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Figure 2.16: a) Experimental set-up used for measuring friction coefficient, b) Test for prepreg-tool
friction measurement, c) Test for prepreg-prepreg friction measurement.

prepreg contact experiments. For the ply-ply tests, the aluminium plates are covered with
wider prepreg sheets to keep the friction coupon in constant contact with the prepreg. The
cover and sample fibres have the same orientation. The prepreg samples were also maintained
at room temperature for at least one hour before the tests to unfreeze and climate them.

Before the tests, a procedure was carried out to guarantee uniformity of the clamping pressure.
Such a procedure consisted of clamping the prepreg material sheet between the metal plates
and inserting a set of eight pouch pressure sensors (Flexiforce A201 by Tekscan™Inc.). The
five correction screws machined in the aluminium plate were manipulated, fastening or losing,
until the voltage signals of the eight sensors were similar within the experimental scatter.
The calibration procedure was carried out daily, setting the clamping pressure to an expected
value. In this study, the clamping pressure p, temperature T and pulling speed U̇ were 0.5,
1, 2 bars, 40 and 60 ◦C and 1, 3, 5 and 10 mm/min, respectively. These test settings were
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chosen since they are the standard at which this specific material is thermally formed. At
least five valid tests were performed for each of the conditions described to get statistical
values of the frictional behaviour resulting in a total of 240 friction tests.

The coupons were 300 × 45 mm2 in size and were tested with the longest dimension parallel
to the fibres and pull-out direction. The friction coefficient is then obtained as the ratio
µ = F/2N where F stands for the applied pulling force, and N is the normal clamping force.
The factor of two used in the latter expression is because the contact surface of the pull-out
specimen with the gripping system is double. The friction coefficient is calculated when the
pulling load is sufficiently stabilised in the displacement range of the tests.

2.5 Compaction analysis of uncured prepreg composite
laminates

The pursuit of ideal results in the thermoforming manufacturing process requires a comprehen-
sive look at the consolidation process of thermoset composites, which includes the compaction
effect of the plies within the laminate. By ensuring a strong bond between the fibres and the
matrix, the consolidation process reduces the possibility of voids or air entrapment, both of
which are unfavourable to the mechanical characteristics of composites. The phenomenon
of fibre bed is a significant feature that is observed during the compaction of plies, and it is
associated with the behaviour of fibres during compaction, wherein they tend to approach
each other, releasing any excess resin or trapped air, and resolving voids or gaps within the
laminate. This, consequently, results in enhanced load transfer and impedes the propagation
of cracks. The potential manifestation of this effect may be subject to the influence of diverse
process parameters, such as temperature, applied pressure, compaction velocity, and the
sequence of plies in the laminate. The significance of analysing the fibre bed effect lies in
its substantial impact on the final thickness profile of the component, proper distribution of
residual stresses, reduction of distortion, and assurance of shape accuracy. Additionally, it
plays an essential role in science-based process modelling. Comprehending the phenomenon
of the fibre bed effect can assist in minimising process-induced imperfections such as wrin-
kles, bridging, and fibre misalignment while optimising process parameters such as vacuum
debulking time, curing temperature, pressure, and resin viscosity. Typically, a compaction
test is conducted using a universal testing machine that features compressive plates that are
adjusted to be parallel to each other (Figure 2.17a). The sample is then positioned between
these plates and subjected to compression loading. Numerous reports can be found in the
literature regarding the implementation of compaction testing on prepreg composite materials,
including both unidirectional (Hubert and Poursartip, 2001a; Nixon-Pearson et al., 2017;
Valverde et al., 2021) and woven (Naresh et al., 2021) ply configurations. Usually, these
inquiries are conducted with respect to industrial production consolidation as an ultimate step
executed within an autoclave. Consequently, the experimental parameters are associated with
this particular phase of the procedure. In the context of our case study, the compaction test
will be related to a preliminary consolidation process that is executed during the lamination
process against the metallic mould or any other forming system considered, immediately prior
to the autoclaving stage. The primary distinctions between the two scenarios will certainly be

40



Chapter 2. Materials and experimental techniques for the mechanical characterisation of
uncured prepregs

the applied pressure, the velocity of consolidation, and the duration of the process. Several
similarities were identified, including the dimensions of the sample, the stacking sequences of
the laminate, and the processing temperatures.

Some of the test conditions were simple to specify since they correlated to studies that
have already been conducted or to actual manufacturing procedures used in the industries
(Nixon-Pearson et al., 2017). The present investigation analysed the stacking sequences of [0]8,
[0/90]4s, and [904/04]2. The first stacking sequence is thought to be the most practicable for
achieving a fibre bed effect since the fibres in this type of laminate lie parallel to each other,
facilitating compaction and reducing the formation of resin-rich concentrations. The [0/90]4s

laminate is widely regarded as the most suitable for demonstrating consolidation defects
due to the perpendicular orientation of the fibres situated between the plies, which presents
complications for fibre compaction (Valverde et al., 2021). The final stacking sequence under
consideration aims to analyse the combined impact of the previously mentioned layouts.
Throughout all aspects of the research, a consistent temperature range has been implemented.
In the present testing instance, identical values of RT, 40◦C, and 60◦C were employed.
Although the strain rate may not be a highly significant parameter in this analysis, it is
interesting to point out that a value of 0.5 mm/min was established for this purpose. The
previous value denotes the minimum velocity that has been taken into account in most of the
testing procedures included in the present study. This value was selected due to the potential
impact that a more abrupt strain rate could have on the disposition of the fibre during the
compaction process. The dimensions of the sample were limited by the plates installed in
the fixture. Consequently, a square sample measuring 30 × 30 mm2 was customised, which
closely resembles the sample utilised by Valverde et al., 2021. The samples utilising 8 plies
are projected to have a thickness of 1.65 mm, whereas those utilising 16 plies are expected to
have a thickness of 3.2 mm.

Figure 2.17: a) A fixture for the compaction test with two parallel plates mounted on a universal
testing machine. b) A typical load vs displacement plot from the compaction test,
displaying the fibre bed curve.

Despite the absence of a standardised method, there are various factors that necessitate
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Figure 2.18: A visual representation of load and displacement curves plotted against time, providing
insight into the displacement cycle and the corresponding load readings.

consideration when employing the compaction testing technique. The specimen undergoes
compression through a strain control mechanism at regular intervals, utilising a procedure
that comprises alternating periods of compaction and relaxation. The compressive action
not only causes the fibre to concentrate, but it also causes the release of resin excess in a
process known as resin bleed out or resin bleeding (Hubert and Poursartip, 1998a), which
will consolidate the fibres inside the remaining resin, ensuring a final laminate thickness.
As a result, it is critical to evaluate the features that regulate this phenomenom, which
are the initial percentage of strain and relaxation time frame. In the preliminary phase, a
determination was made to set the relaxation period at 10 minutes. However, this duration
proved to be excessive for our specific scenario, as the load had already reached a state of
equilibrium prior to the end of the specified time frame under the given initial strain of 20%.
Considering the objective of maximising the overall testing efficiency, the relaxation period
was set to a constant duration of 7 minutes. During the examination of the initial strain
amount applied to the sample, various values, including 20%, 30%, and 40%, were taken into
account. It was observed that the selected values have an impact on the stabilisation time
and can either decrease or increase the relaxation time required. Similarly, the performance
and response of the evaluated laminate layout will fluctuate. Hence, due to the numerous
uncertainties involved and given that the primary objective of the experiment was to obtain
the fibre bed effect curve, a variable relaxation time was utilised based on the observations
made during the real-time data acquisition process reflected in Figure 2.18. The stabilisation
of the load is considered the primary criterion for indicating the conclusion of the relaxation
process, which refers to the point at which the load value ceases to vary and remains constant.
This behaviour is visually depicted in Figure 2.17b by a segmented blue line.

In the context of strain, it has been established that an initial value of 10% yields a satisfactory
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force response for initiating compression. Subsequently, incremental compressions of 0.05
mm are applied, corresponding to a strain of 3% for a sample with a thickness of 1.65 mm
(See Figure 2.18). For the samples with a thickness of 3.6 mm, the initial strain value of
10% will be utilised, however, the required increments need to be larger, with values of 0.1
mm comparable to 2.75%. The final result of the test is a curve of the relationship between
load and displacement, which enables multiple observations of displacement increments and
relaxation lapses. Certain authors decide to present this particular curve using stress and
strain units. However, a shared practise involves the drawing of a line that connects the
points where the relaxation process is interrupted by a new displacement or strain increment.
Figure 2.17b depicts the Fibre Bed Curve, which is visually distinguished by the colour red,
and it will be considered the main outcome of the test.

2.6 2-point flexural test of uncured composite laminates
The semi-solid state of the material under investigation limits its ability to conduct certain
sorts of loading, as stated in another section of this thesis. The standard three-point and
four-point bending tests come to be unsuitable due to the presence of rigid components in
the test fixtures, which improperly trigger deformation of the sample and create a localised
area of stress concentration rather than achieving the intended loading condition (Paimushin
et al., 2019). In the context of these tests, it is observed that the sample tends to experience
indentation of the rigid contact regions within its body rather than the concentration of
bending energy in the central region of the sample. A novel two-point bending apparatus is
conceptualised for conducting flexural testing on uncured preimpregnated composite laminates
(Figure 2.19a), regarding that while minimising the contact points, the possibilities of a failed
test are lowered, and more energy is used in the proper loading case. However, it is necessary
to have a minimum of two contact points in order to conduct our test. It is important to
carefully consider these contact points, as reinforcement of the sample edges may be necessary
to concentrate the bending energy on the right area of the sample.

2.6.1 Components analysis of the bending device
The novel device conceptualised at the IMDEA facilities operates on the same fundamental
principle as a standard torsion apparatus, consisting of two centrally aligned components: a
stationary and a moving part that rotates around the axis. In a conventional torsion testing
procedure, the specimen is oriented such that the larger sample’s side is aligned parallel to
the axis of rotation. The modification made to this particular apparatus enables the user
to orient the specimen perpendicular to the axis of rotation. This is achieved through the
implementation of a mounting device that includes two notches into which the sample is
inserted. Such positioning facilitates the application of bending loads to the specimen using a
torsion device. The mounting apparatus comprises two PLA components fabricated using 3D
printing technology, which are attached to the stationary and rotating parts of the device
using holders that resemble a drill chuck. The notches present in the PLA pieces possess
an exact width of 20 mm and a thickness of 3 mm. Although the dimensions of the sample
are predetermined, it is feasible to have varying thickness values at the centre of the sample,
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as long as the edges achieve the same thickness values as the notches. The desired effect
can be accomplished through the inclusion of additional prepreg plies on the edges (Figure
2.22). This approach serves a dual purpose: first, it effectively secures the sample within the
notches, preventing any unexpected rotation or displacement; second, it reinforces the edges
of the sample, resulting in a concentration of bending forces towards the centre of the sample.
The elongated section of the PLA pieces, which is attached to both the rotating and fixed
components of the fixture, could possess varying dimensions and can be attached at different
points to accommodate samples of different lengths. The installation of a small mirror at
an inclination of 45° relative to the large edge of the sample has been performed employing
a supplementary frame fabricated with 3D printing technology to firmly hold the mirror
(Figure 2.19b). A camera is mounted above the apparatus, aligned with the upper surface
of the specimen, and directed towards the mirror. The camera will acquire a longitudinal
side view of the sample as a consequence of reflection. During the loading procedure, a
video recording is conducted with the primary objective of documenting two key aspects:
the bending angle exhibited by the sample and the potential occurrence of wrinkles in the
sample. Also, a Novotechnik RFD-4000 magnetic rotary position sensor was put into the
device so that the rotation angle of its rotatory part could be captured and measured. The
sensor comprises two distinct components: one is attached to a stationary part of the device,
while the other is attached to the rotating part. In order to ensure optimal performance,
it is necessary that both components are precisely aligned and oriented towards each other,
respecting the separation distance as stipulated by the manufacturer (Figure 2.19a). The
rotational movements detected by the sensor are processed into electrical voltage signals.
These voltage signals undergo a series of calibration processes to accurately determine the
corresponding rotation angles. The measured angle corresponds to the rotational angle of the
rotary component and should not be confused with the angle displayed by the sample during
testing. The measured angle serves as a fundamental indicator for subsequent calculations,
such as acceleration or establishing reference points.

Figure 2.19: The two-points bending test (2PBT). a) Room temperature configuration and b)
Increased temperature adaptation.

A transparent methacrylate frame was fabricated to facilitate the execution of tests at elevated
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temperatures (Figure 2.19b). This frame serves the purpose of retaining heat within the
system and enclosing the test rig, resembling a heat chamber. The frame underwent the
drilling of two sockets on a singular side with the purpose of facilitating the connection of
two "T-type" air process heaters (Figure 2.19b). These heaters are intended to generate and
distribute hot air within the methacrylate box, maintaining a predetermined temperature as
per the established requirements. The use of methacrylate, due to its translucency, enables the
use of the camera without any disruptions or distortions in the captured images or multimedia
content.

To facilitate the application of bending loading, a pulley system consisting of a wheel winding
reel and a lightweight wire is installed within the rotatory component of the torsion fixture.
On the opposite end of the wire, there is a small container that is securely attached. Within
this container, small metallic blocks with specific weights are systematically placed one at a
time. By utilising equation 2.7, it becomes possible to estimate the amount of load torsion
(TL) that is being transmitted to the sample by this pulley system.

