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ABSTRACT

With global climate goals driving the aviation industry to reduce emissions, there is a push to
maximise fuel efficiency in current and future aircraft. This can be achieved by techniques such
as Hybrid Laminar Flow Control (HLFC), which reduces drag by pulling airflow through
perforated leading-edge surfaces, delaying the onset of turbulent airflow. Carbon fibre
reinforced polymer composites (CFRP) are recognised as a viable alternative to certain
aerospace materials due to their low weight and exceptional properties, with HLFC being one
system that could benefit from their use. The outer skin of HLFC systems, traditionally made
from titanium, undergoes a laser micro-perforation process tailored to the material being
perforated. If CFRP is to replace titanium, understanding the effect this process has on the
thermal properties of the polymer matrix, such as the linear coefficient of thermal expansion
(LCTE) and glass transition temperature (Tg), is essential. In this work, various thermal analysis
techniques were employed to characterise these properties on samples laser drilled by
CAV-Systems. Dynamic mechanical analysis and differential scanning calorimetry were used
to determine variances in Tq across perforated and non-perforated samples. Thermomechanical
analysis was used to determine the effect of laser processing on the LCTE of CFRP.

1. INTRODUCTION

There is a demand for the aviation industry to reduce its emissions in line with global climate
goals set out in the Paris Agreement. As such, there is a continual drive to maximise the fuel
efficiency of current and next-generation aircraft. There are many ways in which this can be
accomplished, but perhaps most significantly, by reducing airframe drag, which is one of the
leading factors influencing fuel burn [1]. Various methods can be implemented to achieve this,
with one technique being Hybrid Laminar Flow Control (HLFC). HLFC systems are designed
to reduce drag by pulling airflow through perforated leading-edge aircraft surfaces. This delays
the onset of turbulent airflow to further aft on the wing.

Carbon fibre reinforced polymer composites (CFRP) are widely regarded as a viable alternative
to certain aerospace materials due to its light weight and exceptional properties, which could
help save weight, and hence, reduce fuel burn during flight [2]. HLFC is one example of a
system that could benefit from the usage of CFRP, due to its substantially higher strength-to-
weight ratio than traditionally used titanium. Additionally, the next generation of electric
vertical take-off and landing (eVTOL) aircraft are likely to be composed of complex
geometries that traditional aerospace materials such as titanium may not be suitable for with
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current manufacturing technologies. CFRP may therefore offer more flexibility with regard to
manufacturing these complex parts.

HLFC systems consist of a micro-perforated outer skin that is mounted on aircraft leading-
edge surfaces. This outer skin is traditionally manufactured from titanium, which is laser drilled
to produce the perforated surface through which boundary layer suction is applied during flight.
Replacing these perforated titanium panels with CFRP is not a straightforward procedure, as
the laser-drilling process is specifically tailored for a given material, and there are significant
challenges related to the laser drilling process of composite materials. These challenges arise
as a consequence of the dissimilar thermal properties of the reinforcing fibres and resin matrix.
It is therefore essential that there is a solid understanding of the effect that this laser drilling
process has on the thermal properties of the polymer matrix. This understanding is critical in
ensuring the polymer’s thermal properties are not negatively impacted by the laser drilling
process.

In order to characterise the thermal effect of laser drilling on the CFRP composites, several
thermal analysis techniques were employed. These techniques included dynamic mechanical
analysis (DMA) and differential scanning calorimetry (DSC) which were used to measure the
glass transition temperature (Ty) of the perforated and non-perforated CFRP samples.
Thermomechanical analysis (TMA) was also used to establish if there was any effect on the
linear coefficient of thermal expansion (LCTE) of the CFRP samples as a result of the laser
drilling process.

