION
1.

BACKGROUND

Lightweight composite materials consisting of fibre-reinforced polymers have been
developed since the early 1950s [1]. High performance carbon fibres made an entrance on
the market in mid-1960s, and its use in the aerospace industry has gradually increased ever
since. In the aerospace industry reduced weight means increased load-carrying capability,
decreased fuel consumption and better performance [2].

1.1

PREPREG CHARACTERISTICS

Lightweight structures used in both military and commercial airplanes today are most often
made of prepreg; carbon fibres that is pre-impregnated with resin, where epoxy is most
common [2]. Each layer of the material is very thin and has fibres in only one direction. To
gain the desired mechanical performance many layers of prepreg are put together in a socalled stack, with the fibres in different directions. An advantage of prepreg is that the
material holds a high quality compared to other composite materials [2].

Figure 0-1: Pre-impregnated carbon fibres, so called prepreg [3].

A prepreg material need to be stored in a freezer prior to manufacturing, since the curing
process of the epoxy starts at room temperature. The cold temperature pauses the curing
process and allows the material to be stored up to a year in that stage. When in room
temperature, the ongoing curing process results in a sticky material, which is called prepreg
tack. The tack is important in many manufacturing processes. The optimal conditions would
be to have sufficient tack so that the material sticks to the forming tool during forming, but
still allows movement in between the layers. Prepreg tack is affected by age of the material,
process temperature and pressure, and time of applied pressure. During manufacturing, it
is therefore important to know how these characteristics affects the material.
Prepreg materials are normally not fully impregnated. In the middle of the material (through
the thickness) a dry core exists to facilitate encapsulated air to be removed. The dry core
disappears during the manufacturing process. This happens when high manufacturing
pressure in combination with elevated temperature allows the resin to be pressed into the
dry core. In connection with this, the material is compacted, it consolidates, which entails a
reduction in material thickness. The consolidation of a prepreg is dependent on the
compaction pressure, temperature and time.
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In addition to the dry core disappearing during consolidation, material can be pressed to the
sides. It can be either excess resin or, depending on the geometry and stack of the material,
parts of whole layers that are moved. A critical area for this is radiuses. Studies shows that
the elevated consolidation pressure that arises at radiuses during vacuum forming in
particular [4] contributes to tinning of radiuses. The thinning is also considerably larger than
expected because of material movement. It seems as if the movement of material only
happens when the material is warmed, and the viscosity of the resin is lower than in room
temperature.

1.2

M ANUFACTURING PROCESSES

Manufacturing of prepreg can either be done by hand, manual lay-up, or with an automated
method. Today, two types of automated manufacturing technologies are dominant for
prepregs; automated tape lay-up, also called ATL, and automated fibre placement, also
called AFP. Common for both technologies is that they require high investment costs and
are not suitable for complex-shaped products in low to medium manufacturing volumes,
making manual manufacturing methods the most common practice. An automated method
is desirable though, according to Campbell [5], since manual lay-up are highly labour
intensive and costly. He states that 40-60% of the manufacturing cost of manual lay-up
comes from cutting and manual handling of plies, depending on the complexity of the form
and part size. In a cost model case study of a generic aeronautical wing [6], M.K. Hagnell
and M. Åkermo reach the conclusion that for an annual production rate of 150 pieces or less,
hand layup is still the most cost-effective method. Over that annual production rate, ATL or
hot drape forming is more cost effective [6].
Björnsson et al. [7] investigated the possibility to automate the manufacturing process of
products with a more complex shape and a small manufacturing volume by a two-step
process including robot forming. The lay-up of the stack can be made using automated
solutions and the forming process is done with an industrial robot equipped with rolling tools,
see Figure 0-2. They concluded that this process is possible to perform with satisfactory
results for a two-layer stack [7]. One aim of the project of this report is to provide results
which can be used when forming prepreg stack with more than two layers with an industrial
robot.

Figure 0-2: Robot forming with an industrial robot equipped with rolling tools [7].
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AIM OF THE PROJECT

The aim of the project based on the previous background is:
To investigate the attributes of prepreg materials, such as the tack, pressure and
temperature sensitivity, in order to understand which settings that should be applied to get
a reliable result of the manufacturing process.
This aim is divided into three different parts:
•

To describe the State of the Art measurement of tack and evaluate if any of the
methods can be used to estimate tack during robot forming.

•

To examine prepreg compaction in order to understand how temperature, pressure
and time effects the consolidation process.

•

To investigate prepreg temperature sensitivity during vacuum forming and suggest
an optimal temperature region.

Each partial objective has been treated separately and are presented in a chapter of its
own. In the fourth chapter the results from the project is summarized. Similarities and
relationships between the results are discussed and a final conclusion are presented.

CHAPTER I: TACK
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CHAPTER I: TACK
1.

STATE OF THE ART

This analysis is made as a literature study of experimental methods to characterise prepreg
tack. The aim is to investigate if any modern methods could work to estimate tack during
robot forming, and by extension be the basis for settings during the forming process. The
difficulties with tack during manufacturing of components made of prepreg was described
by Gillanders et.al. in 1981 [8]. They explained that variations in the tack had been observed
both from point to point within a prepreg sheet and from sheet to sheet. Dubois et.al. [9]
states that there is a problem to quantify the tack since both strength and debonding energy
come into play, and those might not develop in the same way as each other when affected
by test parameters.
Dubois et.al. also explains that one common way of estimating prepreg tack in the industry
is to apply a prepreg specimen to a structure or another prepreg specimen in a vertical
position in room temperature. If the specimen stays in position for a specified quantity of
time, the tack is estimated to be satisfactory. Two main methods for measuring tack in a
quantifying way have been found; probe test and peel test. The probe test was introduced
already in 1981 by Gillanders et.al. [8]. Dubois et.al. explains in 2009 that this study, to their
knowledge, was the only one done using the probe test method until then, when they
updated it. Crossley et.al. [10] presented a new peel test in 2011 that also has been studied
in this chapter. Sketches of the two methods can be seen in Figure I-1.