TL = mass × gravity × radius (2.7)

2.6.2 Test Execution and Data Processing
The testing procedure begins by conducting an initial calibration of the device and its
supplementary components. Given that the proper operation of the majority of device
implementations is influenced by the accurate alignment of their components, it is imperative
to meticulously examine each individual part within the test fixture. This examination should
commence with an assessment of the stability of the working table, camera tripod, camera
frame, mirror, device base, and sensor. In order to facilitate the positioning of the sample,
the PLA components consist of two interconnected sections secured by five bolts and nuts.
These fasteners can be disassembled to conveniently accommodate the sample within the
designated notches. If a higher temperature is desired, the methacrylate frame is carefully
positioned, initiating a pre-heat phase lasting for 10 minutes. The air process heaters are
operated at an input temperature of around 200◦C. This is done to facilitate the expulsion of
hot air and maintain the test system at a steady temperature of 60◦C. The temperature of
the system is monitored through the use of thermocouples. After the fixture has been set
up, there are certain steps that must be taken prior to loading the sample. It is necessary
to prepare the appropriate weights intended for use in augmenting the load capacity. In our
particular scenario, five weights weighing 100 grammes each were utilised, as depicted in
Figure 2.21b. It is necessary to capture two photographs of the camera frame, ensuring that a
scale, such as a ruler or other distance reference, is present within the frame. This is essential
for subsequent calculations of the coordinates pertaining to various points of interest. We
are now prepared to commence the recording process, which should ideally coincide with the
initiation of the sensor acquisition system. This synchronisation is crucial for establishing a
correlation between the visual images and the shifts in rotational position. Each increase in
weight applied to the sample results in a corresponding bending of the sample until a specific
angle is reached, at which point the sample will maintain the load and achieve equilibrium
(see Figure 2.20a). The real-time data acquisition of the sensor allows for the observation of
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Figure 2.20: Real-time reading of bending test in progress. a) Angle variation over time due to
weight increases as captured by the sensor. b) Estimation of sample curvature by
fitting captured image coordinates at each weight increment.

this phenomenon. When no change in the angle is detected, it is appropriate to proceed with
another weight increment.

The loading process will be completed after the sample reaches its maximum weight-bearing
capacity and subsequently collapses. At this juncture, it is right to conclude the recording of
both datasets and proceed to the subsequent phase of data analysis. The points of interest
in our case study include the initial and final positions of the samples, the initiation and
completion points of each weight increment, as well as any observed instances of wrinkle
formation, which will be registered through picture capture from the video recording. This
captured picture is thereafter subjected to processing using an image processor code. The
specimen is marked with ten guiding lines that are spaced at 5 millimetre intervals to facilitate
the recording of its coordinates at each increment of weight (See Figure 2.22). During the
deformation of the sample, the coordinates provided will trace the arc deflection of the sample
(see Figure 2.20b). This allows for the estimation of both the radius of the circumference and
the angle produced between the fixed edge of the sample and a deflected point on the sample.

For every chosen point of interest, it is possible to approximate the coordinates of the market
lines within the sample, determine the sample’s curvature using a the polynomial function of
degree two in equation 2.8, calculate the radius of curvature at the midpoint of the x domain
following equation 2.9, verify the steady load torsion that the sample is capable of supporting
with equation 2.7, determine the time of the event, and measure the rotation angle of the
rotatory component of the device.

y(x) = ax2 + bx + c (2.8)

R = (1 + (2ax + b)2)3/2

|2a|
(2.9)
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Figure 2.21: a) The presence of observable wrinkles on the surface of the sample, b) a standardised
weight of 100g, and c) the positioning of the sample with the edges placed within the
notches.

By calculating these variables, it is possible to construct diverse plots that can yield numerous
conclusions. One potential capability provided by this device is the ability to analyse the
formation of wrinkles on the sample. By utilising the aforementioned implementations, it is
possible to visually record the precise instance at which wrinkles manifest on the surface or folds
emerge along the edges of the specimen. Subsequently, these occurrences can be correlated with
the specific bending force exerted or the bending angle maintained by the sample at the time
of wrinkle formation. This knowledge could provide support for the implementation of damage
theories in computational simulations that involve the bending deflections of preimpregnated
composite laminates, particularly in the context of thermoforming manufacture.
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Figure 2.22: The camera frame captured during the testing process exhibits the upper portion of
the sample, together with a longitudinal side view that shows a set of guiding marks.
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Experimental Results

A new experimental campaign was carried out, including the complete in-plane characterisation
of the AS4/8552 prepreg composite and the interply friction study, after better understanding
the behaviour of the uncured prepreg composite under specific testing conditions and making
the necessary corrections to conduct its characterisation. As a solution to the interlayer
sliding effect seen in untreated samples and responsible for inaccurately predicted mechanical
properties, the novel partial curing manufacturing procedure explained in section 2.3.2, was
put into effect for the samples used in the in-plane characterisation. Most recent measurements
exhibit non-linear behaviour, and this chapter provides a thorough analysis of this phenomenon
and the viscoelastic impact obtained by varying the test’s displacement rate.

3.1 In-plane Mechanical Characterisation

3.1.1 Longitudinal Stress Test
Figure 3.1a displays the relation between stress and strain for the Normal Tensile Test at three
different temperatures (RT, 40◦C, and 60◦C), with trends following a linear-elastic response
exhibiting low values of strain due to the material’s high stiffness along the fibre orientation.
The curves for the temperatures of 40◦C and 60◦C are plotted until the sample reaches its
maximum strength, which coincides with its failure. Since the DIC method cannot capture
the strain after a sample has failed, its full extension has been omitted. Before reaching its
maximum strength, the sample exhibits failure indicators, such as fissures in the matrix that
separate the fibres into bundles. The 10 kN load cell integrated into the Instron machine
constrained the data collected at room temperature.

Figure 3.1b shows a plot of the Young’s Modulus vs temperature for the uncured AS4/8552
prepreg composite, which values can be found in table 3.1. Regardless of any limitations
present during experimental testing, the quantity of data collected permits the Normal
Tensile Modulus of the uncured prepreg to be calculated with accurate values based on the
manufacturer-supplied values for the same material in its cured state. For the identical
sample in its cured condition of the resin at 25◦C, the manufacturer recorded a unique
Young’s Modulus of 141 GPa. The standard employed by the manufacturer for this test is left
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Figure 3.1: Stress-Strain curve for the normal tensile test at 22◦(RT), 40◦, and 60◦.

unspecified. When we compare the young’s modulus of cured and uncured samples under the
same testing conditions, we find that the uncured sample strength is reduced approximately
50%. The normal elastic modulus of the uncured prepreg composite is reduced by another
13% when the temperature is raised from room temperature (RT) to 40◦, and by almost
another quarter (24%) when the temperature is raised to 60◦.

Table 3.1: Uncured AS4/8552 0◦ Tensile Modulus for samples tested at a displacement rate of 1
mm/min at three different temperatures.

RT(22 ◦C) 40 ◦C 60 ◦C

0◦ Tensile Modulus
(GPa)

70,8 ± 4,4 62 ± 7,5 53,8 ± 5,1

3.1.2 Transverse Stress Test
The lack of resistance maintained by the fibres in the transverse loading direction puts in
evidence the significant anysotropy found in laminated composite materials. In the context of
composite laminates, it is commonly anticipated that a loading applied in the fibre direction
will result in a high level of strength and stiffness. However, it is notable that the mechanical
response of a composite lamina subjected to transverse loading tends to be poor. The
transverse tensile test is a commonly used method to evaluate the mechanical response of both
the matrix and the fiber/matrix interface. The early occurrence of damage in the laminate
structure is a common issue with this tensile test. These damages typically originate as
microflaws within the matrix and subsequently propagate throughout the interface. The
ultimate breakdown of the composite material can be attributed to the process of microflaw
nucleation, that eventually leads to the formation of a single crack. Initially, the existence of
numerous microflaws does not indicate a decrease in the strength or rigidity of the material.
However, over time, these microflaws may become the primary factor in determining the
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outcome of the test. The plots in Figure 3.2 show the results of the tensile test conducted at
temperatures of 40◦C and 60◦C, in which certain complications were experienced. Reducing
the resin viscosity, along with the high volume of damage shown by this test, was producing
several mismeasurements of the mechanical features with the samples exhibiting a rapid
failure and unclear data acquisition at strain values above 5%.
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Figure 3.2: Mismeasurement of the transverse tensile test being conducted with the Instron
universal testing machine together with a temperature chamber. a) Test conducted at
40◦C degrees Celsius, and b) Test conducted at 60◦C degrees Celsius.

Section 2.3.3 provides the analysis of the issue in question and a comprehensive description
of the rheometer technique. This technique successfully yielded the desired stress-strain
curve for each combination of conditions, surpassing the strain levels achieved in the previous
standard transverse tensile test. Figure 3.3 depicts a comparative analysis of the Rheometer
and Instron techniques, conducted at room temperature and a velocity of 2 mm/min.
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Figure 3.3: Comparative analysis of the stress vs strain response of a sample tested at room
temperature with a strain rate of 2 mm/min using Rheometer and Universal testing
machine.

The stress-strain response recorded during the transverse tensile test is depicted in Figure 3.4.
In contrast to the longitudinal test, the experiment employed a variable displacement rate in
order to measure the viscoelastic behaviour that arises from the resin’s uncured condition.
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Figure 3.4: Stress-strain response of the transverse tensile test. a) The experiment was conducted
at room temperature employing a universal testing machine to apply three different
strain rates. b) The experiment was carried out at a temperature of 40◦C using a
rheometer to apply three different strain rates. c) The experiment was conducted at
40◦C using a rheometer to apply three different strain rates.

Figure 3.4a shows the stress-strain response of the transverse tensile test carried out at
room temperature while employing the Instron universal testing machine. This configuration
did not display any complexities, and the curve demonstrated a non-linear characteristic
corresponding to the expected behaviour of a semi-solid, given our consideration of the
uncured resin. The test was terminated when a displacement of 15 mm was achieved by the
clamps of the testing machine, equivalent to a strain of 12% and 30 minutes for the lower
value of displacement rate. It is agreed that the specified strain level provides sufficient data
to interpret the material’s behaviour and that the thermoforming manufacturing process
does not lead to large amounts of tensile deformation of the prepreg. The entire tensile test
procedure reaches a point where the material’s ultimate strength value is attained and then
gradually decreases, nearly showing a "plateau" behaviour as the test progresses. Eventually,
the propagation of cracks will gradually reduce the stress value until it reaches zero. The
sample’s failure is significantly impacted by fibre bridging, which possesses sufficient strength
to prevent an abrupt reduction in the sample’s strength despite the low stress level. Regarding
the viscoelastic effect, it was simple to see how the change in strain rate affected the stress
response by reporting a more significant strength as the strain rate increased. The "plateau"
effect that was stated before was taking place at stress levels of 0.11, 0.225, and 0.28 MPa,
which corresponded to strain velocities of 0.5, 1, and 2 mm/min, respectively. The stress
levels increased by around 73% when the strain rate increased from 0.5 to 1 mm/min, and
115% increased from 0.5 to 2 mm/min.

Figure 3.4b illustrates the stress-strain behaviour of a transversal tensile test carried out in a
rheometer with a chamber heated to 40◦C. As at room temperature, the non-linear behaviour
was again observed with similar development and morphology during testing. The most
noticeable contrast observed corresponds to the reduction in stress levels, which accounts for
nearly 95% of the loss in strength due to the impact of temperature for all three scenarios
investigated. The study showed the presence of a viscoelastic phenomenon in which the stress
level increased with a corresponding increase in the strain rate. However, a unique observation
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was made when the strain rate was increased from 1 to 2 mm/min, as it did not cause a
significant rise in the stress response. In the scenario of room temperature, an increase from
1 to 2 mm/min resulted in a stress response augmentation of nearly 25%. However, at 40
degrees, the stress response remained relatively constant until a strain value of 0.03 mm/mm
was reached. Subsequently, a slight divergence was observed, with a strength differential of
12%. The earlier observation holds significant importance, and its analysis highlights the
impact of temperature and velocity on uncured prepreg composite materials. In the case of
RT scenarios, the viscoelastic behaviour of the material indicates that the uncured prepreg
composite adheres to a Newtonian pattern (See Figure 3.5b) that is governed by the following
equation:

τ = µ × δv

δy
(3.1)

Where τ denotes the shear stress, also referred to as viscous stress, µ is the viscosity of
the material, and δv

δy
is the shear velocity or shear rate represented in our particular case

by the displacement rate and is the only parameter that varies in the equation (See Figure
3.5a). The lack of a significant difference in the stress response between the shear rates of
1 mm/min and 2 mm/min at a temperature of 40◦C suggests that the shear velocity is not
the only parameter that remains constant with these conditions. It is possible to conclude
that an increment in the shearing velocity resulted in changes in the viscosity value. The
definition states that the prepreg material in its uncured state demonstrates non-Newtonian
characteristics at a temperature threshold of 40◦C, going into effect from a strain rate of 1
mm/min. For a non-Newtonian fluid to maintain constant shear stress while increasing the
strain rate (also known as shear rate), the fluid’s viscosity must decrease. The variety of
non-Newtonian fluid exhibiting such behaviour is commonly called pseudoplastic. The visual
illustration of its shear stress response to shear rate appears in Figure 3.5b.