2. RESEARCH TESTS & EXPERIMENTS
2.1 Materials

The test specimens used in this investigation were manufactured by both prepreg and resin
transfer moulding (RTM) manufacturing processes. Balanced and symmetrical laminates were
constructed for both the prepreg and RTM specimens, resulting in a nominal thickness of 2 mm
for both materials. The prepreg was unidirectional SkyFlex K51 Epoxy Carbon Fibre Prepreg
with 33 % resin content by weight, comprised of Toray T700 high strength carbon fibres and
K51 resin, a standard grade epoxy. The prepreg laminate was constructed from 14 plies of the
UD material with a ply stacking sequence of [0/45/-45/90/0/45/-45]s. The RTM specimens
were manufactured from biaxial carbon fibre fabric consisting of Tenax IMS65 intermediate
modulus carbon fibre filament yarn, infused with IN2 epoxy resin. The RTM laminate was
constructed from four plies of the biaxial carbon fibre fabric, with each ply containing two
orthogonal in-plane fibre orientations. This resulted in an eight-layer ply stacking sequence of
[0/90/45/-45]s.

2.2 Specimen Preparation

Square CFRP laminates were produced by RTM and prepreg manufacturing processes. The
test specimens were then water jet cut from the cured laminates. For the production of the
prepreg laminate, a vacuum-bagged out-of-autoclave oven curing process was used. A
laminate measuring 300 mm x 300 mm, with a thickness of 2 mm, was laid up by hand on a
flat toughened glass moulding plate that had been coated with six layers of a semi-permanent
release agent. In order to maintain the laminate shape and prevent resin leakage, cork tape was
applied around the laminate edge. A layer of release film was placed on top of the laminate,
followed by a flat aluminium plate to ensure an even distribution of consolidation pressure.
The laminate was covered with a breather fabric to facilitate airflow and bleed excess resin.
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The setup was then inserted into an enveloped vacuum bag, with a vacuum hose attached via a
through-bag connector. Once the entire setup was transferred to the curing oven, vacuum was
applied and the laminate was cured at 125 °C for 90 minutes, with a heating and cooling ramp
rate of 2 °C per minute. The cured laminate was demoulded once cooled to room temperature
and was water jet cut to produce the prepreg test specimens.

The RTM specimens were manufactured using an XM-5103, an adjustable cavity RTM test
panel tool from composite integration. The RTM mould cavity measured 500 mm x 500 mm
with an adjustable depth. In order to accommaodate the four layers of biaxial carbon fibre fabric
and create a laminate with a similar fibre volume fraction to that of the prepreg laminate, the
mould cavity depth was set to 2.2 mm. The upper and lower mould surfaces were coated with
six layers of a semi-permanent release agent prior to inserting the carbon fibre preform into the
mould. With the carbon fibre fabric positioned in the mould, the RTM tool was closed and
mechanically clamped. Resin infusion was carried out using a vacuum pump, with the mould
cavity heater set to 35 °C with the intention of reducing the resin viscosity to assist the infusion
process. Once the resin front reached the central outlet and began to flow through the outlet
piping, the resin infusion process was complete. The system was then sealed, and the cavity
heater was enabled, with the temperature set to 80 °C. An insulating blanket was placed over
the RTM and the resin was allowed to cure for 3.5 hours. After cooling to room temperature,
the air ejector system was used to aid in demoulding by breaking the surface tension between
the lower mould surface and the cured laminate. The test specimens were then water jet cut.

2.3 Laser Drilling

The test specimens were laser drilled by CAV-Systems, who specialize in laser technology
specifically tailored to manufacture their aircraft ice protection and drag reduction products.
Perforated and non-perforated samples were selected in an alternating pattern to minimise the
effect of variability across the laminates. The specimens were drilled in the central gauge
section to create a square-pitched array of holes, with a 1.5 mm hole pitch. Figure 1 shows the
drilled DMA, TMA, and DSC specimens.