Figure I-1: A & B - Probe test pictures [9]. C & D - Peel test sketches [10].
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The probe test was originally used for pressure sensitive adhesives but has been modified
to prepreg tack quantification [9]. A probe is put into contact with the prepreg or just a piece
of resin under controlled forms. The force and/or energy keeping the surfaces together is
measured when moving them apart under a controlled rate. Stress is defined using the area
of the probe surface. Positive aspects are that the contact and separation phase can be
separated which makes it easy to control the process. The steps of debonding can also
clearly be observed. The downside of this test is, which can be seen in Gillander et.al.´s
conclusions, that it is very sensitive for surface irregularities. Other cons include that the test
allows failure in the bulk, which is not likely to happen for processes with continuous fibres.
Also, the actual contact area that defines the stress is likely to differ since the area of the
resin is changing during the compaction process.
The peel test developed by Crossley et.al. quantifies both tack and dynamic stiffness and is
designed to simulate an ATL and AFP process [10]. The application stage is pressure
controlled and in the second stage, which is continuous, the stiffness is isolated from the
peel resistance by the use of a thin film. Instead of only measuring just a small piece of
prepreg or resin, this method measures the tack and dynamic stiffness of a continuous roll
of prepreg. This makes the method much more capable of coping surface irregularities. The
feed rate of the peel test made in 2011 is 1000 mm/min and is applying a pressure of 1.36.6 bar, given that the roll of prepreg is 75 𝑚𝑚 wide and the roller has a contact area of
75 𝑚𝑚 × 2-10 𝑚𝑚. The peel test is criticised for not being able to isolate the separation
stages, as can be done with the probe test. Furthermore, it only measures the tack of one
layer against the mould and not multiple layers.

2.

DISCUSSION AND CONCLUSION

As seen in Figure I-1, both methods need special test machines or an extra additive to an
already existing machine. The structure of this is, as seen, quite complex and could take
time to build if not already available. Since the peel test is designed to replicate the ATL or
AFP process, it is much more similar to a robot forming process. If performing the test in the
same way as Crossley et.al., one would have to think about how the results of the tack
measurements could be made useful for the robot forming process, since that process
normally takes place after the prepreg already has been laid up. A difference is that during
robot forming the interesting tack surfaces are not only the tack against the mould but also
the tack in-between the layers of the prepreg itself. The peel method also involves peeling
of backing paper, which is of lower interest for this work. The reason for this is that the
specific robot forming process that is investigated takes place after the prepreg has been
laid up.
The conclusion of this study is that it would take time to build and perform the tests to
measure prepreg tack. This would be a good topic for a future master thesis of master
student project work.

CHAPTER II: CONSOLIDATION
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CHAPTER II: CONSOLIDATION
1.

THEORY

Nixon-Pearson et.al. presented a study of prepreg consolidation in 2017 [11]. They describe
the complexity of pre-impregnated fibres with a multi-phase toughened resin. The
compliance of the fibres and inertia of the viscous matrix makes the material susceptible to
fibre-matrix motion, for example flow of resin at high temperatures. After curing, eventual
defects in the material are locked, beeing one reason that the characteristics of prepregs
during manufacturing is so important. Nixon-Pearson et.al. mentions a couple of
consolidation deformation mechanisms; bleeding/percolation flow, shear/squeezing flow
and fibre paths defects. Bleeding/percolation flow is typical for low-viscosity thermoset resins
and can be described as a flow of resin relative to the fibres. Resin escapes from the
laminate without moving the fibres. Shear/squeezing flow is more usual for thermoplastic
prepregs and can be explained as movement of the fibre-matrix system, transverse to the
fibre and compaction directions. An example of fibre path defect is local non-uniform
consolidation and possibly rotation of the ply alignment angle, either around the original fibre
axis or around the fibre transverse direction. This is called folds and wrinkles, respectively,
and is further examined in chapter III Forming of Prepregs in this report.
In the study, Nixon-Pearson et.al. [11] did test two different materials in a variety of different
sizes and stacking sequences. They had two different test programs, one ramp-dwell
program with five steps and one slow monotonic case with a steady incremental load. They
did not block the edges of the specimen to reproduce a boundary condition for a point in the
middle of a large surface. Instead they concentrated on what is happening at the ply edges
or in areas where fibre paths defects are formed. The aim of the experiments was to
characterize the main mechanisms of prepreg deformation, for a variety of composite
processing stages such as: AFP, cold or hot debulking and consolidation. The investigation
thus covers a larger scope than the aim of this report.
Conclusions from the study include that the apparent viscosity of the two different materials
is dependent on the initial geometry of the specimens and the lay-up, and this is also
connected to a scaling effect in both in-plane and through-thickness directions. The
compaction is shown to be dependent on the thickness-to-width ratio. Another very
interesting conclusion is that they see a compaction limit for consolidation above
approximately 70 °C. Below this temperature, the degree of compaction is dependent on
temperature and viscosity.

CHAPTER II: CONSOLIDATION
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METHOD

This section describes the set-up of the chosen test machine and some adjustments made
during the formulation of the method. In order to prepare the final method, two smaller set
of tests were performed; one to decide the influence of specimen size and one to establish
a realistic and safe loading speed. Finally, the complete method is summarized.

2.1

TEST MACHINE AND SETTINGS

The machine used for these tests was an Instron 4505, with a 5 𝑘𝑁 load cell. The tests were
performed below the crossbeam (called cross head in the machine program) were an oven
was placed, see Figure II-1 (a). The load cell was placed on the downside of the cross beam
and can be seen in the top of the same figure. Between the load cell and the bottom of the
test machine a couple of metallic extenders were mounted in order to get the right distance
between the sample jaws, see Figure II-1 (b). All parts used were photographed and can be
seen more in detail in “Appendix A: Test machine set-up”.