The existence of non-Newtonian qualities in the prepreg composite becomes more noticeable
with a rise in temperature to 60◦C and a corresponding reduction in viscosity. Figure 3.4c
indicates that the stress response remains unaffected by the strain rate or shear rate, as
evidenced by the overlapping of the three curves corresponding to the three strain rates tested.
Similar behaviour of the sample was observed, although with a higher incidence of defects
that resulted in the test stopped prematurely. Nevertheless, sufficient data was obtained for
subsequent calculations, and the test achieved a strain value exceeding the requisite of 15%.
Even in the absence of the viscoelastic effect and the low stress response, the stress-strain curve
exhibits a plateau effect for this scenario. The convergent point of the three curves occurs at
an approximate value of 0.0025 MPa. By considering the green curve, which corresponds to a
strain rate of 2 mm/min for all plots, it can be calculated that the stress response decreased
by 88% between 40 and 60 degrees and by 99% between room temperature and 60 degrees. At
this temperature range, the resin undergoes a transition to a gel state, exhibiting a diminished
solid-like behaviour and displaying more fluid-like characteristics.
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Figure 3.5: The viscosity’s behaviour. a) Shear stress response dependent on shear rate, and b)
Newtonian and non-Newtonian viscosity behaviour.

3.1.3 Shear Stress Test

The present tensile test methodology employs a specimen that exhibits a specific stacking
sequence, wherein plies featuring fibre orientation at +45 and -45 degrees are arranged in
an alternating sequence, settling in a laminate that fulfils an imposed symmetry condition.
The main objective of imposing this symmetry is to ensure a uniform distribution of loads
within the laminate during testing, considering that both tensile and compressive loads are
expected. By achieving this uniformity, the methodology effectively prevents the occurrence
of undesirable phenomena such as torsion or premature damage initiation, which have the
potential to compromise stress measurements and yield an inaccurate representation of
the material’s behavior. This particular laminate configuration exhibits enhanced strength,
thereby enabling the specimen to retain its structural integrity during testing, even under
conditions of elevated temperature and reduced resin viscosity. This capability enables the
utilisation of the universal testing machine for any of the mentioned cases along with the
standard method D3518, 2007, overcoming the need for supplementary methodologies such as
rheometry, which were previously necessary for conducting the transverse tensile test. Figure
3.6 provides a comprehensive overview of the outcomes, revealing a prevailing non-linear
stress response across all cases, consistent with the findings of the prior testing configuration.
The initial stress response of the RT and 40◦C curves exhibits a nearly linear slope until a
strain value of around 1.5%. Consequently, it was determined to augment the quantity of
images captured for digital image correlation (DIC) analysis in the initial quarter to procure
additional data for characterising this phenomenon. Subsequently, the number of images taken
was reduced. It is feasible to observe the change in the rate of image capture by examining
the curves, as a slight dent in the curve becomes visible at a shear strain value around 3%.

The curves exhibit properties that correspond to in-plane shear stress (τ12) and ply shear
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Figure 3.6: [±45]2s Shear Tensile Test employing a universal testing machine at three different
strain rates. a) Test conducted at RT, b) Test conducted at a temperature of 40◦C
and c) Test conducted at a temperature of 60◦C.

strain (γ12), which formulation was specified in section 2.3.2. In the case of RT, it is observable
that the curves exhibit a plateau trend from the midpoint of the curve towards the reach of
the maximum strain value, which is at 12%. This maximum strain value was selected because
it is feasible to gather sufficient data for the analysis at this strain level, thereby shortening
the time required for data acquisition while maintaining a similarity with the other test cases.
Upon examination of the final stress level recorded during the test, specifically at the point
where the plateau effect becomes apparent, stress values of 0.45, 0.57, and 0.72 MPa were
identified. These values correspond to the three distinct strain rates that were evaluated, for
instance, 0.5, 1, and 2 mm/min. The variations in stress level responses are associated with a
70% increase from the minimum strain rate to the maximum. However, if we focus on the
increases from the first to the second and the second to the third, we may detect a stress
increase of 35% and 26.5%, respectively. The strain rate undergoes a two-fold increase from
its initial value, followed by a subsequent four-fold increase. However, the stress increments
do not exhibit a similar trend. The presence of fibre resistance may exert an influence on
the final stress estimation and may be accountable for the aforementioned effect.The RT
evaluation was the only scenario where viscoelasticity could be seen clearly, and it has the
peculiar feature that the effect begins at a stress level of 0.2 MPa, corresponding to about
1.5% of strain right after overpassing the first linear-like slope of the curve. The initial linear
response of the material is attributed to the fibres influence during the initial loading stages,
followed by the matrix deformation. The viscoelastic response observed is a result of the
matrix’s sensitivity to the strain rate. Given that the resin is presently in an uncured state,
the tendency for failure in these specimens begins with the rotation of the fibres in an attempt
to align with the loading direction, thereby resulting in an increase in the load that is no
longer indicative of shear in the ±45◦ direction. Upon the initiation of this phenomenon, it
becomes visible that there is a detachment of the prepreg plies, leading to the separation of
the fibres from the resin, ultimately culminating in rupture. With the exception of the time
when the rupture takes place, this effect and behaviour remain true for all of the different
temperature scenarios evaluated.
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The primary consequence of increased temperature is the significant reduction of the viscoelas-
tic effect to an almost negligible extent as observed in Figure 3.6b. Given our assumption
that the viscoelastic phenomenon arises from the reaction of the resin, our initial deduction
from the observed data is that the stress response exhibited by the ±452s off-axis samples
at a temperature of 40◦C is mostly influenced by the fibres. Once again, it is feasible to
identify two distinct slopes inside the curves, as was seen in the case of the RT scenario. In
previous investigations conducted on cured prepreg composite samples subjected to the same
test setup, it has been found that the change in slope can be attributed to the development of
transverse cracks in the resin-rich regions, also known as the interply zones. After conducting a
thorough examination of the material, it has been determined that the aforementioned cracks
were initially not present in our case study. However, significant elasto-plastic deformations
have been noticed, which can account for the alteration in the slope of the stress-strain
curve. Subsequently, the deformations are succeeded by the rotational movement of the fibres,
culminating in the ultimate collapse of the samples through different crack events. In contrast
to what was observed in earlier test cases, this curve did not exhibit a plateau effect. The
explanation for this occurrence is that the viscosity of the resin is lowered, which enables
the fibre to undergo unrestricted rotation within the sample during deformation. Given the
inherent tendency of fibres to align themselves with the direction of loading, it is anticipated
that the stress will increase. Within the strain range considered in our testing scenario, the
second slope, beginning at a strain value of 1.5%, exhibits an elevation in the stress response
from 0.02 to 0.038 MPa approximately, displaying a consistent linear trend up for the three
strain rates.According to the findings presented in section 3.1.2 regarding the transverse
loading instance, it was seen that the viscoelastic effect ceased within a similar temperature
range. Consequently, the sample returned to displaying a non-Newtonian characteristic,
wherein the viscosity of the resin fluid exhibited pseudoplastic behaviour.

Despite the lack of a substantial difference in the measured stresses when using different strain
rates, there are still pertinent insights that may be derived from the data. For the strain rates
of 0.5, 1, and 2 mm/min, the experiment resulted in stress responses of 0.026, 0.028, and
0.032 MPa, respectively. When considering the subtle distinctions, analysing the percentage
increases offers a more lucid viewpoint. The percentage increase from the initial strain rate of
0.5 mm/min to the subsequent strain rate of 1 mm/min is calculated to be 7.7%. Likewise,
the observed increment in strain rate from the second to the third instance, specifically from
1 mm/min to 2 mm/min, amounts to 14.3%. When examining the cumulative impact over
the three strain rates, it is observed that the increase from the lowest to the greatest is 23%.
Nevertheless, the feature that is most captivating and deserving of attention is the notable
decrease in stress levels noticed when comparing measurements collected at standard room
temperature (RT) with a temperature of 40◦C. The most significant divergence was observed
across the various strain rates, with the strain rate of 2 mm/min exhibiting a remarkable
reduction of stress levels by 95%. This highlights the significance of temperature in shaping
the characteristics of prepreg composites, particularly when subjected to high strain rates.

The final test configuration to be discussed involves subjecting the sample and the test
configuration to a temperature of 60◦C. The evolution of the test exhibited a high degree
of similarity to the preceding case at a temperature of 40◦C. The presence of a distinct
viscoelastic effect in this particular situation remains unclear, as there is a little variation
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in the stress response when subjected to different strain rates. However, it is evident that
there is an observable rise in the level of noise present in the load being measured by the
load cell. This effect specifically indicates a distinction in the behaviour of the sample in
comparison to samples at 40◦C. Although the stress levels of the curves are similar, ranging
between 0.02 and 0.038 MPa, the shape of the curves differs, exhibiting a less pronounced
transition from one slope to another. The observation suggests that the initiation of damage
within the sample may occur earlier due to the quite inferior contribution of the resin to
the distribution of stress. Additionally, it could serve as an indicator of the earlier onset
of elastoplastic deformation. The sample that was exposed to a strain rate of 2 mm/min
exhibited a trend that closely resembled the previous temperature case. Notably, there was a
distinct transition from one slope to another, indicating that the sample displayed an elastic
response before the onset of damage and elastoplastic deformation. In all three instances, an
apparent plateau trend in the curve was not detected, which can be attributed to the freedom
of the fibres to rotate and align themselves with the direction of loading.

3.2 Results of the pull-out test and calculations of the
friction coefficients

The representative load-displacement curves F − U corresponding to the tests carried out to
measure the prepreg-prepreg friction for the experimental conditions previously described are
gathered in Figure 3.7. The shape of the F − U curves exhibits an initial linear increase of
the pulling force up to an onset point in which specimen relative sliding started. After that
point, the specimen was continuously extracted up to load stabilisation.

The results obtained for the two different temperatures had similar shapes but with smooth
transitions of the F − U curves during the whole test. In both cases, the effect of temperature
and velocity strongly influences the shape of the curves suggesting a film-sliding friction
mechanism. As expected, the increase in the temperature decreased the pull-out forces while
increasing the pulling velocity produced the opposite behaviour. It is important to mention
that the pressure also modifies the pull-out force increasing the value when pressure increases.

The friction coefficient was obtained as the ratio µ = F/2N where F stands for the applied
pulling force, and N is the normal clamping force. The factor of two used in the latter
expression is because the contact surface of the pull-out specimen with the gripping system
is double. The friction coefficient was calculated when the pulling load was sufficiently
stabilised in the displacement range of the tests. The friction coefficient µ as a function
of the pulling velocity U̇ is presented in Figure 3.8 for the prepreg-prepreg and prepreg-
tool configurations. Table 3.2 gathers a summary of the prepreg-prepreg and prepreg-tool
contact friction coefficients for the combination of the abovementioned variables with their
corresponding standard deviation.
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Figure 3.7: Pull-out load curves F − U for prepreg-prepreg friction (a–f) and for prepreg-tool
friction (g–n) tests carried out at 40 ◦C and 60 ◦C with pressure and sliding velocities
ranging between 0.5–2 bars and 1–10 mm/min.
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Figure 3.8: Average friction coefficient and standard deviation at 40 ◦C and 60 ◦C for prepreg-
prepreg contact in (a,b) and prepreg-tool contact in (c,d).

When increasing the applied clamping pressure, the friction coefficient decreased considerably
for both types of contacts (e.g., ≈1.75 for 0.5 bar and ≈1.00 for 2.0 bar for prepreg-prepreg
contact) being this effect partially explained by the decrease of surface roughness with the
increasing clamping pressure (Pasco et al., 2019). However, as shown in the force-displacement
F − U curves in Figure 3.7, the friction coefficient is, to an extent, sensitive to the pulling
velocity. For velocities larger than 5 mm/min, the friction coefficient remains almost constant
and only pressure produced a significant effect. Such behaviour is consistent with a lubricated
regime where viscosity effects play a significant role. The resin film between plies is defined
by the ratio of the theoretical film to the surface irregularity, as described by Shoaib and
Espinosa-Marzal, 2020:

λ = hmin√
σ2

1 + σ2
2

(3.2)
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Where σ1 and σ2 are the surface roughness amplitudes in the two main directions and hmin is
the sliding layer thickness. If λ > 3, it will be possible to consider a lubrication regime in
which the resin film completely separates the surface. In contrast, there is physical contact
between surfaces when λ < 3. Profilometry, tomography, SEM, and optical microscopy were
used to examinate the morphology and characterise the interlaminar resin layer’s roughness,
thickness, distribution, and homogeneity helping to develop an analytical model for the friction
prediction between uncured prepreg layers.
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3.2.1 Friction Interpretation and Interlayer Measurements
Upon evaluating the results of the pull-out test, it was realised that the most important aspect
of friction characterisation is the interpretation of the mechanism being evaluated. In the case
of prepreg composites, most researchers agreed that a thin layer of resin acts as a lubricating
film between the two contact surfaces (Ten Thije et al., 2011; ten Thije et al., 2008). This
assumption sets the stage for the use of tribological ideas such as the Lubrication Theory
and the Reynold’s equation. The Stribeck curve provides a simple visual representation of
the friction experienced by two surfaces that are lubricated by a fluid. This representation
enables the observation of the nonlinear response of this type of contact, which is expressed
as a function of the contact load, the lubricant viscosity, and the lubricant entrainment
speed. Contact between two rubbing surfaces is described as being between two opposing
regimes. To begin, the boundary lubrication (BL) regime is defined as the contact between
two surfaces in which the solid surface roughness contacts fully transmit the forces. Second,
Elastohydrodynamic lubrication (EHL) sliding is defined as the regime in which a lubricant
film separates the two contact surfaces, with friction regulated by the film thickness and
rheological properties (Zhao et al., 2020). Between the two regimes, mixed lubrication (ML)
implies that the fluid film penetrates inside the solid contacts, allowing for both forms of load
transfer (Nikas, 2010).

