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ARTICLE INFO ABSTRACT

Keywords: The present work seeks to characterise the micromechanical properties of carbon fibre/poly(etherketoneketone)

CF/PEKK (CF/PEKK) composites with different crystallinity levels and morphologies. CF/PEKK laminates were manufac-

iompomz ' tured under various compression-moulding and automated tape placement (ATP) conditions. Nanoindentation
utomated tape placement experiments were performed at different locations across the thickness of the laminates to evaluate hardness and

Nanoindentation . . . . . .

Thermoplastic matrix elastic modulus at the micron scale. The polymer matrix of compression-moulded laminates, which was found to

Interphase be fully crystallised, performed significantly better than the matrix of the ATP laminates. The central region of

the ATP laminates performed slightly better than regions close to the top and bottom surfaces, likely due to a
higher crystallisation development in the central area. A transition in response from the fibre to the matrix bulk
was observed across all samples via nanoindentation testing. Overall, the study of micromechanical properties
can provide insight into the impact of manufacturing conditions on the composite’s performance at the macro
scale, ultimately contributing towards higher-quality end products. To the authors’ best knowledge, the in-depth
work presented in this article is the first to use nanoindentation to characterise the effect of manufacturing

processes on the micromechanical properties of CF/PEKK laminates.

1. Introduction

Poly(aryletherketones) (PAEKs) are a family of semicrystalline
thermoplastics of high interest as a polymer matrix in composites, due to
their suitability for high-performance applications. Poly(ether-
etherketone) (PEEK), the most established of this polymer family, has
been widely studied and is currently a popular option for advanced
composites [1,2]. In recent years, poly(etherketoneketone) (PEKK) is
also becoming an increasingly attractive choice due to the tuneability of
the molecule’s backbone chain, allowing control of material density,
crystallisation rate and resulting properties [3-5]. Studies have char-
acterised crystallisation kinetics of various grades of unreinforced PEKK
and CF/PEKK [4-7], as well as the composite’s mechanical performance
when manufactured using various techniques [8].

In-situ manufacturing techniques are of interest as these are more
energy and time efficient than other conventional processing methods,
such as compression moulding and autoclaving. Automated tape
placement (ATP) is one of such manufacturing methods, attractive due
to its automation, part repeatability, potential as a single-step process
and lower waste production. In-situ manufacturing processes such as

ATP, however, can compromise part quality due to very short exposure
times to heat and pressure, resulting in limited consolidation and non-
uniform crystallinity development. Published studies on in-situ
manufacturing of CF/PEEK demonstrate that ATP can achieve proper-
ties close to autoclave values [9-12], however, in the case of CF/PEKK,
whose crystallisation kinetics are slower, this needs further research
[13].

The fast nature of ATP manufacturing also leads to uncertainties in
the crystallinity evolution when the part is manufactured, as the already
laid material sees heat repasses as more material is laid on top. At the
same time, the tool upon which the material is laid can act as a heat sink
if kept unheated; whereas, if heated, can cause void rebound within the
part being manufactured when held above glass transition temperature
after roller pressure is lost [14-16]. It is therefore essential to under-
stand how processing conditions affect the final part’s performance.

Work has been done on tracking the evolution of heat transfer
[10,17] and its modelling [18-21], as well as some investigations on
how this impacts crystallinity development [17,21]. The generation of
uniform crystallinity throughout the bulk of a manufactured part is a key
requirement for reliable performance during the service life. This is
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quite challenging to achieve when a thermoplastic part is manufactured
using ATP. The measurement of crystallinity across the thickness of
laminates can provide insight into the effectiveness of the
manufacturing method and potential areas of improvement during the
manufacturing process. Differential scanning calorimetry (DSC) has
been used by many researchers to evaluate crystallinity and morphology
of ATP samples [8,9,11,12,14,17], however, DSC provides an average
value of the entire sample being assessed. Lamontia and Gruber [22]
assessed crystallinity variation of a CF/PEKK ATP laminate by milling
different layers of a sample and then performing DSC, however, this is a
quite laborious and time-intensive process. A different way of indirectly
evaluating through-thickness crystallinity requiring less sample prepa-
ration is via micromechanical property characterisation with
nanoindentation.