Figure II-1: The test machine set-up. a) the whole test rig below the cross beam including the oven. b) close up
of the sample jaws with extensometers mounted. c) The lower sample jaw which has two parts, allowing the
surface to align itself horizontally.

The lower sample jaw had a rounded downside with a bowl-shaped second part, see Figure
II-1 (c). This made it possible for the surface of the lower sample jaw to align itself horizontal
in all directions when performing the tests. Another option was to montage two solid sample
jaws, having the disadvantage of difficulty to align the sample jaw surfaces to be perfectly
straight. If not, the samples would be consolidated uneven over the surface, which would
have affected the outcome of the results.
In addition to the position of the machine crossbeam, two extensometers that measure
distance were mounted on the sample jaws. Their position was separated by 90°, seen from
above/below. See Figure II-2 below for a close-up image of this. The extensometers were
attached with rubber bands and caution were taken to make sure that it was exactly the
vertical distance that were measured and not an offset to the vertical line.
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Figure II-2: A close-up image of the sample jaws with mounted extensometers.

The reason to use extensometers is that small cavities can exist between the different
metallic extenders. The extensometer made it possible to be sure to measure the
consolidation of the specimen and not the compression of the metallic extenders or cavities
between them. The reason to use two extensometers was to measure if the lower sample
jaw was horizontally aligned during the test. For the temperature/pressure combinations
where more than one specimen was tested, the extensometer readings were used to pick
out the best test.
The programming of the Instron machine is made in blocks which tells the machine what to
do, with different instructions in each block. The goal was to program the machine to load
the specimen to a pre-set load and then keep the same load for a specific period of time.
During that hold-period the position of the crossbeam and the extensometers should be
registered. Soon it stood clear that this was not possible to do, based on the basic settings
of the machine. Instead, the blocks were chosen to do the following – all position-controlled
blocks of actions:
1. Load the specimen with a specific loading speed to a pre-set load, based on the size
of the specimen.
2. Keep the position of the crossbeam for 60 seconds, at the position where the
maximum load was reached.
3. Unload the specimen, stop at the same position were the crossbeam were before
the test begun.
The sought-after characteristics of the specimen during the tests were, based on this setup, the relaxation of the material after reaching the maximum load. How this process was
affected by temperature and maximum pressure were also of interest.

2.2

SIZE OF THE SPECIMENS

In the following section the effect of size of the specimens are examined.

Method
The program described in chapter II.2.1 Test machine and settings was used. Two different
sizes of specimens were tested; 30 × 30 𝑚𝑚 and 50 × 50 𝑚𝑚. Three specimens of each
size were tested, all in room temperature. Every specimen was loaded up to four different
maximum pressures, starting with the smallest pressure, then performing the test sequence
for the next pressure, and so on. The pressures used, and the corresponding load, is
presented in Table II-I below. The loading speed was 5 𝑚𝑚/𝑚𝑖𝑛.
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Table II-I
MAXIMUM PRESSURES USED IN THE "SPECIMEN SIZE" TESTS

Maximum pressure
[bar]
2.5
5
7.5
10

Corresponding load
[N]
Small specimen
Large specimen
(𝟑𝟎 × 𝟑𝟎 𝒎𝒎)
(𝟓𝟎 × 𝟓𝟎 𝒎𝒎)
225
625
450
1250
675
1875
900
2500

Material
The material used in these tests was the prepreg 6376/HTS. Focus was on the comparison
between different specimen sizes. The stacking sequence was [90, 45, 0, -45]2s , 16 layers
in total. The material was cut by hand with a carpet knife and a metal ruler, first in pieces
that were 2 mm larger than the final stacks in each direction. After the full stack were put
together, the full stack was cut to the final size. This ensured even edges all around the
specimen.

Results, discussion and conclusion
In the following plot, see Figure II-3, the results of one large and one small specimen are
presented. The variation between specimen of the same size can be seen in “Appendix B:
Size of specimen – additional plots”. Since the variation is relatively small, the comparison
between the specimen sizes is presented with one example.
It can be seen that the relaxation of the small specimen happens much faster and is bigger
than for the larger specimen. The small specimen has a relaxation of 50% or more of the
maximum load after 60 seconds, whereas the large specimen has a relaxation of less than
50% of the maximum load at the same time. An explanation of this is probably the fact that
the small specimen has a larger circumference to area ratio than the large specimen. The
case that this project wants to replicate is a robot forming process where the forming tool is
in contact with a small piece of a whole prepreg component. This will be better represented
by the large specimen. It was also easier to put the large specimen in the middle of the
sampling jaws with good precision. Therefore, the larger specimen was chosen for further
testing.
In all consolidation test figures, it can be seen that the curves seem to pulsate at a fixed time
interval. After investigation, the pulsation was found to be the result of the crossbeam
“jumping” up and down at a magnitude of 0.001 𝑚𝑚 every 2 seconds during the second
block. Despite research, nothing could be found to eliminate this. This is also commented
on in chapter II.6.3 Error sources.
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Figure II-3: The results of the size of specimen tests. The pressure is plotted as function of the time for one
large and small specimen for all tested maximum pressures.