The Stribeck hypothesis (Larberg and Åkermo, 2011), for our case study, presents the friction
depending on a single variable termed Hersey number H, the following mathematical equation
collects the effects of clamping pressure p, velocity U̇ , and temperature via the polymer
viscosity η(T, p, ...):

H = ηU̇

p
(3.3)

The dynamic viscosity η is important during friction caused by film sliding. In the data
sheet for the 8552 epoxy resin, Hexcel included measurements of its viscosity at different
temperatures. The Arrhenius law was utilised once more to establish a correlation between
the viscosity curve and the temperature values of significance, as defined in Section 2.3.1. The
equation 2.2 represents the mathematical formulation, while the visual representation of the
predictability of the fitting can be observed in Figure 2.16d. Figure 3.9 summarises the results
of the friction coefficient dependence with the Hersey number obtained for all the frictional
tests performed for the prepreg-prepreg and prepreg-tool contact. The minimum friction
coefficient measured (0.06±0.003 for prepreg-prepreg and 0.07±0.007 for prepreg-tool contact,
respectively) was obtained for tests carried out at the maximum temperature (minimum
viscosity), the maximum pressure (2 bars) and the minimum sliding speed (1 mm/min).
Similarly, the maximum coefficient recorded corresponded to minimum temperature tests with
the lowest pressure and maximum displacement rate (1.31 ± 0.07 and 0.86 ± 0.04). In both
cases (ply-ply and ply-tool), the Hersey number variation ranged two orders of magnitude
∆H ≈ 5 · 10−7 − 5 · 10−5 m.

The surface roughness profile was acquired using the KLA Tencor D-500 profilometer. Five
measurements were taken parallel to the fibre direction in various locations of the sample. The
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Figure 3.9: Stribeck curves for the friction coefficient: (a) Prepreg-prepreg contact, (b) Prepreg-
tool contact.

Table 3.3: AS4/8552 Roughness Ra in µm for samples tested at 0.5 bar and pulled out at a
displacement rate of 1 mm/min.

Contact Type 40 ◦C 60 ◦C

Prepreg-prepreg 3.22 ± 0.23 3.17 ± 0.66
Prepreg-tool 3.93 ± 0.46 3.10 ± 0.12

Ra roughness was calculated as the average of the profile height deviations from the surface
geometry’s mean line. Only specimens evaluated at 40◦C and 60◦C at 1 mm/min sliding
speed and 0.5 bar clamping pressure were chosen for roughness measurements because they
demonstrated better surface integrity. Table 3.3 displays the average value for all specimens
studied, with the similarity of the results indicating the presence of a lubricating film smoothing
the surface asperities and influencing the calculated roughness. These measurements assumed
3.5 µm roughness as a representative value for forward formulations.

It was anticipated that there would be a correlation between the conditions of the process
and the thickness of the interlayer; however, when the Ra roughness was evaluated, there
were no notable variations across contact types or testing settings. This indicates that even
if the morphology of the thin layer changes, there is always a residual resin coating some
parts of the surfaces, even after they have been frictioned. As a result of the observation
of distinct patterns of resin dispersion, it was determined that the surface would also be
analysed using optical micrographs (using an Olympus BX51) (See Figure 3.10). The research
showed that some of the places had a high concentration of resin, while other areas seemed
uncovered, leaving the fibres in their natural state. While looking at the areas where resin has
accumulated, one can see with the naked eye that there is a pattern of resin waves running in
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Figure 3.10: Optical micrographs of the contact surfaces after testing. In (a,b) is presented
prepreg-prepreg contact surfaces for 40 ◦C and 60 ◦C; in (c,d) prepreg-tool contact
surfaces respectively for 40 ◦C and 60 ◦C. Coupons were tested at 1 mm/min sliding
speed.

the direction of the fibres on many of the surface areas, indicating that the distribution is
unequal.

Furthermore, a deeper study was conducted through Scanning Electron Microscopy (SEM
Apreo 2S LoVac) and X-ray computed tomography XCT. [0◦]8 prepreg laminates were prepared
to resemble the state of the specimen at specific pressure and temperature combinations.
Metallic plates, with an equivalent weight corresponding to a pressure of 0.5, 1, and 2 bars,
were placed over the surface of the square rectangles. The coupons were introduced inside
an environmental chamber at 40◦C and 60◦C for four entire days. This soft curing of the
specimens was meant for freezing the material microstructure, including the lubrication film.
Such conditions were only approximations of the actual situation of the prepreg contact
surfaces during a real test. XCT images were acquired using a General Electric (former
Phoenix) Nanotom 160 kV tomograph with a Hamamatsu 7942-25SK (2K×2K) detector and
a nano focus X-ray tube with a molybdenum target. The target was installed during the
scans, in nano focus mode 1, without adding any additional filter. The voltage and current
of the X-ray tube for acquisition were set to 60 kV and 200 µA, respectively. Around 1800
radiographs were obtained for a complete 360◦ rotation in each tomographic inspection. The
exposure time was set at 500 ms, taking nine images to make each radiography and lasting
≈2.5 h for each tomogram acquisition. Due to the relative position between the sample and
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semi-preg

fibre bundles

resin layer thickness
a)

Figure 3.11: (a) XCT reconstruction of [0◦]8 laminates for the interlayer thickness determination,
(b) SEM image with a detailed view of the space between two adjacent prepreg plies,
(c) Average resin interlayer thickness as a function of the temperature and applied
pressure.

the detector, a pixel size of 1.5 µm/pixel was achieved. The XCT scans were reconstructed
using Phoenix datos|X 2.0 reconstruction v2.2.1 software by General Electric Sensing &
Inspection Technologies and manipulated with ImageJ (Rueden et al., 2017). A cross-sectional
view of the XCT reconstruction is presented in Figure 3.11a.

The film layer separation between two adjacent prepreg plies was clearly detected in the XCT
images. The semi-preg fibre bundles within the different layers are observed as dark grey
regions in the XCT and were indicative of the prepreg laminate’s consolidation level when
using the pressure-temperature cycle. The interlayer resin film can also be observed in the
XCT reconstruction with a reasonably homogeneous thickness with an intricated geometry
attributed to the fibre and fibre bundle rugosity. However, the resolution level obtained with
the XCT was judged not enough for quantitative calculations, so SEM micrographs were used
for this purpose. The interlayer thickness can be drastically reduced in poor resin regions with
fibres close to each other. A representative cross-section acquired with the SEM is presented
in Figure 3.11b. The thickness of the interlayer region was measured in a set of positions
along the fibre direction, and the mean values and standard deviations are gathered in Figure
3.11c. The results showed an averaged interlaminar resin film of ≈12 µm. Regions with less or
more resin accumulations were used in the measurement to enhance representativeness. The
effect of the pressure on the interlaminar film thickness was negligible at room temperature.
However, it was more evident as the temperature increased with the viscosity reduction,
probably indicating light resin bleeding during testing operations.

3.3 Compaction test results
The compaction test was conducted without experiencing any difficulties, and it exhibited
the characteristic resin bleeding commonly observed when doing this test on uncured plastic-
reinforced composites. Three graphs can be obtained, each representing the temperature
scenarios examined in our investigation. The load versus displacement response of the samples
will be represented using varying shades of grey and line styles, which correspond to the
evaluated stacking sequences. Additionally, yellow markers will be used to indicate the
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conclusion of the relaxation phase and the initiation of a new displacement increment. By
fitting these points, we can generate a red line that follows the curve of the fibre bed effect.
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Figure 3.12: Comparison of load vs displacement response of AS4/8552 prepreg composite with
different stacking sequences, assessed under compaction forces at room temperature
A fitted red curve representing the fibre bed effect is shown in the plot.

As an initial remark regarding the scenario of room temperature, it is notable that the
displacement cycle initially chosen for the sample with a [90/0]4s layup required modification
due to the load response exceeding the measurement capacity of the load cell utilised in our
testing fixture. The cycle was modified to align with the identical cycle for the [0]8 layup
scenario, resulting in no anomalies. In the instance of the [904/04]2 layup, the displacement
cycle was maintained as previously prescribed; however, the last increment was omitted due
to the evident likelihood of surpassing the load cell’s capacity.

The load response of the [90/0]4s sample is important to mention as it exhibited the largest
fibre bed effect in terms of load among the three layup configurations investigated, across all
temperature situations. The curve demonstrates a downward concave increase, leading to a
steady load value of ≈300N. Eventually, it will align with the load-to-displacement values of
the [0]8 and [904/04]2 layup samples, which exhibit an upward concave increase and a barely
linear increase, respectively. The high load response seen in the [90/0]4s sample aligns with
the phenomenon described in section 2.5, which states that the arrangement of fibres in a
transverse orientation restricts the compaction of the laminate, leading to an increased load
response. This phenomenon becomes even more evident when the percentage of thickness
reduction is computed, revealing that this particular layup configuration demonstrates the
lowest value among the other samples, measuring at 8%. In the scenario where a [0]8 layup
was employed, it was seen that the curve representing the fibre bed exhibited a notably
higher magnitude compared to the curve obtained for the [904/04]2 instance. This finding is
relevant considering that the percentage of thickness reduction was greater in the former case,
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with a value of 20%, as opposed to the 14% decrease observed in the latter condition. The
observed outcome is noteworthy due to the fact that the [0]8 layup exhibits greater capacity
for compaction, corresponding to lower values of the fibre bed effect compared to the [904/04]2
layup, which is anticipated to have internal interactions that offer challenges for compaction.
This observation concludes that when a similar strain value is given to both [0]8 and [904/04]2
layups, the former is more likely to reduce its thickness compared to the latter. However,
achieving this compaction in the former requires greater work. The compaction resistance may
be reduced when many layers are stacked in the same fibre orientation. However, the presence
of transversely positioned layers in the [904/04]2 configuration restricts the resin bleeding
process, leading to a lesser reduction in thickness. All of these percentages of thickness
reduction and the equation for the fibre bed curves are presented in Table 3.4.
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Figure 3.13: Comparison of load vs displacement response of AS4/8552 prepreg composite with
different stacking sequences, assessed under compaction forces at 40◦C. A fitted red
curve representing the fibre bed effect is shown in the plot.

Upon raising the temperature to 40◦C, a noticeable consequence is observed in the form of
reduced load response across all tested samples, accompanied by a linear likelihood shape
of the fibre bed curves. These observations may be attributed to the lack of viscoelastic
behaviour exhibited by the resin when exposed to heat, as evidenced by the consistent findings
across all mechanical tests conducted within this thesis. Another consequence of raising
the temperature is the increased capacity of the resin to undergo flow or, in this particular
instance, to be extruded. The previous effect can be observed by examining the percentage of
thickness reduction presented in Table 3.4. It is evident that for the [90/0]4s layup, the value
is three times greater than the percentage of the RT case, while for the [904/04]2 case, it is
twice as large. Although the total strain amount for the case of [90/0]4s is not equivalent,
it is anticipated that the percentage of thickness reduction will double with an increase in
temperature. For the case of [0]8 layup, it has been shown that the percentage of thickness
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reduction is equivalent to that of the RT condition. This finding supports the notion that the
stacking sequence in question exhibits a low resistance to compaction, regardless of the resin’s
condition. After observing the fibre bed curves, it is evident that the curve corresponding to
the [90/0]4s layup exhibits the highest load response, however not significantly differing from
the fibre bed curve values exhibited by the [0]8 layup. Despite the plies’ transverse orientation,
the [904/04]2 layup shows extremely low load values on the fibre bed curve, indicating that it
is very likely to be compacted, which results in a substantial amount of resin being pressed
out.
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Figure 3.14: Comparison of load vs displacement response of AS4/8552 prepreg composite with
different stacking sequences, assessed under compaction forces at 60◦C. A fitted red
curve representing the fibre bed effect is shown in the plot.

Notably, when a temperature of 60◦C was considered, the fibre bed values of the [90/0]4s

layup exhibited a similarity to those of the [0]8 configuration. A consistent decrease in load is
found across the three stacking sequences, as well as a linear trend exhibited by the fitted fibre
bed curves. The observed curves do not yield unexpected results considering the previously
assessed scenarios. However, the analysis of the percentage of thickness reduction does present
noteworthy findings. The analysis of the percentage values reveals a notable similarity in the
values of [0]8 and [90/0]4s layups. This similarity may suggest that raising the temperature
could mitigate any obstacle arising from the plies configuration during the compaction of the
laminate. Another observation can be made by comparing the percentage values of thickness
reduction obtained for the stacking sequences [90/0]4s and [904/04]2 at temperatures of 40◦C
and 60◦C. The similarity of these values suggests that within this temperature range, there
may not be a significant difference in the amount of compaction accepted by the two stacking
sequences. However, it is important to note the disparity in the load levels of the fibre bed
curves.
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3.4 2-point bending test analysis

Given the focus of this thesis on characterising uncured pre-impregnated composite materials,
driven by the aerospace part manufacturing process known as thermoforming, the experiments
conducted with the 2-point bending test device were primarily aimed at the analysis of wrinkle
formation. This emphasis was due to the fact that wrinkle formation stands out as the most
prominent defect in the thermoforming process. Although our system has the capacity to
do flexural testing for the purpose of extracting the mechanical properties of the material,
we did not carry out such tests. The decision was based on two main reasons: Initially, our
core focus was directed at comprehending and examining the mechanisms underlying wrinkle
formation. Furthermore, a significant investment of time and resources was dedicated to the
creation and optimisation of the device, subsequently constraining the opportunity to conduct
more extensive mechanical tests.

In this section, we will explore the analysis of wrinkle formation. The data needed for this
exploration are the angle versus time readings captured by the sensor, complemented by the
camera’s video footage showing the longitudinal side view of the sample as it bends. The
load torsion vs. time plot depicted in Figure 3.15 can be derived from the first acquisition,
as each increase in angle corresponds to a specific rise in load torsion resulting from the
augmentation of weight in the pulley system. The video recording will be utilised for the
purpose of identifying the formation of wrinkles and detecting the precise moment at which
they initiated.