Nanoindentation is a technique that can be used to measure elastic
modulus and hardness at micron and nano scales, which can thereby
infer crystallinity. A method most commonly used in the field of metals
and ceramics, it is increasingly used on a variety of polymers to test local
properties [23-26]. Recent studies on unreinforced semicrystalline
thermoplastics have shown that nanoindentation can be used to indi-
rectly measure crystallinity of a sample by measuring their micro-
mechanical properties. Christofl et al. [25] successfully measured the
variation in elastic modulus across an injection-moulded polyoxy-
methylene sample cross-section as a consequence of crystallinity and
morphology variation. Indentations close to the sample surface dis-
played a lower elastic modulus than indentations in the bulk, due to top
and bottom surfaces being in contact with injection-moulding tooling
and cooling at a faster rate during manufacturing, therefore having a
lower crystallinity. Similar behaviour has been observed in unreinforced
PEEK [24,26,27], where a higher crystallinity resulted in increased
hardness and elastic modulus values. A bimodal behaviour in fully
crystallised PEEK was reported by Igbal et al. [24], which was initially
associated with the semicrystalline nature of the material. However, the
indentation depths (6 pm) and reported spherulitic sizes of PEEK
spherulites (10-20 pm) most likely provided the homogenised proper-
ties of the polymer rather than the two different phases, due to the
resulting indentation being too large (a triangle with sides of about 30
pm [26]) to distinguish between the phases within a spherulitic struc-
ture. Voyiadjis et al. [26] suggested that this bimodal behaviour could
therefore be due to surface inhomogeneities and studied the importance
of surface finish in tough polymers (specifically PEEK) for nano-
indentation to obtain consistent results. To the knowledge of the au-
thors, no nanoindentation testing on unreinforced PEKK has been
published.

The use of nanoindentation to characterise composite materials has
risen since the 2000 s, with research characterising the reinforcement
and matrix constituents of composites. The performance of the polymer
matrix during nanoindentation experiments is influenced by the pres-
ence of fibres, particularly at large penetration depths [28], and polymer
hardness and elastic modulus values are generally greater as a matrix in
a composite than in neat form [29,30]. Nanoindentation has also been
used to assess reinforcement-matrix interface and interphase properties.
Interface generally refers to interfacial shear strength between fibre and
matrix, where nanoindentation is used for fibre push-in testing; whereas
interphase refers to a “third” transition phase between the fibre and
matrix, tested via grid nanoindentation. Gibson [29] provides a review
of work done on interfaces and interphases for a variety of polymer
composites.

Nanoindentation has been used in the more recent years to charac-
terise CF/PEEK ATP-manufactured laminates, some examples being as
follows. Ray et al. [28] performed nanoindentation on CF/PEEK auto-
claved and ATP laminates, corroborating previous findings that the
presence of crystallinity results in a performance increase. Mola-
zemhosseini et al. [31] studied PEEK-based composites with short CFs
and nano-silica, successfully characterising fibre, matrix and interphase
performance, as well as demonstrating an improvement in the
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performance of PEEK composites compared to its unreinforced form.
Gain et al. [32] performed a study where the impact of consolidation
force and hot gas torch temperature on the matrix and interphase
properties were assessed, finding that increasing both parameters
resulted in hardness and elastic modulus increases during nano-
indentation testing. Additionally, nanoindentation has been used to
evaluate the effect of ion irradiation on the micromechanical properties
of unreinforced PEKK, [33] as well as its thermal degradation behaviour
as a consequence of laser heating [34].

Nano-indentation research on CF/PEKK, on the other hand, is more
limited, with no literature available on ATP-manufactured CF/PEKK
composites. Gaillard and Amiot [35] performed nanoindentation testing
on CF/PEKK prepreg tape in an attempt to observe and model the
presence of an interphase with very low maximum loads of 60pN (and
therefore very small indentations), achieving a very high spatial reso-
lution. The matrix regions close to the fibre were found to be affected by
the presence of the fibre, presenting a fibre-to-matrix modulus gradient
ring around the fibre of approximately 800 nm thickness. It is important
to keep in mind, however, that very small indentations (<50 nm depth)
may produce unreliable results that are influenced by tip blunting or
surface roughness [36]. Ramaswamy et al. [37] employed a nano-
indenter to characterise fibre/matrix interfacial shear strength via fibre-
pushout tests on autoclave-manufactured CF/PEKK laminates. Any
further nanoindentation studies on crystallinity, the effects of varying
parameters in a manufacturing process, or interphase characterisation of
CF/PEKK have not been found by the authors of this work.