2.3
SPEED OF LOADING
In the following section the method for deciding a suitable speed of loading is described.
Method and material
The program described in chapter II.2.1 Test machine and settings was used. The maximum
pressure was 10 𝑏𝑎𝑟 , corresponding to a load of 2500 𝑁 for the specimen with size
50 × 50 𝑚𝑚. The tests were performed in room temperature with the material 6376/HTS.
Cutting and stacking the material was done in the same way as for the “Size of specimen”tests. The same stacking sequence was used; 16 layers, [90, 45, 0, -45]2s.
The specimen was loaded up to maximum pressure with different loading speeds between
1 − 10 𝑚𝑚/𝑚𝑖𝑛, with an interval of 1 𝑚𝑚/𝑚𝑖𝑛, starting with the slowest speed. The same
specimen was used for all tests. To examine if the loading on and off had affected the
specimen, a final test with the slowest loading speed (a second time) was carried out.
Another specimen was tested at the loading speeds of 1 𝑚𝑚/𝑚𝑖𝑛 and 5 𝑚𝑚/𝑚𝑖𝑛, also as
a control measurement.
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Results, discussion and conclusion
The results of loading the specimen at different speed can be seen in Figure II-4. What we
can see is that there is an overshoot for all loading speeds. This overshoot gets larger with
higher loading speed. The difference between loading speeds of 4 𝑚𝑚/𝑚𝑖𝑛 and faster is
not as big as the difference between loading speeds of 3 𝑚𝑚/𝑚𝑖𝑛 or slower are. Given the
fact that the load cell used is a 5 𝑘𝑁 load cell the loading speed of 5 𝑚𝑚/𝑚𝑖𝑛 was assessed
to be a good loading speed: it is fast enough to give approximately the same results as with
a higher loading speed, but low enough to have a good marginal to the critical limit for the
load cell.
The results of the control measurements can be found in “Appendix C: Speed of loading –
additional plots”. The measurements only showed marginal differences between both first
and last measurements and between different specimens, which shows that the results are
reliable.

Figure II-4: Plot showing the results of the speed of loading tests. The pressure is plotted as function of the
time for all tested loading speeds.

2.4
SUMMARY OF THE FINAL METHOD
In the list below, important settings of the final method for the consolidation tests are
summarized.
•
•
•
•
•
•

Test machine: Instron 4505
Load cell: 5 𝑘𝑁
Sample jaws: Fixed upper sample jaw, conical lower sample jaw.
Displacement measurement: Via two extensometers.
Size of specimen: 50 × 50 𝑚𝑚
Speed of loading: 5 𝑚𝑚/𝑚𝑖𝑛

CHAPTER II: CONSOLIDATION
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MATERIAL AND SPECIMEN

Two different material systems were tested in the consolidation tests:
1. A prepreg called 6376/HTS, manufactured by Hexcel.
2. An aerospace graded prepreg with T800 fibres and a matrix containing toughened
particles.
Tests were also made on two different stacking sequences; one with 7 layers: [45, -45, 90,
-45, 45, 02], and one with 16 layers: [90, 45, 0, -45]2s. The stack with only 7 layers is not a
standard stack. The stack is chosen for these tests since a group in Linköping are doing
robot forming experiments with the stacking sequence and the T800 prepreg material.
Therefore, the consolidation tests on the 7-layer stack was only performed with T800
prepreg material, and not with 6376/HTS material. Tests were performed with the 16-layer
stack for both materials in order to be able to do a comparison between the two material
systems.
The material was first cut in square pieces with dimension 60 × 60 𝑚𝑚 and put together in
the right sequence. The cutting was made by hand with a clean carpet knife and a metal
ruler. Every forth layer were debulked for five minutes before being put together into the final
stack. The debulking was made on a specific vacuum table, see Figure II-5 below. A frame
with a silicon cloth was placed on top of the table and the specimens, and connected to a
vacuum pump through a valve. After being put together, the full stack was cut to the final
size of 50 × 50 𝑚𝑚 which ensured even edges in all directions. Finally, the specimens were
debulked for another 5 minutes and covered (both sides) in a see-through plastic vacuum
film (Vac film WL600V-002-48”-1000’-LFT tub 1220) to make the interchange of specimen
in the test machine easier.

Figure II-5: Preparation of the material. Left: Examples of each separate layer together with the tools used to
cut the material. Left: Debulking of the specimens.
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TEST SCHEDULE

Tests have been made in the following temperatures: room temperature (hereon denoted
RT, approximately 25 °C), 40 °C and 60 °C. The span of RT to 60 °C is chosen because RT
is the lowest temperature in which the tests can be performed, without using something to
cool down both the test rig and material, and forming is never or rarely made in that low
temperatures [11]. As further concluded by Nixon-Pearson et.al. prepregs reach a plateau
at temperatures above approximately 60 °C where the consolidation no longer is affected
by temperature or viscosity. A factor that mattered during the set up was also to limit the
extent of the experiments due to that all preparation of the material was made by hand.
Therefor the three temperatures mentioned above were chosen; they cover the extent of
temperatures of interest but keeps the required number of specimens at a reasonable
number.
Three different maximum pressures were chosen; 2 𝑏𝑎𝑟, 5 𝑏𝑎𝑟 and 10 𝑏𝑎𝑟. Given that the
size of the specimen is 50 𝑥 50 𝑚𝑚, this corresponds forces of 500 𝑁, 1250 𝑁 and 2500 𝑁
respectively, which are used as settings for the Instron machine. The pressures above are
estimated to be what is made by a robot forming tool, and above. According to NixonPearson et.al. [11], who performed tests in the lower of our pressure region, the nominal
pressure of 2.6 bar is higher than the pressure used in AFP and debulking processes for
prepregs, but is lower than autoclave conditions.
In Table II-II the complete test schedule for the consolidation experiments can be seen.
Three tests for each tested temperature and pressure combination were made for the tests
on the T800 prepreg material system with the 7-layer stack, whereas only one test for each
combination were made on the tests with each material system with the 16-layer stack. One
of the reasons for this is both because the 16-layer stack specimens take a lot of time to
prepare and therefor needed to be limited within the scope of this project. The 7-layer stacks
were also performed before the 16-layer stack tests and based on the results and variation
of those tests, it was assessed that one specimen for each combination were enough.
Table II-II
TEST SCHEDULE FOR THE EXPERIMENTAL CONSOLIDATION TESTS

Temperature
Room
temperature
40 °C
60 °C

Pressure
2 bar
5 bar
10 bar
2 bar
5 bar
10 bar
2 bar
5 bar
10 bar

7-layer stack
T800
3
3
3
3
3
3
3
3
3

1
1
1
1
1
1
1
1
1

16-layer stack
T800
6376/HTS
1
1
1
1
1
1
1
1
1
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RESULTS