The initial observation derived from the plot is focused on the blue dashed line, which
represents the rise in load torsion. It is evident that the loading time varies across multiple
loading steps, since the bending of the sample at each interval may be influenced in distinct
ways. The initial loading phase is brief as it does not generate a significant deformation of the
sample and achieves stabilisation quickly. In contrast, the remaining processes require longer
time to stabilise due to the existence of defects. The continuous red line in the same plot
represents the variations in the curvature ratio exhibited by the sample during the bending
process. Each curvature ratio value provided corresponds to a picture acquired from the video
record, where equations 2.8 and 2.9 are performed to derive the respective value. The initial
value is set to zero as the sample starts off with a flat shape. After the first loading, the
curvature exhibits a ratio of approximately 450 mm, which will gradually decrease as the
load torsion increases. Three curvature measurements are taken for each increment in torsion
load, corresponding to three key points in the process: the initial stage, a midpoint, and the
point at which the curvature stabilises. When further points are taken into account, the form
represented by this line throughout each weight increment will exhibit a decreasing concave
upward curve, with a flat segment towards the end indicating a stable state of the sample.

Once the registers from the acquisition devices have been comprehended and the plots have
been prepared, the video footage can be utilised to conduct observations regarding to the
development of defects. Figure 3.16 provides a brief description of the process involved in
detecting the progression of wrinkles, emphasising three notable occurrences: the onset of
wrinkles, the formation of multiple wrinkles, and the nucleation of wrinkles. It is possible to
determine the time of each of these events, which will be translated to Figure 3.15 to match
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Figure 3.15: The loading cycle of a 2-points bending test and the reduction of the curvature ratio
as the sample is being bent. The test corresponds to an 8-layer uncured prepreg
laminate being tested at room temperature."
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Figure 3.16: Sequencing the formation of wrinkling in an uncured prepreg laminate under bending
loading. Time and loading identification for each occurrence.

the precise load torsion that the sample was able to withstand and the sample’s curvature
ratio at the instant that the wrinkle event occurred. In the initial register, a time of 490
seconds was captured, which corresponds to a torsional load of 0.19 Nm and a curvature ratio
of 410 mm. The values shown in this instance pertain to the second loading phase executed
during the experiment, wherein a noticeable increase in loading time is observed in comparison
to the preceding step. This observation is logical as each occurrence of a defect is a result
of the release of stress concentration, which then redistributes the stress to other regions of
the sample. This redistribution leads to increased bending of the sample, hence requiring
a longer period of stabilisation. In the third loading phase, an absence of new defects was
observed, resulting in a rapid stabilisation of the sample. The observation of many wrinkles
began at an exact time of 1075 seconds, which corresponded to a torsion load of 0.39 Nm. At
this stage, the curvature radius is observed to correspond to 320 mm, gradually diminishing
as additional minor wrinkles emerge until reaching a state of stability at 1400 seconds. The
ultimate increase in torsional loading will lead to minor wrinkle nucleation at a time of 1581
seconds, eventually transforming into an individual large wrinkle. This increment will cause
the torsion load to reach a value of 0.49 Nm, subsequently causing the sample to collapse and
thereby concluding the experimental test.

The current scenario highlights just one of the many outcomes this device can offer in its
early developmental phase. The analysis of wrinkles suggests the potential addition of a three-
dimensional correlation system in future versions. This enhancement would allow measuring
the wrinkle’s out-of-plane dimensions, map strain distributions, and highlight potential stress
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concentrations. Furthermore, exploring the effects of different laminate stacking sequences
on torsion resistance becomes another important area of study. Additionally, if torsion is
transferred through a mechanical transmission shaft, the ability to control torsion speed is
introduced. This change brings in an extra test variable, expanding the scope for diverse
examinations. In conclusion, the vast potential improvements to this device highlight its
importance as a key tool for investigating the challenges of large bending deformations across
various materials.

3.5 ±30◦ and ±60◦ Off-axis Test: Results and Compar-
ison

The assessment of the fundamental characterisation of AS4/8552 uncured prepreg composite
involved experiencing various unexpected events, such as the interlaminar slippage observed
under tensile stress, together with expected events like the viscoelastic behaviour. While tensile
loading samples aligned at 0◦, 90◦, and ±45◦ were used to successfully characterise the material,
there may be a wide range of affects at other fibre orientations. The effects under consideration
comprise various factors, such as the viscoelastic response of the material when deviating from
the 0◦ fibre direction, the presence of defects during loading, the influence of temperature on
the sample, and the distribution of strain. The presence of these uncertainties served as a
motivation for exploring alternative fibre directions in order to establish a connection between
the currently considered fibre directions. This analysis was also intended to expand our
comprehension of the fibre direction influence on the stress-strain response, with the intention
of implementing the findings into future computational modelling efforts based on this study.
This section will provide a detailed analysis of the stress-strain response of the additional
samples assessed at off-axis angles of ±30◦ and ±60◦. The dimensions of the samples under
consideration are consistent with those employed for the [±45]2s samples, in accordance with
the detailed procedure outlined in section 2.3.2. The number of samples, displacement rates,
and temperature values were all the same as those used in the earlier tensile tests.
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Figure 3.17: [±30]2s Shear Tensile Test employing a universal testing machine at three different
strain rates. a) Test conducted at RT, b) Test conducted at a temperature of 40◦C
and c) Test conducted at a temperature of 60◦C.
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During loading, rotations of the fibres have been observed for the [±30]2s samples, which is
translated in the stress-strain curve as a growing stress response that never stabilised at all of
the strain ratios tested. The rotation of the fibre is reduced but still present in the case of
60◦C. The stress values attained by these samples are intermediate between those obtained
by the [0]8 and [±45]2s samples, but with a clear proximity to the values of [±45]2s, which is
consistent with the fact that fibres within an uncured prepreg laminate have a minimal effect
on the stress resistance unless they are aligned with the loading direction. The viscoelastic
effect exhibits an evident manifestation across all scenarios, displaying a precise reaction
to increments in strain rate. The repetitiveness of the test across all conditions was high,
accompanied by a minimal occurrence of damage inside the sample and significant strain
values achieved, even in instances conducted at a temperature of 60◦C. The majority of
the reported data could be expected based on prior tests. However, an intriguing finding
in this study is the stress response exhibited by the samples evaluated at 60◦C, since their
values closely resemble those of the samples tested at [±45]2s for the same temperature. As
previously stated, the application of this specific temperature condition causes the resin to
undergo a transition into a gel state. In this state, the presence of fibres has a reduced impact
on the stress response. This phenomenon may account for the observed similarity in stress
response across samples subjected to tensile loading at 60◦C, with fibre directions of ±45◦

and ±30◦.
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Figure 3.18: [±60]2s Shear Tensile Test employing a universal testing machine at three different
strain rates. a) Test conducted at RT, b) Test conducted at a temperature of 40◦C
and c) Test conducted at a temperature of 60◦C.

In the case involving samples having fibres oriented at a 60◦ angle, it is evident that the
stress-strain curves exhibit reduced prominence in comparison to the preceding example.
Notably, certain curves even attain a state of equilibrium, characterised by a constant stress
value. Negligible fibre rotation was detected during the loading process; however, a significant
presence of damage was noted, which had an impact on the maximum strain achieved. It is
evident that the maximum strain values in this case are lower compared to those observed
in the prior scenario. One unexpected result pertains to the stress levels seen. It was
initially anticipated that the stress values would fall between those found for the [±45]2s

and [90]8 samples. However, the acquired values were either lower or very close to those
observed for the [90]8 samples. It can be inferred that at a particular angle of fibre direction,
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the fibres exhibit insufficient strength to bear any minimal load, leading to similar stress
measurements irrespective of the fibre angle (See Figure 3.19). A distinct viscoelastic effect
is noticed, exhibiting a precise response to incremental strain rates, except in the case of
samples subjected to a temperature of 60◦C. In this instance, the viscoelastic effect is found
to be diminished, with no obvious difference in response to changes in the strain rate.
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Figure 3.19: A comparison of stress levels and viscoelastic response was conducted on samples
with four different fibre directions at room temperature.
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Chapter 4

Modelling the mechanical behaviour of
uncured composite materials

4.1 Advancements in Mathematical Modeling of Un-
cured Prepreg Composites

After finishing our experimental campaign and comprehensively analysing the data, we have
acquired a detailed comprehension of the characteristics of uncured pre-impregnated composite
materials. These materials demonstrate a poor stress reaction in the transverse and shear
directions, in contrast to their rigid response in the longitudinal direction. These particular
characteristics and the orthotropic properties of a composite laminate present considerable
challenges in manufacturing structural components. The inherent adaptability of stacking
prepreg laminates in layers, and its easy manipulation provide many design options, but it
also brings about possible imperfections. Every distinct arrangement has the potential to
cause flaws in the end product. These flaws can significantly affect the overall efficiency and
longevity of the composite material. Several studies have aimed to investigate the origins
of these flaws. Some attribute them to variances in material composition or production
discrepancies, while others attribute them to damages caused by overloads or mismanagement
during use (Cantwell and Morton, 1992). Thermoforming manufacturing technology is often
linked to specific flaws, such as the formation of wrinkles, uneven distribution of resin, and
folding of plies. The occurrence of these flaws has been linked to issues such as incompatible
stacking sequences (Hallander et al., 2016), interlaminar shear stress (Larberg and Åkermo,
2011), compaction and flow behaviour (Naresh et al., 2022), and varying process conditions
(Netzel et al., 2021). All of these factors can have a negative impact on the quality of the final
product. Due to the many variables involved in the process and even slight alterations in part
shape may require different combinations, depending entirely on a trial-and-error approach,
it becomes impractical. This strategy is not only financially expensive but also consumes
significant time.

The use of mathematical modelling has been used to support the construction of innovative
and intricately shaped structural components. Prior research has presented many approaches
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to prepreg modelling. Rogers, 1989b formulated a mathematical theory to describe the
phenomenon of squeeze flow in composites. In contrast, Skartsis et al., 1992 constructed a
model to simulate resin flow through a fibrous medium. ÓBrádaigh et al., 1993 conducted
one of the initial studies on the development of wrinkles, which focused on sheet-forming
mechanisms. Hubert and Poursartip, 2001b; Hubert and Poursartip, 1998a; Hubert et al.,
1999 introduced an Abaqus model that describes the behaviour of a fibre bed made of prepreg
material. The model incorporates the evolution of permeability based on changes in fibre
volume. Bonet and Burton, 1998; Spencer, 2000 introduced the constitutive equation for
viscous fluids that have been strengthened. Haanappel, 2013 examines the intraply behaviour
of prepreg using experimental models, as well as Guzman-Maldonado et al., 2016. J. P.
Belnoue et al., 2016, 2018b present a physics-based compaction model for simulating wrinkles
across the thickness, proposing a framework for modelling prepregs, along with a series of
experiments, in order to accurately represent the behaviour and underlying mechanisms of
the prepreg material.

Our current investigation proposes an uncured prepreg model incorporating all mechanical as-
pects using a generalised Maxwell model. The topics of interest are intraply shear, compaction
fibre bed behaviour, squeeze flow, and fibre tension. To accurately model the behaviour of
uncured prepreg, it is essential to have a thorough understanding of all the mechanisms that
occur during the forming process. Beginning with the constituents of the material, which
includes two primary elements for our desired application: carbon fibre and epoxy resin. Even
at elevated temperatures, carbon fibre has solid-like characteristics, while epoxy resin displays
fluid-like behaviour and viscoelastic properties. Given the focus of this research on predicting
the thermoforming process of unidirectional composite prepregs, it is crucial to incorporate
models for both elastic and fluid mechanisms.

Composite processing involves the participation of two occurrences:

1. Elastic behaviour of the fibre network.

2. Viscous flow of resin within a porous medium.

The initial occurrence is documented in J. P. Belnoue et al., 2016; Cai and Gutowski, 1992;
T. G. Gutowski, Cai, et al., 1987; T. G. Gutowski, Morigaki, and Cai, 1987; E. L. Wang and
Gutowski, 1991, indicating that the behaviour of fibre beds is attributed to the inability to
align all the threads in unidirectional composites properly. This leads to a slight waviness and
the formation of a network of entwined fibres, known as the fibre bed effect. As a result, there
are a few points of contact between fibres at the start of the deformation, and the compaction
force is minimal, resulting primarily from squeezing flow. As the number of fibres in contact
grows, load compression also rises, resulting in a non-linear increase in compaction force.
Another process involving fibres is the tension fibre, where all the contribution comes from
the fibres. A mechanism primarily impacts the Poisson components due to the waviness of
the fibres, leading to a tendency to a zero Poisson ratio when the fibre bed is under tension.