(@)

Figure 1. Perforated specimens: (a) Overview, (b) TMA, (c) DMA close-up view, (d) DSC
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2.4 Optical Microscopy

The laser-drilled holes were inspected by optical microscopy to determine their shape, quality,
and dimensions. Three holes were randomly selected from each test specimen, and micrographs
were taken of both the entrance and exit sides of each hole. Transmitted light microscopy was
used to measure the hole diameters as it provided clear images of the hole edges. These
measurements were obtained using the image processing software ImageJ. Reflected light
microscopy was found to be better suited to studying surface characteristics such as the heat
affected zone (HAZ) which was visible on both entrance and exit surfaces around the holes.
Examples of micrographs taken with both of these methods are shown in Figure 2.

Figure 2. Micrographs of holes: (a) Transmitted light microscope image, (b) Reflected light
microscope image

2.5 Thermal Analysis Techniques

The CFRP samples were characterised by means of three thermal analysis techniques: DSC,
DMA, and TMA. These techniques were used to determine the glass transition temperature and
coefficient of thermal expansion of the laser-drilled and non-drilled CFRP materials. Figure 3
depicts the three experimental setups for the thermal analysis.

Figure 3. Experimental setups for thermal analysis: (a) DSC, (b) DMA, (c) TMA



Characterising the thermal effect of laser perforation on carbon fibre reinforced epoxy composites for the aerospace sector

2.5.1 DSC

DSC testing was conducted in accordance with the testing standard ASTM E1356 [3]. For this
investigation, a TA Instruments Q20 DSC with a flowing nitrogen environment was utilized.
Samples weighed between 10 mg and 20 mg, which is within the range required by the
standard. At least 10 samples were tested for each variable under investigation. Due to the
small size requirements of the DSC samples, it was found to be impractical to water jet cut and
laser drill them individually. Instead, DSC samples were taken from the central gauge section
of perforated and non-perforated tensile specimens that had previously been tested. It was
ensured that all DSC samples were approximately the same size and shape, and that the
perforated samples all contained the same number of laser-drilled holes. For each test run, the
sample was weighed and placed into an aluminium pan. The sample pan was then inserted into
the DSC furnace chamber, along with an empty reference pan. The chamber was equilibrated
to -30 °C and held isothermally for five minutes. Once equilibrium was achieved, the
temperature was ramped at a rate of 10 °C/min to 180 °C. The chamber was then cooled at a
rate of 20 °C/min to 25 °C. A final temperature ramp at a rate of 10 °C/min to 180 °C was
carried out which marked the end of the test run. Upon completion of all tests, the results were
analysed using TA Instruments Universal Analysis software to determine the glass transition
temperatures of the samples according to the method prescribed by the standard.

2.5.2 DMA

The ASTM standard D7028 [4] was followed for DMA testing of the CFRP samples, with a
TA Instruments Q800 DMA used to run the tests. The samples had a rectangular cross-section,
13 mm wide and 64 mm in length, with a support span length of 50 mm. Width and thickness
measurements were taken for each individual sample using callipers with a resolution of
0.01 mm. These values were input into the instrument’s control software before the start of
each test. Five perforated and five non-perforated samples were tested for both the RTM and
prepreg materials. The perforated samples contained a centrally aligned square-pitched array
of holes, with all perforated specimens containing the same number of holes. Once measured,
the specimens were inserted into the three-point bending fixture within the DMA and the
furnace was then closed. The heating schedule involved equilibrating to 25 °C and holding
isothermally for five minutes, followed by a temperature ramp to 180 °C at a constant heating
rate of 3 °C/min. Although the standard recommends a heating rate of 5 °C/min, it also notes
that this represents a compromise, and that lower heating rates are recommended for greater
precision. As such, a heating rate of 3 °C/min was selected to strike a balance between precision
and time efficiency. Throughout each test, an oscillatory force was applied to the sample by
the central loading nose of the three-point bending fixture at a frequency of 1 Hz. The DMA
was operated in constant strain mode with a strain amplitude of 0.1 % and a preload force of
1 N. The force and displacement data were recorded as a function of temperature, and TA
Instruments Universal Analysis software was used to interpret the results and assign the Tgy of
the samples according to the standard method set out in ASTM E1640 [5]. The standard defines
the preferred method of T4 assignment to be the extrapolated onset to the sigmoidal change in
storage modulus (E'). However, the peak of the loss modulus (E”) and peak of tan ¢ are also
generally accepted to represent the temperature range over which the glass transition takes
place. Hence, T4 values determined by all three of these methods are reported and compared.
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2.5.3 TMA