The main method used for analysing the consolidation data was comparative plots. In this
section all the different variants of plots will be explained.
Three specimen of T800 prepreg material and the stacking sequence of 7 layers were tested
for each temperature/pressure combination. In Figure II-7 a comparison of the test results is
shown. The pressure measured by the load cell is plotted against extensometerdisplacement in order to examine if the results are viable. It is observed, if the specimens
are consolidated evenly over the surface or if the lower sample jaw was at an offset. The
best reading in Figure II-7 is for specimen “T7RT3” since those curves are closest to each
other. The same plot for all other temperature-pressure combination can be found in
“Appendix D: Consolidation – additional plots”. The best reading of each combination has
been picked out for the comparison with other material/stacking sequence combination.
The comparative plots are done in three variants. They can be seen in Figure II-6 (left and
right) and Figure II-8. In all three variants the pressure measured by the load cell is plotted
against the total time. Different combinations of curves are presented in the different plots.
In Figure II-6 the same material/stacking sequence combination is presented. To the left all
three measurements of the material 6376/HTS with the stacking sequence of 16 layers and
a pressure of 10 𝑏𝑎𝑟 are presented. The plot is in other words presenting the variation in
temperature. To the right in Figure II-6 the same material and stacking sequence are shown
but presents the variation of different maximum pressures (all curves were consolidated at
60°C). In Figure II-8 all nine different combinations of temperature/pressure are presented
with one curve for each different material/stacking sequence combination. A complete
summary of all these plots and in larger size can be found in “Appendix D: Consolidation –
additional plots”. In “Appendix E: Pictures of consolidation” pictures before and after the
specimens were tested can be seen.
The thickness before and after the consolidation for each of the specimen used in this
comparative study is presented in Table II-III. The compaction calculated in percent of the
initial thickness is found in the same table.

Figure II-6: Pressure plotted against time for tests with 6376/HTS material, 16-layer stacks. Left: Results from
tests at 10 bar but various temperatures. Right: Results from tests at 60 °C but various temperatures.
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Figure II-7: The pressure plotted against extensometer-displacement for tests with T800 prepreg material,
7-layer stack, 2 bar maximum pressure in room temperature.
Table II-III:
THICKNESS OF EACH SPECIMEN BEFORE AND AFTER THE TESTS.

Material +
Stack

Temperature
RT

T800
prepreg,
7-layer
stack

40
60
RT

T800
prepreg,
16-layer
stack

40
60
RT

6376/HTS
prepreg,
16-layer
stack

40
60

Name
T7RT3
T7RT5
T7RT7
T7403
T7404
T7409
T7603
T7606
T7607
T161
T162
T163
T164
T165
T166
T167
T168
T169
H161
H162
H163
H164
H165
H166
H167
H168
H169

Pressure
[bar]
2
5
10
2
5
10
2
5
10
2
5
10
2
5
10
2
5
10
2
5
10
2
5
10
2
5
10

Thickness
before [mm]
1.60
1.60
1.60
1.60
1.60
1.60
1.60
1.60
1.60
3.40
3.43
3.42
3.42
3.40
3.39
3.41
3.41
3.37
2.36
2.35
2.33
2.31
2.31
2.31
2.31
2.31
2.33

Thickness
after [mm]
1.56
1.57
1.55
1.55
1.54
1.52
1.54
1.49
1.46
3.40
3.40
3.39
3.37
3.34
3.28
3.28
3.23
3.08
2.33
2.32
2.32
2.30
2.28
2.25
2.27
2.20
2.09

Compaction
[%]
2.50
1.88
3.13
3.13
3.75
5.00
3.75
6.88
8.75
0.00
0.87
0.88
1.46
1.76
3.24
3.81
5.28
8.61
1.27
1.28
0.43
0.43
1.30
2.60
1.73
4.76
10.30
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Figure II-8: Comparison between materials and stacks at all different pressure and temperature combinations.
The numbers inside the parenthesis indicates which stack that were used; the 7-layer stack or the 16-layer
stack.
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DISCUSSION OF RESULTS
6.1

COMPARISON

When comparing the different materials, the following is observed:
•
•
•

At room temperature (RT), at all pressures, 6376/HTS material relaxation is less than
both stacks of T800 prepreg material.
At 40 °C, all pressures, the relaxation for the 6376/HTS material is less than the
T800 prepreg with 16-layer stack but more than the T800 prepreg with 7-layer stack.
At 60 °C the 6376/HTS material relaxation is approximately the same as the T800
prepreg with 16-layer stack, both having larger relaxation than the T800 prepreg with
7-layer stack.

The conclusion based on this is that the 6376/HTS material is more temperature sensitive
than the T800 prepreg. This is strengthened by the fact that the T800 prepreg material is
designed to be process stable.
When comparing the different stacks of the T800 prepreg material – 7-layer stack and 16layer stack – the following is observed; the 7-layer stack has a lower relaxation than the 16layer stack in all temperature/pressure combinations. This seems reasonable, since the
stack with more layers has drier core to be consolidated. An interesting connection to be
seen when studying Figure II-9 is that for each temperature the final difference in relaxation
between the 7-layer stack and 16-layer stack of the T800 prepreg is the same percentage
of the maximum pressure, about 20%.
Looking at the graphs of the T800 prepreg with 7-layer stack and 16-layer stack, 2 bar and
various temperatures, we find something interesting. For both stacks, relaxation is the least
for the tests at 40°C. Looking at the same graphs, but for 5 and 10 bar, various temperatures,
the specimen tested at 40 °C and 60 °C follow each other whereas the specimen
consolidated in RT has a lower relaxation, which is more intuitive. An explanation to this has
not been found.