For the second event, T. G. Gutowski, Cai, et al., 1987; Kelly, 2011; W. I. Lee and Springer,
1987; Rogers, 1989a; Shuler and Advani, 1996 state that many processes are involved, and it
depends on whether the resin is thermoset or thermoplastic. T. G. Gutowski, Morigaki, and
Cai, 1987 utilised the Darcy equation to describe the compaction flow while also including
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Figure 4.1: A fibre bundle displaying slight waviness

bleeding in the transverse direction. However, in the models proposed by the authors
Engmann et al., 2005; Rogers, 1989b; Shuler and Advani, 1996; E. L. Wang and Gutowski,
1991, prepreg compaction is represented as a squeezing flow, with the assumption that no
bleeding effects are occurring across the fibres. The squeeze flow approximation is mainly
employed for thermoplastic materials because of their significantly higher viscosity compared
to thermoset materials (E. L. Wang and Gutowski, 1991). In this approximation, both the
resin and fibres deform similarly. Ultimately, two mechanisms may occur during formation
from the matrix perspective: matrix leakage through fibre bed arrangement and simultaneous
compression of both fibre and matrix. Both of these mechanisms can coincide, whether
thermoset or thermoplastic, depending on the matrix type. One method to determine if
squeeze flow occurs in thermoset prepreg is to use tomography to assess the distribution of
fibres and quantify any distortion, network formation, or twisting of the fibres before and after
compaction. If there is a significant rise in distortion, it can be attributed to squeeze flow
rather than bleeding, as the latter does not impact fibre distribution (Barnes and Cogswell,
1989). Figure 4.2 illustrates many mechanisms (Hubert and Poursartip, 1998b; ÓBrádaigh
et al., 1993), including percolation or Darcy flow, transverse and longitudinal shear, which
can be represented as transverse squeezing flow or flow between longitudinal fibres, and
anisotropic friction between plies at the inter-ply level. An essential challenge in modelling
composite forming is to differentiate between the occurring mechanisms and provide a physical
interpretation of the model inputs.

Figure 4.2: Recognition of the mechanics of resin flow during the forming process
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The flow in the longitudinal fibre direction can only be simulated using Darcy’s law, as the
fibres in this direction are almost inextensible compared to the matrix. Interpreting flow
under shear in the plane and out-of-plane is challenging because both the fibre and matrix
contribute significantly to the shear behaviour. The fibres slide between each other due to
the presence of a fluid (matrix), and additionally, the fibres resist movement by kinking when
subjected to compression during shear loading. The behaviour of compaction prepreg can be
represented as either squeeze flow or Darcy flow, incorporating the behaviour of the fibre bed.
Accurately simulating a phenomenon in real-time is exceedingly challenging without empirical
evidence supporting the model. At the onset of compaction, it is plausible to assume that the
behaviour is primarily characterised by a squeeze flow, wherein the fibre and matrix move in
unison. The initiation of the fibre bed results in the constriction of lateral motion and the
flow of the matrix material via the fibres, leading to the occurrence of bleeding phenomena.
This phenomenon is mathematically represented using Darcy equations.

4.2 Formulation for an anisotropic fibre-reinforced vis-
coelastic material model

This section describes the model for a fibre-reinforced anisotropic and viscoelastic material.
The constitutive model has been implemented into Abaqus Explicit as a VUMAT user function.
This subroutine utilises the Green-Nadghi stress rate as follows:

σ∇G = σ̇ − σ · ΩG − ΩG · σ (4.1)

Where σ̇ is the stress time derivative and ΩG = ṘRT with R as rotation tensor resulting
from the polar decomposition of the deformation gradient tensor into the rotation and stretch
F = RU . Time integration between tn and tn+1 assuming ∆t small results in the stress
increment using the mid-point rule.

σn+1
{e⃗n+1

i ⊗e⃗n+1
j } = σn

{e⃗n
i ⊗e⃗n

j } + ∆σ
n+1/2
{e⃗

n+1/2
i ⊗e⃗

n+1/2
j }

(4.2)

VUMAT time integration is carried out in the Green-Nadghi co-rotational frame defined
as e⃗i = Re⃗i0. In fibre-reinforced materials, the Green-Nadghi frame will not coincide with
the material frame formed with the rotated fibre direction. Therefore, any stress increment
computed at the constitutive level should be translated into the Green-Nadghi frame for
consistent time integration.

We will assume the initial undeformed fibre direction as f⃗10, the perpendicular-to-the-fibre
direction contained the composite ply as f⃗20, and f⃗30 the corresponding orthogonal direction
out-of-plane as f⃗30 = f⃗10 × f⃗20. These set of vectors forms the undeformed fibre frame
{f⃗10, f⃗20, f⃗30}. The unit vectors forming the orthogonal reference base in the undeformed
state are {e⃗10, e⃗20, e⃗30 = e⃗10 × e⃗20}, respectively. Let us assume the deformation gradient
and stretching tensors for time tn+1 are given by F n+1 and Un+1, respectively. Then, the
corresponding rotation tensor is obtained by inverting F n+1 = Rn+1Un+1. The vector frame
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formed by the rotating fibre direction f⃗1 at tn+1 can be determined as follows. Firstly, the
normalised fibre direction is computed as:

f⃗n+1
1 = F n+1f⃗10

∥F n+1f⃗10∥
(4.3)

Secondly, the second-order tensors p and q projecting any arbitrary vector along the deformed
fibre direction f⃗n+1

1 and perpendicular-to-the-fibre direction are constructed.

p = f⃗n+1
1 ⊗ f⃗n+1

1 and q = 1 − p (4.4)

Lastly, the orthogonal direction of the fibre and the complete vector base is formed.

f⃗n+1
2 = q(F n+1f⃗20)

∥q(F n+1f⃗20)∥
and f⃗3 = f⃗1 × f⃗2 (4.5)

The fibre-deformed frame {f⃗1, f⃗2, f⃗3} is the one used to evaluate the constitutive behaviour
of the material. The VUMAT user subroutine will receive apart of F n+1 and Un+1, the tn

stress state σn
{e⃗n

i ⊗e⃗n
j } and the mid-point strain increment ∆ϵ

n+1/2
{e⃗

n+1/2
i ⊗e⃗

n+1/2
j }

in the respective
Green-Nadghi frames. We define the rotation tensors Θ and ∆R to transport stresses between
the Green-Nadghi frames at tn+1 and tn+1/2, and the fibre deformed frame.

Θ = (f⃗n+1
i · e⃗n+1

j )e⃗n+1
i ⊗ e⃗n+1

j and ∆R = (e⃗n+1
i · e⃗

n+1/2
j )e⃗n+1

i ⊗ e⃗n+1
j (4.6)

The strain increments are transported from the Green-Naghdi frame to the fibre deformed
using the rotation tensor Θn+1

{e⃗i⊗f⃗j} = (e⃗i · f⃗j)e⃗i ⊗ f⃗j as:

∆ϵn+1
{f⃗i⊗f⃗j} = (Θn+1)T ∆ϵn+1

{e⃗i⊗e⃗j}Θ
n+1 (4.7)

The VUMAT subroutine provides the mid-point strain increment ∆ϵ
n+1/2
{e⃗

n+1/2
i ⊗e⃗

n+1/2
j }

, which is

first, rotated to the Green-Nadghi tn+1 frame {e⃗n+1
i } frame and subsequently to the fibre-

deformed frame {f⃗n+1
i } with the respective rotation tensors ∆R and Θ. After constitutive

computation, the stresses in the fibre-deformed frame ∆σn+1
{f⃗n+1

i ⊗f⃗n+1
j } will be back-rotated into

the Green-Nadghi frame ∆σn+1
{e⃗n+1

i ⊗e⃗n+1
j }.

The model assumes the viscoelastic behaviour of the material without considering Poisson
effects. The viscoelastic stiffness operator is described by a fourth-order creep tensor as
follows:

L(t) = ELJ1 + 2µT (J2 + J5) + 2µLJ6 (4.8)
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Where EL, µT , and µL stand for the fibre direction, transverse and longitudinal shear modulus
creep laws, respectively. Such constitutive formulation will be used in the fibre-deformed
frame {f⃗n+1

i ⊗ f⃗n+1
j }

n+1
. The Walpole spectral decomposition was used in this formulation

(Lubarda and Chen, 2008). For simplicity, the vector (1, 0, 0) is aligned with the fibre direction,
so the transverse isotropy plane is formed by the 2 − 3 directions. The tensors p and q can be
formed, and the fourth order tensors necessary for the spectral decomposition determined as
J1 = p ⊗ p, J2 = 1/2(q ⊗ q), J5 = 1/2(q · q − p ⊗ q), and J6 = 1/2(q ⊗ q). In this spectral
decomposition, the fourth-order tensors used verify I = J1 +J2 +J5 +J6 with I the unit tensor.
The corresponding inner products satisfy the orthogonality condition.

In this work, only the longitudinal shear and transverse shear components experience vis-
coelasticity effects, which are defined in Prony’s series as:

µL(t) = µL(1 −
N∑

i=1
gLi(1 − e

− t
τLi )) (4.9)

µT (t) = µT (1 −
N∑

i=1
gT i(1 − e

− t
τT i )) (4.10)

Where µL and µT are the initial shear response of the material, and gLi, gT i and τLi, τT i

the N Prony’s relaxation parameters. Such a formulation corresponds with a generalised
Maxwell model containing a series of connected spring dashpots. After complete relaxation,
the response of the material is given by µL∞ = µL(1 −∑N

i=1 gLi) and µT ∞ = µT (1 −∑N
i=1 gT i),

respectively. Additionally, the relaxation operator is easily obtained by direct inversion as:

S(t) = 1
EL

J1 + 1
2µT

(J2 + J5) + 1
2µL

J6 (4.11)

The stress response for a given strain history can be determined by assuming viscoelasticity
principles as:

σ(t) = L(t)ϵ0 +
∫ t

0
L(t − τ)ϵ̇(τ) dτ = L(t)ϵ0 + L(t) ◦ ϵ̇ (4.12)

Where ϵ0 and ϵ̇ are the initial strain and the strain time derivative, respectively. The symbol
◦ denotes convolution operation. The numerical integration of the viscoelastic response was
carried out according to the procedure described in Kaliske, 2000; Kaliske and Rothert, 1997.
To this end, the longitudinal and transverse viscoelastic stresses in each of the Maxwell
elements arms, hLi and hT i can be determined by the following recursive relation (Kaliske
and Rothert, 1997):

hn+1
Li ≈ hn

Lie
− t

τLi + 2µLi
1 − e

− t
τLi

t
τLi

J6∆ϵ (4.13)
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hn+1
T i ≈ hn

T ie
− t

τT i + 2µT i
1 − e

− t
τT i

t
τT i

(J2 + J5)∆ϵ (4.14)

With µLi and µT i stand for the elastic spring moduli of each Maxwell’s, respectively. Such
values can also be expressed in terms of Prony’s coefficients as:

µLi = gLi

1 −∑N
i=1 gLi

and µT i = gT i

1 −∑N
i=1 gT i

(4.15)

Lastly, the total stress carried by the generalised Maxwell system is computed as:

σn+1 = σn+1
∞ +

N∑
i=1

hn+1
Li +

N∑
i=1

hn+1
T i with σn+1

∞ = L∞ϵn+1 (4.16)

With L∞ as the viscoelastic operator after complete relaxation obtained with µL∞ and
µT ∞. For the case of two Maxwell viscoelastic branches, a total of five parameters for
each deformation mode are necessary, namely [µL, gL1, gL2, τL1, τL2] and [µT , gT 1, gT 2, τT 1, τT 2]
together with the elastic modulus in the fibre direction EL which was assumed to be time-
independent.

4.2.1 Validation and implementation of the VUMAT
This section is dedicated to validating the Abaqus user Fortran routine for the dynamic
analysis of viscoelastic fibre-reinforced composites. By using equation 4.12, the evolution of
the stress state σ(t) for a given strain history ϵ(t) is determined by performing convolution
operations following:

σ(t) = L(t)ϵ0 + L(t) ◦ ϵ̇ (4.17)

The correlation was done by comparing the VUMAT response with the direct analytical
integration of the viscoelastic constitutive equation using the Laplace-Carson transform for
simple loading cases. In this case, a constant velocity deformation history is used as ϵ(t) = ct,
where c is the strain rate tensor. For instance, if longitudinal or transversal shear strain rates
are imposed, then γL(t) = c t or γT (t) = c t where c stands for the prescribed strain velocity.
The Laplace-Carson transformed the time domain viscoelastic constitutive law (4.17) into the
p domain as

σ̂(p) = L̂(p)ϵ̂(p) (4.18)

with L̂(p) = ELJ1 + 2µ̂T (p)(J2 + J5) + 2µ̂L(p)J6. If the strain history is ϵ(t) = ct, then the
Laplace-Carson transformed is ϵ̂(p) = c/p so the calculation of the corresponding stress tensor
is straightforward

τ̂L(p) = 2µ̂L(p) c

p
and τ̂T (p) = 2µ̂T (p) c

p
(4.19)
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Figure 4.3: Abaqus model with a single element for validating the user subroutine. The model is
subjected to simple shear by applying relative displacements between opposite faces of
the element at different velocities.

with the Laplace-Carson transformed µ̂T (p) and µ̂L(p) Prony’s series as as

µ̂L(p) = µL(1 −
N∑
i

gLi

τLi

1
p + 1

τLi

) and µ̂T (p) = µT (1 −
N∑
i

gLi

τLi

1
p + 1

τLi

) (4.20)

Introducing equation 4.20 into equation 4.19, simplifying and applying the inverse transforma-
tion of the Laplace-Carson to return to the time domain t, the response in shear for constant
velocity tests are obtained accordingly

τL(t) = 2µLc

(
t −

N∑
i

gLit +
N∑
i

gLiτLi(1 − e
− t

τLi )
)

(4.21)

τT (t) = 2µT c

(
t −

N∑
i

gT it +
N∑
i

gT iτT i(1 − e
− t

τT i )
)

(4.22)

Equations 4.21 and 4.22 were compared with the corresponding response obtained with the
Kaliske integration of the viscoelastic response through the VUMAT under 0.006, 0.012
and 0.024 mm/min using arbitrary material properties with two Maxwell mechanisms for
longitudinal and transverse shear. The agreement was excellent, with a clear identification of
the velocity’s role in the material’s viscoelastic response.