This work evaluates micromechanical properties of CF/PEKK lami-
nates manufactured via compression moulding and ATP using nano-
indentation, in order to indirectly measure crystallinity development
and variation. DSC is initially used to assess the average crystallinity
developed in each laminate as a consequence of the processing condi-
tions. The impact of varying manufacturing parameters on the micro-
mechanical properties is then studied via nanoindentation, as well as
any variation in properties across the thickness of the ATP laminates.
Additionally, the presence of any fibre/matrix property transition is
evaluated.

2. Materials and methods
2.1. Materials

In this study, samples were manufactured with AS7 CF/PEKK uni-
directional prepreg tape, provided by Hexcel Composites Ltd. The PEKK
matrix was KEPSTAN PEKK 7002PT by Arkema. The tape for the
compression-moulded laminates was 150 mm wide and had an average
fibre volume fraction of 60.6 % (measured via acid digestion). The tape
for the ATP laminates was 6.4 mm wide and had an average fibre volume
fraction of 58.4 %. Both tapes had an average thickness of 0.2 mm.

2.2. Compression moulding manufacturing

Unidirectional compression-moulded laminates were manufactured
using a 3-part mould (a 2 mm-thick frame with top and bottom plates).
10 sheets of prepreg tape were stacked and placed in the mould. A
Pinette Emidecau Industries (PEI) LAB 450P hydraulic press was used,
with a Frigosystem chiller providing the cooling.

A total of three laminates were manufactured with dimensions 300
mm x 150 mm x 2 mm, undergoing the following cycle:

1. Heat up from 20 °C to 370 °C at 10 °C/min.

2. Hold at 370 °C for 25 min.

3. Cool down from 370 °C to isothermal temperature (220 °C, 260 °C or
300 °C) at 10 °C/min.

4. Hold at isothermal temperature for 60 min.

5. Cool down from isothermal temperature to 20 °C at 10 °C/min.
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The isothermal temperatures were selected based on a previous study
on the crystallisation behaviour and morphology of PEKK and CF/PEKK
composites [7]. The holding temperature in the melt of 370 °C is above
the polymer’s melting temperature (338 °C), and therefore ensures the
removal of the matrix’s thermal history. All laminates underwent a
platen pressure of 1 bar during step 1, and 28 bar for the remaining
steps.

A temperature-time plot of the above cycles is shown in Fig. 1. The
laminate code denotes the processing condition (“CM” for compression
moulding) and the isothermal hold temperature (220 °C, 260 °C or
300 °Q).

2.3. Automated tape placement manufacturing

Unidirectional ATP laminates were manufactured using a laser-
assisted tape placement head (AFPT, GmbH) attached to a robot arm
(Kuka, KR240 L210-2). A total of 10 layers of prepreg tape were placed
per laminate, with a laser repass performed on the final layer of each
laminate. A diagram of the process and a summary of the ATP settings is
shown in Fig. 2.

Three laminates with dimensions 300 mm x 150 mm x 2 mm were
manufactured on a metallic tool, with a nip temperature (Tpj) of 380 °C,
laydown speed of 2 or 4 m/min, roller pressure of 2 or 4 bar, and a
laminate thickness of 2 mm.

Additionally, a multi-thickness laminate was manufactured on a
ceramic tool, with a Ty = 360 °C, lay-down speed of 4 mm/min, roller
pressure of 2 bar. A section of this laminate was 2 mm thick (10 layers),
and another 6 mm-thick (30 layers). A schematic of this laminate is
shown in Fig. 3.

The laminate codes are given in Table 1. These denote the processing
condition (ATP), Ty (360 or 380 °C), lay-down speed (2 or 4 m/min)
and roller pressure (2 or 4 bar). In the case of the 360 °C laminates, the
code also includes the laminate thickness (2 or 6 mm). Comparisons of
laminate properties and performance have been drawn across these
three parameters in Section 3.

While recording the thermal history that the tape undergoes during
lay-down was not possible during manufacturing, literature [17] has
reported steep temperature drops during ATP manufacturing of CF/
PEKK laminates on a cold tool, reaching cooling rates of 150-220 °C/
min during the first seconds of cooling. These were observed to be higher
on the first layers of prepreg tape laid on an unheated tool, likely due to
the tool acting as a heat sink and the progressively larger amount of
material between the tool and the incoming tape holding on to the heat
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produced by the ATP laser.