6.2

GENERAL DISCUSSION

A result that is common for all the tested specimen, see “Appendix D: Consolidation –
additional plots” is that all specimen experiences an initial peek. For each material/stack
combination the peek has the same size and duration, independent of temperature or
maximum pressure. For the 6376/HTS material with 16-layer stack and the T800 prepreg
with 7-layer stack the peek has a height of 0.5 bar and for the T800 prepreg with 16-layer
stack it is 0.7 bar. The duration of the peek is 0.5 seconds for all material and stacks.
In “Appendix E: Pictures of consolidation” it can be seen that the specimens are visibly
unaffected until the combinations 40 °C/10 bar, 60 °C/5 bar and 60 °C/10 bar. The same
can be confirmed by looking at Table II-III. The tests for those combinations has a higher
percentage of compaction than specimen tested at other combinations. None of the tested
combinations makes the resin flow outside of the fibres.
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Given that the time of connection between the forming tool of the robot and the material is
short, it is shown to be difficult to connect the results from these tests with the robot forming
process. During a robot forming process only the first peak of consolidation occurs, which
has been shown to be independent of the time and pressure.

6.3

ERROR SOURCES

In all plots it can be seen that the curves seem to pulsate at a fixed time interval. This
phenomenon was investigated, and it was found that the origin comes from the test machine.
During the second block, when the crossbeam is to hold position for 60 seconds, it is
“jumping” up and down at a magnitude of 0.001 𝑚𝑚 every 2 seconds. Despite research,
nothing could be found that eliminated this.
When placing the specimen in the sample jaws, it was difficult to place it exactly in the middle
of the jaws. This gave rise to some difference in the extensometer measurements at almost
every test. It would have been ideal to be able to mark the exact place for the specimen and
place the specimen while looking at the lower sample jaw from above. This was not possible
in this case, since the set-up needed to be placed inside an oven. Cutting the material by
hand have probably led to a few degrees offset on some of the layers, especially the ±45°
layers. The effect of this on the final results is assumed to be so small that it is disregarded.

7.

CONCLUSION

The first peak common for all test results is basically all the consolidation that take place
when forming prepreg with a robot. If going over the same surface multiple times, more
consolidation could be achieved. To know if this is true, a different test sequence would have
to be run, that would have to be more similar to Nixon-Pearson’s et.al. ramp-dwell program
[11]. A conclusion is that it is difficult to measure consolidation during a short time period.
As seen in these consolidation tests, first after approximately 10-40 seconds the compaction
is slowing down and stabilizes. To be sure to get a good degree of consolidation another
process is recommended to complement the robot forming process, for example some kind
of debulking process.
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CHAPTER III: FORMING OF PREPREG
1.

THEORY

There are two types of automated manufacturing technologies dominant for prepregs; ATL
and AFP. For parts that have a more complex geometry than ATL or AFP can handle, the
manufacturing process can be complemented by a separate forming stage. Vacuum forming
is such a method and is an alternative to robot forming. An example of vacuum forming is
Hot drape forming (HDF). A pre-stacked prepreg lay-up is placed on top of a mould. A
vacuum bag, normally made of silicon or latex rubber, is sealed on top of both the mould
and the prepreg stack. The prepreg is heated to a desired temperature and vacuum is
applied, which makes the prepreg to form around the mould. The formed prepreg is held
under vacuum until it is cooled down to room temperature. After that it is time for the next
stage in the manufacturing process; the curing, which is not covered in detail in this report.

Figure III-1: Principles of Hot Drape Forming [12].

Wrinkling is a problem than can occur when forming multilayer unidirectional (UD) prepreg,
especially over a double curved geometry [12]. Hallander [12] divides wrinkling into two main
groups; out-of-plane wrinkling and in-plane wrinkling. See Figure III-2 for a sketch of the
definition. Out-of-plane wrinkling can most often be visually detected, whereas the in-plane
wrinkling is hard to discover. Because of this, the in-plane wrinkling negative effects are
considered during most manufacturing processes. Therefore, the focus of this project is on
the out-of-plane wrinkling. This type of defection causes serious strength knock-down and
is not desired in aircraft composite manufacturing.

Figure III-2: Left: Out-of-plane wrinkling. Right: In-plane wrinkling. [12]

Hallander describes that when forming a stack of prepreg over a radius, ply-bending will
occur. The ply-bending leads to compression loads at the inner plies and tension loads at
the outer plies. If there is enough inter-ply slippage (slippage between plies), the developed
stresses can be fully relaxed and thereby less wrinkling will occur. The inter-ply slippage is
affected by temperature and inter-ply friction.
Radius thinning is another unwanted defect that has been observed during forming of
prepreg at temperatures above 60 °C [13]. The hypothesis is that it is possible to find a
temperature high enough to avoid wrinkling, but low enough to not experience any thinning
of the radius. That is why these vacuum forming experiments are performed.
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METHOD

The vacuum forming is made in a sealed wooden box especially made for this purpose, see
Figure III-3 below. The box has the outer dimensions 970 × 415 × 135 𝑚𝑚 (length × width
× height) and inner dimensions 950 × 390 × 120 𝑚𝑚. Around the inside bottom corners a
porous core material has been fitted in a triangular shape. This material allows air to flow
through it and facilitates the vacuuming process to cover the whole box. Around the bottom
of the box, in front of the core material, an inlet/outlet tube is placed, which is connected to
the vacuum pump through a coupling at the short side of the box.

Figure III-3: Experimental set-up of the vacuum forming.