4.2.2 Simulation of the [±45]2s experimental case
After numerically validating the VUMAT using a single element, it is necessary to conduct a
validation of the full tensile test. A specimen is modelled using the Finite Element Method
(FEM) in the Abaqus software interface, considering an explicit solver. The model consists
of 8 layers with a stacking sequence of [±45]2s. The total number of elements is 8720, with
19360 nodes. The model, designed specifically for this circumstance, faithfully reproduces the
cured tabs, assuming tightly connected contacts between layers as an essential simplification
to replicate the complexities of the real situation. The boundary conditions simulate the
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Figure 4.4: Validation of VUMAT time integration with an analytical model obtained by applying
the Laplace-Carson transform to longitudinal and transverse shear tests at constant
velocities of 0.006, 0.012, 0.024 mm/min.

tensile tests by fixing one end of the specimen and applying strain rate control to the opposite
end. Figure 4.5 illustrates the design of the specimen.

In order to replicate the experimental testing, the simulated specimen is designed to have
identical dimensions to the actual specimen, measuring 200x20 mm. Additionally, the grip
used in the simulation measures 20x20 mm2. Three velocities were employed to regulate the
tensile test in the simulation: 0.5 mm/min, 1 mm/min, and 2 mm/min which correspond to
the experimental testing conditions. This was done to examine the impact of the strain rate
in the material and observe the viscoelastic effect.

Figure 4.6a demonstrates that the numerical simulation closely approximates the experimental
data. The presence of variation in the curves is attributed to the boundary conditions
employed in the simulation. In this simulation, the layers are assumed to be tied together,
implying that the interactions between the plies are neglected and not considered. Enhanced
outcomes can be achieved by considering the cohesive contact within the same layer and
effectively utilising the findings from friction tests. Another unconsidered element was the
impact of the observed fibre rotations during the experiments. Although the experiments were
stopped prior to achieving a noticeable fibre rotation, a minor rotation may occur within the
strain range we investigated. This minimal rotation may slightly modify the stress response,
which is not taken into account in the current stage of the computer model. Due to time
constraints and the need for conciseness, simulations with those conditions were not conducted.
However, the implementation of contacts to more accurately align with the experimental
results is left for future consideration.
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Figure 4.5: Numerical Model of the [±45]2s specimen
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Figure 4.6: a) Impact of strain rate on the viscoelastic material in the numerical specimen when the
VUMAT routine is utilised. b) Comparison between the Numerical Results obtained
with Abaqus using the VUMAT and the experiments on the specimen [±45]2s.

Nevertheless, Figure 4.6b demonstrates the impact of strain rate on the [±45]2s specimen.
The results in this case are quite accurate. It is feasible to observe the impact of velocity on
the viscoelastic behaviour of the material, just as this effect is observed in the experimental
findings. This supports, affirms, and verifies the findings achieved with the VUMAT depicted
in Figure 4.4 in the preceding paragraph.

4.3 Interply friction modelling: lubrication theory
The friction process in the range of the experimental data was modelled using the lubrication
theory (Rashidi et al., 2021). The geometry of the rough surface of the prepreg ply was
modelled as a sinusoidal function (Burstein, 2008), as sketched in Figure 4.7 where:

y+(x) = h0

2 + A cos(2πx

L
) (4.23)

y−(x) = −h0

2 − A cos(2πx

L
+ δ) (4.24)
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In this expression, A stands for the wave amplitude, L is its wavelength, and h0/2 is half
of the total average thickness of the resin layer. The fibre direction is aligned with the x
axis in Figure 4.7 a). The roughness measurement estimated the amplitude A of the rough
surface, while the optical images were used to characterise the roughness wavelength L. The
same amplitude and wavelength were used for all the calculations irrespective of the testing
conditions (temperature, velocity and pressure). In the case of prepreg-prepreg contact, it
can be assumed that both waves are equal but delayed with a phase angle δ[0, 2π]. Therefore,
the thickness of the resin layer can be calculated by subtracting y+(x) − y−(x) as

h(x) = h0 + 2A0 cos δ cos(2πx

L
+ δ) (4.25)

Figure 4.7: a) Geometry of the two rubbing surfaces, b) Sketch of the pressure distribution during
sliding.

Assuming that the upper part of the model slides respecting the lower at a rate given by U̇ ,
the resin pressure inside the layer is developed according to the Reynolds theory. Without
loss of generality, the resin pressure distribution pr in the sliding length can be studied by
analysing a repeating unit in the domain x̂[0, L], see Figure 4.7 b)

Under these assumptions, the pressure distribution pr(x̂) is governed by the one-dimensional
Reynolds equation according to

∂

∂x̂
(h3

η

∂pr

∂x̂
) = 6U̇

∂h

∂x̂
(4.26)

This differential equation is solved with two zero pressure boundary conditions at the edges
pr(x̂ = 0) = pr(x̂ = xc) = 0. The point x̂ = xc is also known as the cavitation point at which
the gradient of pressure becomes null; therefore, its spatial derivative is ∂pr/∂x̂ = 0.

The total averaged external pressure acting on the resin can be computed by integration of
the pressure distribution over the domain p̄r =

∫ L
0 pr(x̂) dx̂ and due to equilibrium conditions

it should be equal to the applied external pressure p̄r = pext. Given the applied external
pressure pext, the Reynolds equation’s solution is obtained using a finite difference scheme.
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The details of the discretisation of the Reynolds equation can be found in Appendix A. The
model calculations start by assuming the cavity thickness h0, the wave amplitude and length
A and L as inputs. For the given thickness h0, the cavitation point x̂c is first determined
iteratively by solving the Reynolds equation until the condition ∂pr/∂x̂ = 0 is satisfied. The
resin pressure field pr(x̂) is calculated, and the averaged value is assumed as the external
pressure applied pext. Afterwards, the shear stress distribution τr(x̂) is determined according
to

τr(x̂) = η
U̇

h
+ h

2
∂pr

∂x̂
(4.27)

being the averaged value τ̄r the results of its integration over the domain as τ̄r =
∫ L

0 τr(x̂) dx̂.
Lastly, the friction coefficient is determined as µ = τ̄r/p̄r as a function of the applied pressure,
velocity and viscosity. The model outputs are summarised in terms of a curve with the
dependence of the friction coefficient on the Hersey number as µ = µ(H) = µ(ηU̇/p). The
model can also be applied for prepreg-tool contact by simply decreasing the amplitude in
equation 4.25 to half of the current prepreg-prepreg value, although the model’s sensitivity in
this range is not remarkable.
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Figure 4.8: Comparisons between the analytical model and experimental results for the Stribeck
curves for the friction coefficient: a) Prepreg-prepreg contact, b) Prepreg-tool contact.

According to the formulation described in the previous section, the model inputs necessary
were the wavelength L and the surface roughness or wave amplitude A. The first variable
is estimated from a distance between the accumulated resin peaks observed on the prepreg
surface after friction and the second value from the mean amplitude corresponding to the
rough surface geometry. The respective values were set from the profilometry analysis and the
optical microscope examinations (Table 3.1) to L ≈ 64µm and A ≈ 3.5µm. For the case of
Ply-Tool, it was considered that the rough surfaces involved in the friction mechanism were the
same as the other case since the experimental analyses presented similar outcomes. The range
of resin layer thickness was h0 = [3 − 15µm], covering the experimental values measured from
the consolidated coupons presented in Figure 3.11 c). The predictions of the friction coefficient
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Figure 4.9: Model sensitivity analysis: a) Effect of wavelength L variation keeping a constant
roughness A, b) schematic illustration of the wavelength changing. In c) is the effect
of the roughness variation keeping constant wavelength L, in d) is the schematic
illustration of Amplitude changing.

as a function of the Hersey number µ = µ(H) obtained using the baseline model parameters
are presented in Figure 4.8 a) for prepreg-prepreg and 4.8 b) prepreg-tool contacts. Each
experimental case tested is represented by solid symbols, while the continuous line represents
the analytical prediction with the Reynolds model. As shown, the model reasonably suits the
experimental results for both cases with a slight discrepancy with the prepreg-prepreg contact
case at high values of the Hersey number. The friction coefficients in this part of the curve
correspond with the experiments carried out at 40◦C. At this temperature, the resin was less
viscous and sliding can be interpreted as dry lubrication, producing an increase in the shear
stress and, consequently, higher friction values (Burstein, 2008; Heshmat and Walton, 2016).
This effect is not observed for the prepreg-tool case since the metal surface contains fewer
asperities, allowing an easier slide and, therefore, lower friction value.

The model sensitivity to the input parameters was inspected by varying the values of wave-
length L and roughness A. From Figure 4.9 a) can be concluded that a higher wavelength
value L significantly reduces the friction coefficients. The resin build-up pressure pr due to
the geometrical effects is less pronounced as L increases. The illustration presented in Figure
4.9 b) evidences this occurrence by representing the effect of having a high or low wavelength
on the same rough surface. The presence of more resin accumulations (i.e. low wavelength
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Figure 4.10: Interlayer resin thickness, predicted with the developed model, as a function of the
Hersey number.

value) restrains the slide between both surfaces. In comparison, fewer resin accumulations
(i.e. high wavelength value) make the prepreg surface easier to pull out. On the other side,
by changing the roughness value A, the curve tends to change the friction slope against the
Hersey number. However, by exploring the scatter values observed in the roughness A (see
Table 3.1), no significant variation was observed, see Figure 4.9 c) and the corresponding
representative illustration 4.9 d).

In addition to the analytical model’s estimation of friction coefficients and Hersey numbers, a
range of resin layer thicknesses associated with a Hersey number is obtained as an auxiliary
outcome of the model. The results are presented in Figure 4.10. This output can be employed
to obtain the value of the parameters governing the phenomenon, i.e. the expected thickness
of the equivalent sliding layer if the Hersey number is estimated.

4.3.1 Resolution of the Reynolds equation
The Reynolds equation is solved employing finite differences by discretising the x̂ domain
between [0, L] with n divisions.

∂

∂x̂
(h3

η

∂pr

∂x̂
) = 6U̇f(x) (4.28)

where f(x) = ∂h
∂x̂

is the analytical derivative of the cavity thickness function. The first and
second derivatives of the equation were discretised using central differences leading to the
following 3-point stencil

( 1
∆x2 + 3fi

2∆xhi

)pi+1 − 2
∆x2 pi + ( 1

∆x2 − 3fi

2∆xhi

)pi−1 = 6ηU̇
fi

h3
i

(4.29)

The resulting linear equation system is constrained with the resin pressure at boundaries
pr(x̂ = 0) and pr(x̂c) = 0. The selection of xc is achieved iteratively until the additional
cavitation condition is fulfilled ∂pr(x̂c)/∂x̂ = 0. Pressure and shear stress for x̂ > x̂c
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Figure 4.11: Representation of thermoforming geometry

were assumed to be zero. Once xc is found, the thickness average cavity thickness h0 is
increased/decreased until the average pressure is equal to the external one. Then, the
corresponding shear stress and the friction coefficient are computed for the given friction
conditions (pressure, temperature and sliding velocity).

4.4 Thermoforming Modeling
The overall objective of this study is to contribute to the thermoforming production process
by comprehending the occurrence of defects such as wrinkles and seeking to determine the
optimal combination of process parameters to improve production. A model was designed to
simulate the consolidation process of a rectangular unidirectional prepreg laminate [0]32 with
a thickness of 6.4 mm. The laminate was placed on a rigid angular surface with a radius of
10mm. Figure 4.11 illustrates the geometric configuration of the stress distribution problem,
which comprises a curved tool and two closing components that induce the bending of the
laminate around the filled corner. As the forming parts are lowered, the laminate experiences
tension, leading to the compression of layers, subsequent buckling in a direction perpendicular
to the plane, and ultimately, the creation of wrinkles.

Simultaneously, a fresh prepreg laminate consisting of 4 layers and a laminate sequence of [0]4
is employed to explore the difficulties with reduced computing time. Both configurations are
positioned on a hard surface that forms a 90° angle with an established radius of 10 mm. The
force is applied through a membrane, producing a displacement of 120mm. This displacement
corresponds to the actual movement of the membrane in a real thermoforming production
process. At the same time, a pressure of 1 bar is applied to compress the membrane. This
compression allows the laminate to adapt to the tool once the displacement movement is
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finished.

The mesh employed is solid, consisting of 8 nodes per element. The 4-layer model comprises
275,000 elements, while the 32-layer model comprises 515000 elements. The computation
approach used is explicit. Figure 4.12 displays the initial arrangement of the simulation for the
4-layer carbon and its related mesh. The 32-layer laminate yields a comparable arrangement.

Figure 4.12: Example of the mesh used in the simulation of thermoforming process

Throughout the production process, the laminates undergo different stress states. One
distinctive characteristic is that the fresh prepreg exhibits a low level of adhesion between
its layers, resulting in the layers sliding in relation to each other during the displacements.
This impacts the density of the laminate, resulting in imperfections such as wrinkles. This
phenomenon may be effectively visualised through modelling, wherein the bending of both the
4-layer and 32-layer laminates demonstrated a noticeable absence of adhesion between layers
and the creation of wrinkles. The contact between the layers is established through a cohesive
interlayer, while the damage is simulated using the Benzeggagh-Kenane cohesive surface law
and a traction-separation law. As demonstrated in the previous chapters, the energy and
stress values utilised are derived from friction tests conducted exclusively on laminates.

Figure 4.13 depicts the industrial production process of a curved prepreg composite part using
the thermoforming technique. This example focuses on the intentional creation of defects by
constraining certain edges of the laminate with a layer of cork.