To determine the LCTE of the CFRP samples, TMA testing was performed using a TA
Instruments Q400 TMA following ASTM E831 guidelines [6]. Each sample measured
5 mm x 5 mm with the thickness varying slightly between the two materials. The samples were
water jet cut in such a way that they remained connected to each other by a thin tab of material.
This can be seen in Figure 1 (a). The reason for this was to facilitate the laser drilling process,
as it would have been challenging to accurately and consistently laser drill such small samples
individually. Each perforated sample was drilled with a 3 x 3 array of holes, producing a total
of nine holes per sample. Multiple specimens were tested for the perforated and non-perforated
samples from each material to produce statistically reliable results. A standard flat-tipped
quartz expansion probe was used to measure the dimension change of the CFRP samples during
the heating cycle. For each test, a specimen was placed on the quartz stage with the flat end of
the expansion probe resting on top of the specimen. With the auto measure system zeroed prior
to specimen insertion, the initial specimen length was measured at room temperature by the
instrument under a specified preload force of 0.1 N. This value was automatically transferred
to the instrument control software. The furnace was then closed, and the heating program was
initiated, with a continuous flow of dry nitrogen maintained throughout the test. The furnace
temperature was equilibrated to -50 °C and held isothermally at this temperature for five
minutes. The specimen was then heated at a constant rate of 5 °C/min to a temperature of
180 °C which was maintained for five minutes. The furnace was then cooled down to room
temperature and the specimen was removed. Throughout the test, a constant force of 0.1 N was
applied by the probe to ensure that there was contact between it and the specimen. Universal
Analysis software was then used to analyse the results. The dimension change of the specimen
was plotted as a function of temperature, with the gradient of the slope on either side of the Ty
being used to calculate the LCTE. The T4 was determined by following the steps outlined in
ASTM E1545 [7], where it is defined as the intersection of the tangent lines to the thermal-
expansion curves before and after the transition region.

3. RESULTS

3.1 Hole Measurements

Table 1 outlines the hole dimensions measured from the optical microscope images. The mean
entrance and exit hole diameters were found to be 66.8 um and 51.3 pm for the prepreg, and
58.7 um and 58.0 um for the RTM, respectively. The tapering of the holes is a crucial design
element, as it prevents debris from clogging the holes when the smaller hole diameter is situated
on the outer surface of the leading-edge panel. This hole taper is an intrinsic feature of the laser
drilling process and is largely a result of less laser energy being available for material ablation
at deeper hole depths as energy is absorbed by the inner hole surfaces [8]. Careful selection of
the laser parameters can therefore determine the degree of taper exhibited by the holes as
required for the product’s specific application.

The extent of the HAZ around the holes was also studied, with the results presented in Table 1.
The HAZ is defined as the area of exposed fibres surrounding the holes, resulting from
vaporisation of the resin matrix which is facilitated by heat conduction through the carbon
fibres [9]. The preferential heat conduction along the fibre direction results in the HAZ
exhibiting an elongated shape, extending further along the longitudinal fibre direction than in
the transverse direction. Consistent with expectations, the HAZ was larger around the entrance
holes than it was around the exit holes. This can again be attributed to the reduced laser energy
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that is present at the hole exit surface. It was also observed that, despite having comparable
average HAZ sizes, the RTM specimens contained a small proportion of holes with an
exceptionally large HAZ. It is thought that resin rich areas present on the RTM surface were
the main cause of this. As such, refinement of the RTM manufacturing process will be of the
highest priority in future investigations in order to mitigate this effect.