The vacuum forming box was placed in an oven and warmed to the right temperature before
the specimen were placed on top of the mould. A strip of felt material was placed upon the
specimens and mould lengthwise to ensure an even application of vacuum. Two
thermocouples were used to ensure forming at a specific temperature. One of the
thermocouples measured the temperature of the forming tool and the other measured the
temperature of the lower side of the specimen. They were led into the box via two sealed
holes at the short side of the box. The frame with silicon material was placed upon the box
and some weights were placed upon the frame in the corners to ensure that the box was
properly sealed.
When both thermocouples indicated the specific temperature ( 2 °C) the set-up was left for
another 20 minutes in order to let the temperature to stabilize. Vacuum was then applied
slowly, until there was no air left in the box, see Figure III-3. Vacuum was held for 5 minutes
after the forming process was finished, before air was led back into the box again. The
formed specimens were left on top of the mould over night to cool down. The next day the
specimens were examined by ocular inspection and photographed.
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Figure III-4: Modified set-up for the test at 47.5 °C

A modification of the experimental set-up was done when forming at temperatures higher
than 45 °C. A felt material was placed in the bottom of the vacuum box, see Figure III-4, in
order to let all air to be sucked out of the box when vacuum was applied.

3.

MATERIAL

The material system for these tests was 6376/HTS and the material was cut by hand with a
clean carpet knife and a metal ruler. Each stack had 32 layers in total, with stacking
sequence [45, 0, -45, 90]4s. The size of the specimens was 100 x 160 mm with 100 mm in
the 0° direction of the material. The specimens were placed on the mould with the 0°
direction in the moulds lengthwise direction, see Figure III-3. Each two flat surfaces (top and
bottom side) of the specimens were covered in the plastic film that the prepreg was delivered
with.
Before being placed on the mould in the oven, each stack was debulked for 15 minutes to
let entrapped air between the layers of the stack out. This was done with the same tool as
the debulking for the consolidation specimens, see Figure II-5 on page 17.

4.

RESULTS
4.1

REGISTERED TEMPERATURES

For all tests there was a deviation from the specified temperature of both the oven
indication and the two indicated temperatures from the thermocouples. All registered
temperatures are presented in Table III-I below.
Table III-I
REGISTERED TEMPERATURES INDICATED BY THE MEASUREMENT TOOL.

Wanted temperature
[°C]

30.0
40.0
45.0
47.5
50.0
60.0

Oven setting
[°C]

30.0
40.0
46.0
48.4
51.3
60.0

Indicated
temperature on
forming tool [°C]

30.1
39.5
44.9
47.8
49.8
58.0

Indicated
temperature on
specimen [°C]

29.8
39.4
45.3
47.7
49.8
58.8
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OBSERVED CHARACTERISTICS

The results of these tests are based on ocular inspection. All specimens were observed and
photographed after being formed. In “Appendix F: Complete results of vacuum forming”
pictures from all described angles for all tested temperatures can be found. The results are
concluded in Table III-II via three different aspects. These aspects are presented in the list
below with the explanation of the table sign for each question in cursive:
A. Can any out-of-plane wrinkling be seen from the edge of the specimen? Figure III-5
shows this observation angle. [X = Yes, - = No]
B. Can any wrinkling be seen on the inside of the flanges? Figure III-5 shows this
observation angle. [X = Yes, - = No]
C. Can any thinning of the radiuses be observed? [X = Yes, - = No]
Table III-II
CONCLUDED RESULTS OF VACUUM FORMING VIA 3 DIFFERENT ASPECTS

Temperature
[°C]
30
40
45
47.5
50
60

A
Small
X
X
X
-

B
Large
X
X
X
-

Small
X
X
X
X
-

C
Large
X
X
X
-

Small
-

Large
-

Figure III-5: Observation angle for aspect A (left) and B (right) with the edge and inside of the flanges marked
in red.

In Table III-II it can be seen that there is a distinct difference of the results between 45 °C
and 50 °C. Out-of-plane wrinkling can be seen on the inside of the flange formed around the
small radius at 47.5 °C, whereas the inside of the flange formed around the large radius at
the same temperature (47,5 °C) have no wrinkling. See Figure III-6 for a compilation of
pictures of these specific cases.
Another attribute that was observed was how smooth the edge of the flanges was at different
forming temperatures. This is a sign of how large the friction between the prepreg layers are
when forming the specimen (inter-ply slippage). At 30 °C and 40 °C the edges are a bit
jagged, while the edges at higher temperatures are much smoother.
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Figure III-6: Inner side of flanges at specimens formed at temperature 45°C-50°C

5.

DISCUSSION OF RESULTS

In Table III-II it can be seen that there is a distinct difference in the results between 45 °C
and 50 °C. This temperature interval is the answer that this part of the project aimed to
answer: to find a temperature that is high enough to avoid wrinkling, but low enough to not
cause any thinning of the radiuses. During vacuum forming at 50 °C no wrinkling is
happening and there is as little thinning of the radiuses as possible. If the experiments would
be reproduced with another material, another stacking sequence or around another mould,
the results would probably differ.
The cutting and lay-up of the prepreg stacks were done by hand, which means that the
layers might have an offset to the wanted 0°, 90° and 45°. The effect of this on the final
results is assumed to be so small that it is disregarded.
During the tests at temperatures higher than 45 °C, the silicon cloth covering the prepreg
and mould during the vacuum stage were overextended faster than when forming in lower
temperatures. This led to an effect that the cloth was not sucked into every corner of the
box, leaving the last centimetre at each side of the formed prepreg flange unformed. It can
be seen in the pictures in “Appendix F: Complete results of vacuum forming” that this part
of the specimens at temperatures 50 °C and 60 °C has a small curvature. Since this was
not a region of interest on the specimens, these tests were still considered relevant, and the
results around the radiuses are evaluated to be correct. The modification was applied for
the test at 47.5°C.
The specimens were left to be cooled down in atmospheric pressure instead of under
vacuum. Most specimens, especially those formed at lower temperatures, experienced an
evident spring-back. This means that the material tried to go back to the undeformed shape,
in this case, being flat. This is a sign that the deformation during the forming was not a plastic
deformation.
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CONCLUSION