The simulations attempt to recreate the identical circumstances found in actual production
settings accurately. Every numerical calculation yields an output that accurately replicates the
angular component. The imperfections formed in a curved 4-layer composite are prominently
exhibited in Figure 4.14. The membrane is evidently lowered to exert pressure on the laminate,
resulting in the delamination of the layers and the creation of wrinkles. The leading cause
of wrinkle formation is inadequate adhesion resulting from incomplete prepreg curing, as
previously stated. The lack of sufficient adhesion between the layers and the shear force
causes the uncured resin to insufficiently resist friction, resulting in the sliding of the fibre
plies.

By employing a simulation that closely replicates the actual scenario, one may effectively
observe the complete progression of deformation over time and the subsequent separation and
sliding of layers. Figure 4.15 depicts the complete progress of the 32-layer model, focusing
specifically on the development of wrinkles.
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Figure 4.13: Experimental thermoforming production process of prepreg with wrinkle formation

Figure 4.14: Simulation results of thermoforming process for the 4 layer laminate

At last, Figure 4.16 compares the computer model and the actual result created using a
thermoforming technique. Both exhibit visible wrinkles, along with other shared characteristics
such as the shape of the wrinkles and the sliding of layers.
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Figure 4.15: Evolution in the time of the simulation of the thermoforming process for the 32-layer
laminate.

Figure 4.16: A comparison between the results of the numerical model of a 32-layer thermoformed
prepreg and a real manufactured product
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Chapter 5

Conclusions and Future Work

A thorough investigation and mechanical characterisation of the uncured preimpregnated
AS4/8552 composite material were conducted as part of this research. This comprehensive
investigation was motivated by the industrial application of the material in a thermoforming
process that is frequently used in the aeronautical manufacturing industry. The exploration
was carefully organised, considering a range of significant factors present during the processing,
including temperature, speed of compaction, pressure during consolidation, friction, and the
order in which laminates were stacked. The objective was to reveal detailed and subtle
observations about the behaviour and reactions of the material under different testing and
operational circumstances. The findings established a firm basis for practical use in the
manufacturing process and as a standard for computational models and additional simulations
of the process that involve uncured prepreg composite.

5.1 Conclusions
In terms of the experimental aspect of the study, the key finding was the observation of
the distinctive features of this specific material in its uncured stage when exposed to the
mechanical forces usually encountered during thermoforming procedures. The proposed
sample production method of selectively curing the coupons’ edges while leaving the middle
part uncured was critical in the construction of this thesis. It allowed for detailed mechanical
characterisation, demonstrating a considerable difference of around 50% in the material’s
stress capacity compared to when the edges were not cured in the most significant case. The
issue of the interface slipping in the uncured prepreg laminate was effectively overcome by
introducing a partial curing mechanism (See section 2.3.2). Subsequent experiments revealed
a substantial relationship between the stress reaction and the working temperature, making it
the most impactful variable during testing. Even though heat reduces the material’s stress
resistance significantly, friction, compaction, and laminate freedom to deformation frequently
cause defects in the thermoforming manufacturing process. The mechanical response will vary
depending on the resin migration from semi-solid to fluid upon heat application. Testing the
material at various strain rates causes a viscoelastic impact that affects this response, which
can have both linear-elastic and non-linear stress-strain responses.
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In the case of a longitudinal tensile test, the mechanical reaction was purely linear-elastic.
This is because the stress in this direction is mostly carried by the solid carbon fibres, which
are slightly influenced by the heating conditions. The absence of a viscoelastic effect was
observed, as it is primarily a resin property that has a negligible impact on the stress in this
particular direction.

The transverse tensile test revealed the anisotropy commonly observed in UD fibre-reinforced
laminates, highlighting the matrix’s crucial function in supporting the composite structure
under lateral stresses. However, when exposed to elevated temperatures, the resin’s resistance
was insufficient to conduct a transverse tensile test on a universal tensile machine at the
necessary dimensions due to pre-loading damages in the sample. This inconvenience has
resulted in adopting alternate testing approaches, such as using a specialised rheometer that
enables the execution of the identical test but on a smaller scale. The outcome yielded a
significantly improved analysis of the stress-strain behaviour and the viscoelastic phenomenon.
The stress-strain curve exhibits a consistent non-linear pattern in all cases involving limited
tensile deformation, accompanied by clear indications of damage and fibre-bridging. A notable
observation made from this test was the diminishing impact of varying strain rates on the
stress response as the temperature increased. This phenomenon indicates that the material
exhibits non-Newtonian behaviour at a specific temperature. This is evident since the material
reaches the same stress level at different strain rates, which indicates varied viscosity. The
specific type of non-Newtonian fluid was identified as pseudoplastic.

The same phenomenon is shown in the case of tensile shear stress, where an identical stress
response is observed for all applied strain rates at temperatures of 40◦C and 60◦C. In both
cases, the curves exhibited distinct slopes that can be attributed to an initial elastic reaction
before the occurrence of damage, followed by an elastoplastic deformation. At this temperature,
the samples exhibited a degree of freedom for the fibres to rotate, resulting in a consistent
increase in stress until the damage progresses and the testing is completed. On the contrary,
the samples at room temperature exhibited a distinctive viscoelastic effect characterised by a
non-linear pattern.

Concerning the analysis of friction, a device was designed to conduct experiments on uncured
prepreg composite, enabling the examination of the interaction between the composite layers
and between the material and the mould. The observed results generated multiple uncertainties,
forcing a more thorough examination using supplementary techniques such as profilometry,
tomography, and microscopic analyses. Upon examination of the material surface before and
after the test, distinct geometric features were seen, including resin accumulations, exposed
fibres, and, most notably, a lubricant layer between the surfaces. The experimental outcomes
were mathematically represented using analytical theories such as the lubrication theory and
the Reynolds equation. The Stribeck curve was used to understand better the hydrodynamic
lubrication regime observed in our case study. The result is a set of formulae that enable
us to calculate friction values based on knowledge of the material viscosity and the process
parameters.

The investigation into the compaction behaviour of uncured prepreg laminates reveals the
significant influence of layup configuration and temperature on the compaction process. Layups
incorporating transverse fibres demonstrate increased resistance to compaction, reflecting in
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lesser thickness reduction, a manifestation of the fibre bed effect. This resistance is notably
due to the fibres hindering resin flow during compaction, resulting in a higher load response.
Elevating the temperature alters the resin’s characteristics, reducing its viscoelastic behaviour
and enhancing its capacity to flow. Such changes lead to a diminished fibre bed effect and
decreased load response during compaction, enabling more consistent and uniform compaction
across various layup configurations. The impact of temperature is particularly pronounced at
higher levels, where it substantially lessens the differences in compaction resistance between
layups with varying fibre orientations. As a result, at increased temperatures, the laminate’s
ability to compact is less affected by the ply configuration, allowing for a more efficient
compaction process. This suggests that temperature-conditioned resin behaviour is a critical
factor in the laminate compaction outcome, providing insights into optimising manufacturing
processes for composite materials.

When subjected to bending loads, the two-point bending test accurately captures wrinkle
formation in composite materials. The test’s ability to establish a connection between increases
in torsional strain and the onset and development of wrinkles offers a vital understanding of
the mechanics of defect creation. By conducting meticulous monitoring, the test uncovers the
correlation between the material’s reaction to stress and the formation of wrinkles, which serves
as a crucial indicator of composites’ structural boundaries and restrictions. Adopting this
scientific approach is crucial for enhancing our comprehension of material behaviour and the
adverse impact of wrinkle formation in manufacturing processes for composite constructions.

This research has made significant progress in characterising the behaviour of uncured prepreg
materials in the numerical aspect. The study successfully captures the complex viscoelastic
features of these materials by employing a methodology grounded in the generalised Maxwell
model. This method was essential in precisely replicating the material’s behaviour, especially
when dealing with different shear and velocity circumstances.The numerical study revealed
that the model effectively replicated the viscoelastic behaviour of the material, as demonstrated
by its agreement with theoretical predictions and proven integration methods. The work
demonstrates the capacity to establish a connection between shear response and various
velocity tests, emphasising the significance of strain rate in determining material behaviour.
These findings provide useful insights for practical applications.

The integration of the VUMAT subroutine into the Finite Element Method (FEM) using
Abaqus software was successful in accurately simulating the behaviour of a [±45]2s specimen.
The numerical simulations correctly replicated real-world conditions, demonstrating the
model’s ability to capture the viscoelastic behaviour of the material at different strain rates
with a high degree of fidelity. It is valuable to acknowledge that there were slight discrepancies
detected in the simulation curves. The inconsistencies are mostly caused by the particular
boundary conditions used in the simulation.

The last segment of the numerical simulations focused on achieving one of the goals of this
thesis, which was to computationally model the thermoforming manufacturing process. Two
laminates were consolidated onto a curved metallic mould using a regular thermoforming
process with restricted deformation to intentionally create imperfections in the final product.
Computational simulations and our vectorized user material were used to process the stress
and strain distributions in order to replicate the same process. The simulations accurately
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represented the occurrence of low adhesion between layers, resulting in the sliding of layers
and the creation of wrinkles in both 4-layer and 32-layer laminates. The friction outcomes
were used as parameters to indicate the energy and stress in the cohesive interlayer of the
Benzeggagh-Kenane model. This model represented the insufficient adhesion caused by
incomplete prepreg curing, which ultimately led to the whole progression of deformation,
layer separation, and sliding. The definitive comparison between the computer model and the
physical thermoformed result revealed notable resemblances, such as observable wrinkles and
other common attributes, including wrinkle shape and deformations.

5.2 Future research
The journey towards accurately characterising the material involved unexpected obstacles,
uncertainties, and several decisions. These were necessary to establish a foundation for
accurately describing the thermoforming manufacturing process and developing an initial
material model. Certain aspects of the material were neglected, along with numerous possible
suggestions to characterise or thoroughly investigate the behaviour of the laminate during
the production process. This thesis will provide suggestions and information about potential
future research that could enhance and complement the investigation.

• Initially, it was discovered that there is a lack of viscosity data for the AS4/8552
material at temperatures lower than 40◦C. In order to fill this void, the viscosity
was approximated using the Arrhenius equation. To facilitate future research, it is
recommended to experimentally measure the viscosity of this prepreg material at
temperature ranges where data are currently unavailable.

• An important focus of research involves investigating the rotation of fibres that occurs
during the mechanical testing of uncured prepreg materials. Although attempts were
taken to limit this occurrence by keeping the strain range free from fibre rotation,
it would be remarkable to conduct additional research on its impact on mechanical
behaviour and the interaction of laminates. Considering the rotation of fibres could allow
for investigations with greater strain ranges, therefore enabling more comprehensive
simulations. These simulations would be useful in investigating the shapes of components
that experience significant deformation, leading to a more comprehensive comprehension
of material properties under different circumstances.

• Additional defects detected during the high strain test included fibre bridging, fibre
breakage, and resin bleeding (particularly in situations involving compaction). These
defects were not considered in our existing calculations and formulations, so analysing
their behaviour could be critical to understanding the failure modes of uncured prepreg
laminates. Exploring these events has the potential to provide significant parameters
for developing more detailed damage models.

• The stacking sequence in a laminate is a crucial factor in the design of new components,
as it directly influences their behaviour. Examining various stacking sequences commonly
seen in aerospace applications or new stacking proposals in conjunction with various
tests, such as tensile, compaction, and friction testing, has the potential to create an
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extensive database. This database would be invaluable in understanding the impact of
varying stacking sequences on the performance of composite components under different
scenarios. Moreover, the development of algorithms that establish a connection between
stacking sequence and processing conditions in order to estimate mechanical reactions
could be highly advantageous.

• The two-point bending test device designed in this study has substantial potential for
producing data related to imperfections in the thermoforming process. The device
provides diverse evaluative options due to its capacity to handle various process vari-
ables, including specimen dimensions, stacking sequences, torque, and temperature.
Given that bending plays a crucial role in thermoforming, this device can be used to
predict the behaviour of a laminate when subjected to different combinations of process
variables during thermoforming moulding. Furthermore, its capacity to provide real-time
visualisation of the development of wrinkles in the laminate enables both qualitative
and quantitative evaluation of this frequent defect. Better integration of this equipment
into this research could greatly improve our comprehension of the behaviour of uncured
prepreg laminates during thermoforming.

• It is crucial to further investigate the capabilities and limitations of the numerical
model in order to find potential areas for improvement. An effective initial step would
be to perform simulations utilising a single element, similar to the one described in
Section 4.2.1, but with varying fibre orientations as considered in Section 3.5. This
technique would facilitate a more thorough comprehension of the model’s suitability
across different laminate configurations.

• Although the generalised Maxwell technique yielded satisfactory outcomes in our specific
scenario, it is important to acknowledge the existence of several models that can be
employed to represent mechanical responses, including viscoelastic effects. Exploring
the implementation of alternative models in our scenario could be beneficial for research.
The Kelvin-Voigt model, Standard Linear Solid model, and Burgers model, among
others, could provide enhanced computational representation of the thermoforming
process.

• Ultimately, it is clear that simulations require a more precise representation of the
interactions between layers in laminates. Although the Benzeggagh-Kenane model
has potential utility, it may not be adequate to rely exclusively on friction coefficients
within this model. Usually, the parameters for this model are supplied with fracture
resistance values acquired from tests such as the Double Cantilever Beam (DCB) and
End-Notch Flexure (ENF), which are used to determine the interlaminar fracture
resistance in Modes I and II. Nevertheless, performing these tests on uncured prepreg
composite laminates is impractical, indicating the necessity for other approaches. A
potential suggestion is to do peel adhesion tests, as their outcomes may fit better the
Benzeggagh-Kenane model compared to friction parameters.
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