Table 1. Hole diameter and HAZ measurements

Hole Diameter (um) HAZ Area (um?)
Material Type  Entrance Side Exit Side Entrance Side Exit Side
Prepreg 66.8 51.3 57157 22016
RTM 58.7 58.0 60932 19459

3.2 DSC Results

It can be challenging to accurately detect the glass transition in composite samples using the
DSC method. This is due to the low concentration of resin in the composite samples, resulting
in a transition that is very weak and sometimes even invisible to the DSC [10]. Despite this,
measurements of the Tq were successfully made using the DSC data. It should be noted
however, that the T4 values measured by DSC typically differ from those measured via DMA
and TMA. This is due to inherent differences between the measurement technigues. As such,
the Tq values obtained from each method should be considered individually, with comparisons
being made only between the perforated and non-perforated results within each test method.

The Ty measurements of the prepreg and RTM samples are presented in Figure 4 and Figure 5,
respectively. In the case of the prepreg material, no detectable difference was found in the Tg
of the perforated and non-perforated samples. Measurements taken from the first heating cycle
showed mean Ty values of 114.0 °C for the non-perforated samples and 114.8 °C for the
perforated samples, with a similar scatter in results observed between the two sample batches.
The second heating cycle resulted in mean Ty measurements of 121.6 °C and 121.3 °C for the
non-perforated and perforated samples, respectively.

The RTM results differed from those of the prepreg, with the perforated RTM specimens
exhibiting a marked decrease in Ty during the first heating cycle compared to the non-
perforated RTM specimens. The Tq of the perforated RTM specimens was approximately 6.4 %
lower than that of the non-perforated RTM specimens and was a highly statistically significant
result (p < 0.001). However, no difference was observed in the Ty of the RTM samples during
the second heating cycle. It is known that a thermoset polymer’s Tq is directly linked to
crosslink density, with a lower crosslink density corresponding to a lower Tq4. Thermal
degradation causes the scission of chemical bonds which reduces the crosslink density and thus
reduces the Tq [11]. Therefore, the observed decrease in the Ty of the perforated RTM samples
could be attributed to the greater degree of thermal degradation present around certain holes
with a significant HAZ, as discussed in section 3.1.
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Figure 5. RTM DSC results

For both materials, the Ty measured from the second heating cycle was higher than the first
heating cycle. This is to be expected, as the purpose of conducting two heating cycles is to
remove the thermal history of the sample, with the second heating cycle showing the thermal
response of the samples unbiased by potential differences in thermal history. In the case of this
investigation however, the thermal history is a key point of interest. The results suggest that
the second heating cycle may effectively mask the effects that laser drilling has on the Ty by
removing this thermal history. Therefore, the results from the first cycle are better suited for
this specific analysis.
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3.3 DMA Results

The DMA test results for the prepreg and RTM materials are displayed in Figure 6, which
shows the Ty as defined by the onset of the storage modulus drop. The results are summarised
in Table 2, which also includes the T4 values determined from the loss modulus and tan 6. All
coefficients of variation (CV) for the results were around 1 % or less, indicating that there was
minimal variability within each test batch. The only DMA Tgq result that met the threshold for
statistical significance was the difference in the onset of the storage modulus drop between the
perforated and non-perforated RTM specimens (p < 0.05). However, the observed difference
was small, amounting to only a 1.1 % lower Ty in the perforated RTM specimens relative to
the non-perforated specimens. Additionally, no detectable difference was found in the Tq of the
perforated and non-perforated prepreg specimens. These results are consistent with the DSC
data, in which the only measurable difference in Tq was in the RTM specimens, while the
perforated and non-perforated prepreg specimens showed similar Ty values. This observed
trend is therefore reinforced by the agreement of the two T4 measurement methods. Given that
DSC is a purely thermal technique for Tq determination, the correlation between the two sets
of results suggests that the observed reduction in RTM Ty is due to thermal degradation caused
by the laser, rather than geometrical effects from the perforations, which may influence DMA
results due to its sensitivity to sample geometry.