2.4. Differential scanning calorimetry (DSC)

Crystallinity measurements of the ATP samples with Ty = 360 °C
were carried out with a PerkinElmer DSC 8000. For the rest of the
samples, this was done with a Mettler Toledo DSC 3+. In both instances,
DSC scans from room temperature to 370 °C at 20 °C/min were run with
non-hermetically sealed aluminium pans and lids under a nitrogen
environment. Indium was used to calibrate the temperature and heat of
fusion prior to any experiments. All samples weighed 8-20 mg. These
were performed to evaluate the average crystallinity across the entire
thickness of the manufactured laminates.

The crystallinity of a sample was calculated using:

AH,, — AH,,

g = e @

a X AHgoq

where AH,, is the melting enthalpy, AH, is the cold crystallisation
enthalpy, a is the matrix weight fraction (31.7 % for the compression
moulding tape and 34.5 % for the ATP tape, both measured via acid
digestion) and AHigoy is the theoretical melting enthalpy of 100 %
crystalline PEKK. This has been calculated to be 130 J/g by Chang and
Hsiao [38].

2.5. Nanoindentation

Samples measuring approximately 1 cm x 1 cm (2 mm thick) were
cut out of the laminates with a hand saw and were mounted in epoxy
resin, exposing the cross-section of the laminate. These were polished
with silicon carbide discs of up to P2500, followed by diamond sus-
pension polishing down to 1 pm particle size.

The nanoindentation tests were performed using a KLA iMicro
Nanoindenter, with a diamond Berkovich-type indenter tip (ID: DC2/
BERKOVICH/015). An initial calibration was performed with silica and
glassy carbon to measure the frame stiffness and the area function of the
tip.

Load-unload indentation cycles were performed using continuous
stiffness measurement testing, at an indentation strain rate of 0.2 sLa
frequency of 110 Hz and frequency amplitude of 2 nm. Elastic modulus
and hardness can be determined from the load-displacement curves
obtained during testing, an example of which is shown in Fig. 4.

The contact stiffness S, which is the initial slope at the beginning of
the unloading curve, can be expressed as defined by Pharr and Oliver

Compression-moulded laminates

400

350

300

200

150

Temperature (°C)

100

50

0 50 100

Time (min)

40
35
30
25 5
25 g Legend
20 §  =mmmmm- CM-220
g - == CM-260
15 &

CM-300
10 Pressure

W

Fig. 1. Summary of processing parameters for the compression-moulded laminates.
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Incoming tape Lay-down direction

<

Laser heat source

Silicon
consolidation
roller

Laminate
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Cooler air pressure 1 bar

Incoming tape dimensions 6.4mm wide x
g tap 0.2mm thick

Laser-nip point optical distance 170mm

Laser power limit 1000W

Tape/laminate laser split Approx. 50/50

Tool temperature Unheated

Fig. 2. Schematic of ATP lay-up process and processing parameters.

Fibre orientation and
direction of tape laydown

6mm
I 2mm

e

Omm

P

40mm 100mm

Fig. 3. Schematic of multi-thickness laminate, showing 2 mm and 6 mm
thicknesses (not to scale).

Table 1
Summary of processing parameters for the ATP-manufactured laminates.
Laminate Tool Nip Lay- Roller Laminate
code material temperature down pressure thickness
Q) speed (bar) (mm)
(m/
min)
ATP-380- Mild 380 4 2 2
4-2 steel
ATP-380- Mild 380 2 2 2
2-2 steel
ATP-380- Mild 380 4 4 2
4-4 steel
ATP-360- Ceramic 360 4 4 2
4-2-2
mm
ATP-360- Ceramic 360 4 4 6
4-2-6
mm
[39]:
2
S:%XE,y/AC (@3]
y

where E, is the reduced elastic modulus and A, is the indenter contact
area (a function of the indenter depth in contact with the sample during
testing). f is an indenter geometry constant introduced by Hay et al. [40]
to account for different indenter tip geometries. E, represents the elastic
deformation that takes place in both the indenter and the sample, and is
given by:

1—12 1-12\"
E,:( E"+ E‘) 3)

where v is Poisson’s ratio, and the subscripts i and s denote the indenter

and sample materials respectively. Assuming that E;>F;, the first term of
Eq. (2) becomes negligible. Substituting Eq. (3) into Eq. (2) and
rearranging,
Eo=(1-12) x ¥ x = @
If the indenter is considered to be much stiffer than the sample, the
sample hardness H can be defined by [41]:
Prnax

H:Tc 5)

where Pyqy is the maximum loading force achieved.