In the temperature interval between 45-50 °C there is enough inter-ply slippage to avoid outof-plane wrinkling. All temperatures tested were low enough to avoid any visible thinning of
radiuses. During this exact method, none of the specimens has been fully formed – they
have not been formed plastically – since spring-back has been observed for all specimens.
An altered cooling down process could make a difference, for example letting the specimen
to cool down in vacuum.
It is possible to gain understanding of material characteristics and apply the results to a real
manufacturing process via an experiment like this. A positive aspect of this experiment is
that it is cost-effective.
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CHAPTER IV: FINAL SUMMARY

In three different chapters, different characteristics of prepreg have been investigated. It has
been found that the prepreg tack is difficult to measure. What the best suitable method is, is
a live issue and a question of what parameters are sought to be reproduced. In the span of
2-10 bar and from room temperature up to 60 °C, both two tested materials will not be
experiencing full consolidation during the process of robot forming. The material 6376/HTS
is more temperature sensitive than the T800 prepreg material and can be vacuum formed
in a stack of 32 layers without getting any ocular visible forming defects.
Some final conclusions based on the findings of this project, is that the two tested materials
would need to be consolidated in a separate stage, before or after the robot forming process.
It is not recommended to form any of the materials in room temperature, since the tests of
the material 6376/HTS have shown clear signs of forming defects such as out-of-plane
wrinkling at that temperature. We have also seen that neither of the materials consolidate
much at room temperature.
When comparing the results of the consolidation test results and the forming test results
some interesting connections can be found. In Figure IV-1 the graphs of the 6376/HTS
consolidation tests, 2 bar, various temperatures, can be seen. Inspection shows a clear
difference between the consolidation of the stack after 60 seconds for the RT/40 °C and
60°C curves. In the forming tests we found that we need a temperature of at least 50 °C to
avoid forming defects, and it is possible that this is due to mechanisms that affects both
forming and consolidation characteristics. Looking at the same graph for the T800 prepreg
material, we see the fact that was mentioned in chapter III.6 above; the curve for RT and
60°C is more similar than the curve of 40°C. Forming tests for the T800 prepreg material
would have been very interesting to do in order to understand these curves.
A final conclusion is that it is possible to gain understanding of a material characteristics via
experiments such as the vacuum forming experiments and the consolidation tests. These
tests are considered cost-effective if you have access to the tools to be used. The findings
of experiments alike these could be sufficient as a starting point when setting up a
manufacturing process with a new or altered material.

Figure IV-1: Pressure plotted against time. Left: 6376/HTS 16-layer stack, 2 bar, various temperatures.
Right: T800 prepreg, 16-layer stack, 2 bar, various temperatures.
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Figure A-1: All metallic extenders used for the test machine set-up during the consolidation tests. Missing
is the upper (fixed) sample jaw
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Figure B-1: Variation between the three small specimen

Figure B-2: Variation between the three large specimen.
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Figure C-1: Control measurement of the same specimen, before and after the "speed of loading" tests had
been performed.

Figure C-2: Control measurement to see if another specimen (B) gave the same results as the first
specimen (A).
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T800 prepreg 7-layer stack – pressure plotted against extensometer-displacement, 3
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19. T800 prepreg, 16-layer stack, various pressure, RT
20. T800 prepreg, 16-layer stack, various pressure, 40 °C
21. T800 prepreg, 16-layer stack, various pressure, 60 °C
22. 6376/HTS, 16-layer stack, 2 bars, various temperatures
23. 6376/HTS, 16-layer stack, various temperatures
24. 6376/HTS, 16-layer stack, 10 bars, various temperatures
25. 6376/HTS, 16-layer stack, various pressure, RT
26. 6376/HTS, 16-layer stack, various pressure, 40 °C
27. 6376/HTS, 16-layer stack, various pressure, 60 °C
28. All material/stack-combinations, 2 bar, RT
29. All material/stack-combinations, 5 bar, RT
30. All material/stack-combinations, 10 bar, RT
31. All material/stack-combinations, 2 bar, 40 °C
32. All material/stack-combinations, 5 bar, 40 °C
33. All material/stack-combinations, 10 bar, 40 °C
34. All material/stack-combinations, 2 bar, 60 °C
35. All material/stack-combinations, 5 bar, 60 °C
36. All material/stack-combinations, 10 bar, 60 °C
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APPENDIX: PICTURES OF CONSOLIDATION

T800 PREPREG, 7-LAYER STACK
In the pictures below the results of consolidation tests of T800 prepreg, 7-layer stack is
presented. An explanation of each picture follows in the list below.

a.
b.
c.
d.
e.
f.
g.
h.
i.

All 9 specimen tested at RT, photographed after the tests.
Specimen tested at 10 bar in RT.
All 9 specimen tested at 40 °C, photographed after the tests.
Specimen tested at 10 bar in 40 °C. (same specimen as seen in picture f).
Specimen tested at 2 bar in 40 °C.
Specimen tested at 10 bar in 40 °C (same specimen as in picture d).
All 9 specimen tested at 60 °C, photographed after the tests.
Specimen tested in 5 bar, 60 °C.
Specimen tested in 10 bar, 60 °C.
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T800 PREPREG 16-LAYER STACK & 6376/HTS 16-LAYER STACK
In the table below the pressure/temperature and material combination can be seen for
each specimen denotation that is used on the following pages for presentation of the
consolidation photographs of T800 prepreg and 6376/HTS 16-layer stacks.
Name
T161
T162
T163
T164
T165
T166
T167
T168
T169
H161
H162
H163
H164
H165
H166
H167
H168
H169

Pressure
2 bar
5 bar
10 bar
2 bar
5 bar
10 bar
2 bar
5 bar
10 bar
2 bar
5 bar
10 bar
2 bar
5 bar
10 bar
2 bar
5 bar
10 bar

Temperature
RT

Material + Stack
T800 prepreg,
16 layers

40
60
RT

6376/HTS,
16 layers

40
60

“Before” in the pictures of the following pages means before the tests were performed.
“After” means after the tests were performed.
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