Table 2. DMA T4 measurements

DMA Glass Transition Temperature (°C)

Specimen Type  Onset E’ drop (CV %) Peak tan ¢ (CV %) Peak E" (CV %)
Non-Perforated 116.7 (0.6) 134.7 (0.2) 130.3 (0.2)
(Prepreg)
Perforated 116.1 (0.4) 134.8 (0.1) 130.1 (0.2)
(Prepreg)
Non-Perforated 70.0(1.0) 78.8(1.1) 75.3 (1.2)
(RTM)
Perforated 69.2 (0.9) 78.3(1.0) 74.8 (1.1)
(RTM)

One point that must be highlighted regarding the DMA results is the two apparent outliers in
the RTM data, shown in Figure 6 (b). Both the perforated and non-perforated batches contain
an outlying Tg4 value that is markedly higher than the other values within each batch. The reason
for this can be explained by these two samples having been taken from the opposite side of the
laminate from which the other samples were taken. This was done to determine the uniformity
of the manufacturing and curing process throughout the laminate. A slight variation in
thickness across the laminate was identified, and the outlying samples were found to be
approximately 2 % thinner than the rest of the samples. Consequentially, the T, of these
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Figure 6. DMA results: (a) Prepreg, (b) RTM

samples were approximately 2 % higher than the mean T4 of the other samples within their
batch. It is possible that the thinner samples achieved a marginally higher degree of cure due
to their reduced thickness, and hence more efficient heat transfer, which in turn lead to the
small increase in Tq that was observed. Despite this, the outlying samples showed a similar
relative difference in Ty to that observed between the batch means, and the overall difference
between the perforated and non-perforated Tg still proved to be statistically significant.

3.4 TMA Results

The results from the prepreg and RTM TMA tests are illustrated in Figure 7 and Figure 8,
respectively. For both materials, and for both the pre-Tg and post-Tg measurements, the LCTE
was found to be slightly lower in the perforated samples compared to the non-perforated
samples. The prepreg showed a 14.4 % decrease in the pre-Tq LCTE and a 10.0 % decrease in
the post-Tg LCTE following laser perforation. The observed drop in LCTE of the perforated
RTM samples was marginally greater than that of the prepreg, with the pre-Tq LCTE decreasing
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Figure 7. Prepreg TMA results
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by 15.6 % while the post-Tq LCTE decreased by 18.9 %. The underlying mechanisms
responsible for this reduction in LCTE are not yet fully understood. Therefore, further
investigation is required to elucidate this behaviour.

An attempt was made to measure the TMA Tg of the samples according to the method described
in section 2.5.3, but it was ultimately unsuccessful due to the presence of a transient region
between the pre-Tg slope and the post-Tq slope. There are several potential causes of this, such
as residual stresses in the sample and changes to the sample geometry as it settles. While this
transient region can effectively be removed by conducting a second heating cycle, the results
from DSC testing demonstrated that this would remove the thermal history of the sample and
make the effects of laser drilling undetectable. Therefore, the TMA Tg results have been
omitted from the analysis.

4. CONCLUSIONS

In this work, three thermal analysis techniques were used to determine the Tg and LCTE of
laser perforated carbon fibre composites. CFRP samples were manufactured using both prepreg
and RTM processes, with comparisons being made between the relative effects of the laser
perforation process on both materials. The results from DSC and DMA testing were in
agreement, indicating that the prepreg specimens experienced no measurable reduction in Tq
due to laser perforation, while the perforated RTM specimens exhibited a clear but minimal
loss in Tg. It was suspected that this was a result of the greater degree of thermal degradation
that the RTM specimens experienced during the laser perforation process, compared to the
prepreg specimens, which exhibited minimal thermal degradation in the resin. Additionally, it
was discovered that a second heating cycle rendered the effects of laser drilling virtually
undetectable through DSC measurements. TMA testing revealed that while there was some
detectable reduction in LCTE following laser perforation, this effect was again minimal. It can
be concluded then, that while the RTM manufacturing process requires some refinement in
order to reduce the degree of laser induced thermal degradation, the laser perforation process
ultimately had no practically significant effect on the Ty or LCTE of the CFRP samples.
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