A 2 pm trial indentation in a matrix pocket, as shown in Fig. 5a, was
performed to determine an adequate indentation depth. Fig. 5b shows
that, above 1100 pm, there is a sharp increase in elastic modulus,
indicating that fibres in the vicinity significantly influenced the matrix
response at these depths. A lower depth is therefore preferable, in order
to successfully evaluate the response of the composite’s different con-
stituents [29]. Based on this and previous work performed on CF/PEEK
[26,28], a target indentation depth of 400 nm was chosen to take all
elastic modulus and hardness values. In Fig. 5a, a 2 pm-deep indentation
can be observed to be too large to do this in matrix areas closer to the
fibre surface.

All samples were indented at locations marked with a square [] as
shown in Fig. 6. At each location, a series of indentations were per-
formed as given below:

o An array of nanoindentations to obtain hardness and elastic modulus
values of the fibres and the matrix at different distances from the
fibre surface, as shown with triangles A in Fig. 6;

e Two individual indents on matrix pockets to obtain matrix bulk
properties, shown with stars ¥ in Fig. 6 (to ensure matrix bulk
properties are characterised);

e Two individual indents on fibres to obtain fibre properties, as shown
with crosses x in Fig. 6 (to ensure fibre properties are characterised).

A micrograph of an array and a matrix indent is shown in Fig. 8. The
distance of the indentations to the closest fibre surface was measured
using ImageJ software from the centre of the indentations to the surface
of the nearest fibre edge.

The location and amount of nanoindentation arrays performed were
chosen based on the expected crystallinity distribution across the
thickness of the laminates. In the case of the compression-moulded
laminates, crystallinity and morphology were assumed to be constant
throughout the thickness due to the long holding times at crystallisation
temperatures. Previous work done on these laminates [7] supported this
assumption, showing homogeneous consolidation, high average crys-
tallinity content and good mechanical performance. Therefore, a5 x 5
array, two matrix indentations and two fibre indentations were per-
formed at a single location (as shown in Fig. 6b) on compression-
moulded samples, totalling 29 indentations per location [].
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(a) Nanoindentation steps

Nanoindenter head
approaching sample

l

Nanoindenter
head retracting

1
h_A

Max. indentation
load and depth

\

b 4
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(b) Example loading-unloading results

Loading
Unloading

Displacement

Load

Fig. 4. (a) Nanoindentation loading and unloading schematic; and (b) sample load—displacement curve generated from a nanoindentation test.

Elastic modulus (GPa)

15

10

L

2000

S

500 1000 1500

Displacement (nm)

Fig. 5. (a) Micrograph of 2 pym depth indentation at a matrix pocket; and (b) elastic modulus-displacement plot of said indentation.

(a) Cross-sections of samples

ki ﬁ"n,“, larr}lflafe% (b) Compression-moulded

laminates (2mm thick)

Top of laminate

Bottom of laminate
(in contact with tool)

(c) ATP laminates (2mm thick)

(d) ATP laminate (6mm thick)

Top of laminate

Top of laminate

|
O
=

|
|
|
l

4.25mm

Bottom of laminate
(in contact with tool)

Bottom of laminate
(in contact with tool)

Fig. 6. Schematics of laminate cross-sections, showing the location of performed indentations with a square [].

On the other hand, the fast nature of ATP manufacturing is likely to
result in a difference in crystallinity and morphology across the laminate
thickness. This is supported by observations of poor laminate consoli-
dation and low average crystallinity in our previous work [7], as well as
a varying crystallinity content across the thickness of CF/PEEK and CF/
PEKK ATP laminates as reported in literature [17,22]. Therefore, 3 x 5
arrays (plus two matrix and two fibre indentations) were performed at
several locations across thicknesses of the ATP samples to assess this
variation, resulting in 19 indentations per location []. For 2 mm-thick
ATP laminates, 3 locations were tested (as shown in Fig. 6¢); for the 6
mm-thick laminate, 5 locations were tested (as shown in Fig. 6d).

3. Results and discussion
3.1. Crystallinity content

Table 2 shows the total crystallinity achieved in the manufactured
laminates. All compression-moulded laminates crystallised to the high-
est extent (~29 %), as expected due to the long holding times within
crystallisation temperatures; whereas the ATP-manufactured laminates
only achieved crystallinities up to 3-8 % overall. The marginally higher
crystallinity of ATP-380-2-2 is likely due to the slower lay-down speed
during manufacturing, keeping the material at temperatures which
allow for crystallisation to take place for longer. Further discussion of
the crystallinity content, morphology and DSC curves for the
compression-moulded laminates and the ATP laminates with Ty, =
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(a) Cross-sections of samples
cut out from laminates

Bottom of laminate
(in contact with tool)

(b) Cross-section close-up

Locations marked K are where
nanoindentation tests were performed
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(¢) Location close-up

A Array of nanoindentations
Individual indents on matrix pockets
¥ Individual indents on fibres

Fig. 7. Schematic example of an indentation array and fibre and matrix indents on an ATP sample. In this case, 19 indentations are being performed per location
marked with a square [], with each of them giving hardness and elastic modulus data.

Example of individual indents
performed in matrix regions

Array of indents

Fig. 8. A micrograph showing array and a matrix indent. A close-up of two
indentations shows nanoindentation distances to the closest fibre surface
marked with red arrows, measured using ImageJ. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

380 °C can be found in our previous work [8], and a comprehensive
study of crystallisation kinetics and modelling of the prepregs used in
this work can be found in [7].

3.2. Nanoindentation

The following sections discuss the differences observed in
load-displacement curves for compression-moulded and ATP laminates.
This is followed by a brief explanation of the data processing procedure.
Then matrix bulk properties are analysed and compared across different
laminates and locations, as well as any variation in properties across the

Table 2
Total crystallinity of CF/PEKK laminates manufactured under
different processing conditions.

Laminate Crystallinity (%)
CM-220 293+ 1.4
CM-260 27.0+1.0
CM-300 29.1+1.3
ATP-380-4-2 6.8 +1.3
ATP-380-2-2 83+£1.0
ATP-380-4-4 6.0+ 1.6
ATP-360-4-2-2 mm 3.4+0.9
ATP-360-4-2-6 mm 4.6 +3.1

fibre/matrix interphase.

3.2.1. Load-displacement curves

Fig. 9a and b show load-displacement curves for all indentations
done on sample CM-220 and the top location of ATP-380-4-2 respec-
tively. These are provided as representative examples of the response of
compression-moulded and ATP laminates, as this section draws a gen-
eral comparison of the two manufacturing techniques, and not of the
individual laminates. In these, as well as the rest of the nanoindentation
results, three distinct responses can be observed, denoted as “fibre”,
“matrix” and “interphase” in Fig. 9. Note that results obtained by in-
dentations marked with a star ¥ in Fig. 7 fall in the matrix response, and
results obtained by indentations marked with a cross x fall in the fibre
response. Indentations marked with a triangle A may fall within any of
these three categories, depending on where the indentation is made (on
the fibre, in the matrix bulk, or in the matrix closer to a fibre surface).

The fibre response is the stiffest among all regions, experiencing the
largest elastic recovery compared to matrix and interphase responses.
This is observed in existing nanoindentation work on CF/PEEK [31].
While the fibres in all samples are identical, a lower peak load response
in the ATP sample of 17-20mN can be observed, against 20-25mN of the
compression-moulded sample. This may be due to the fibre behaving as
part of a composite during nanoindentation rather than in isolation. Due
to the elastic response of the fibre, no permanent dents were left after
nanoindentation testing — this is visible in the nanoindentation array in
Fig. 8, where permanent dents on matrix regions are visible but those
that fell on fibres are not. Because of this, the indentation distance from
the centre of the fibre could not be measured.
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(a) CM-220

30

Load (mN)

Interphase

Load (mN)

Displacement (nm)
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(b) ATP-380-4-2 TOP
30

Fibre

Load (mN)

Interphase

Load (mN)

Displacement (nm)

Fig. 9. Load-displacement results of nanoindentation experiments on (a) CM-220 and (b) the top location of ATP-380-4-2.

Matrix behaviour refers to the bulk response far away from any fi-
bres, where performance remained similar across all load-displacement
curves irrespective of the distance from fibre surfaces. An example
location of this can be seen in Fig. 7 marked with stars . A prominent
hysteresis loop can be observed, related to the viscoelastic behaviour of
PEKK. The compression-moulded sample withstood a higher load and
experienced a smaller hysteresis loop. This is visible in the zoomed-in
plots in Fig. 9a and b, where the indentation depth retained after the
nanoindenter head is withdrawn ranges from 210 to 235 nm for the
compression-moulded sample and 245-280 nm for the ATP sample
(values read from the x-axes in Fig. 9). This can be attributed to the high
crystallinity content in the compression-moulded samples resulting in a
stiffer, more elastic response compared to that observed in the amor-
phous matrix of the ATP sample.

The interphase region refers to the response that does not match the
fibre or matrix bulk response, but instead varies with the distance from
the fibre surface at which the indentation was made. In the following
section, it will be observed that nanoindentation tests closer to the fibre
surface resulted in a stiffer response. The stiffer responses shown in
Fig. 9 (higher loads at the same displacement) also possess smaller
hysteresis loops, in line with the more elastic response as indentations
are performed closer to fibre surfaces.

Similar observations have been made for a variety of polymers and
polymer composites in literature. Molazemhosseini et al. [31] per-
formed nanoindentation testing on short CF/PEEK samples (some rein-
forced with nano silica particles) and reported similar fibre/matrix/
interphase responses as observed in this work. In their case, fibres
exhibited perfect elastic response, likely due to the lower depth of in-
dentations in all the testing (10-70 nm). Shen et al. [42] observed an
increase in indentation resistance with a higher crystallinity content in

unreinforced PA6, in a similar way to the stiffer performance of the more
crystallised compression-moulded samples in this work. Klapperich
et al. [23] tested a range of unreinforced PE grades with different mo-
lecular weights, and found those with lower crystallinity to exhibit a
more pronounced hysteresis loop, and experience a significantly higher
amount of deformation under the same load due to a more compliant
response of the amorphous fraction in the sample.

3.2.2. Hardness and elastic modulus against indentation distance from fibre
surface: curve fitting

The nanoindentation results for each location marked with a square
[ in Fig. 6 provided hardness and elastic modulus data, which were
plotted against the distance from the fibre surface at which each data
point was taken. An example of this is given in Fig. 10, where hardness
and elastic modulus results for the single location in laminate CM-260
are plotted. These results show a plateau far away from the fibre sur-
face. For results analysis and comparative purposes, an exponential
decay function was fitted to the results of each location. Examples of
these are shown with the dotted curves in Fig. 10.

The exponential decay equation in question has the following form:

y =Aexp(—Bx)+C (6)

where x is the distance from the fibre surface (um), y is fibre hardness (or
elastic modulus) (GPa), and A, B and C are constants. The number of
constants to be found can be reduced by introducing the following
boundary conditions:
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(b) CM-260 Elastic modulus (GPa)
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Fig. 10. (a) Hardness and (b) elastic modulus results against indentation distance from fibre surface for CM-260. The experimental data includes the nanoindentation
array and individual indents performed on matrix pockets and fibres. The curves are fitted to the experimental data, and correspond to Eq. (9) and (10) for (a) and (b)

respectively.

e When x = 0, y = Hp (or Mp), the fibre hardness (or fibre elastic
modulus). This value remains the same across all locations, as they
all use the same fibre type. Substituting and rearranging:

y = Aexp(—Bx) + Hr — A ()]

y = Aexp(— Bx) + Mp — A 8

e When x = o0, y = Hy (or M), the matrix hardness (or matrix elastic
modulus). This value changes with each location, now that the
processing conditions will affect the matrix morphology and crys-
tallinity, and therefore its properties. This includes different loca-
tions within the same sample, as is the case with ATP samples.
Substituting and rearranging:

y= (H[:*HM)CXp(fBHX)‘FHM (9)

y = (Mp — My )exp( — Byx) + My (10)

Values for Hr and MF were found by averaging the fibre indentation
results across all locations, and were found to be Hr = 5.44 GPa and Mg
= 41.9 GPa. Values for Hy; and M, are discussed in Section 3.2.3, and
were found by averaging the matrix indentation results of each indi-
vidual location after they stabilised into a plateau. For example, in
Fig. 10a and b, this would be after x ~ 1.75 pm and x ~ 2 pm
respectively.

A one-way ANOVA test was used to evaluate whether there was a
significant difference in Hy and M)y results across the different tested
locations (across the thickness of samples and across the same location
of different samples), with a probability threshold value a = 0.05.
Whenever a significant difference is found, a one-way ANOVA test does
not highlight which groups differ specifically. Therefore, when this
happened, different result sets were tested together, and a T-test was
performed whenever necessary to evaluate exactly which groups had a
significant difference. This analysis can be found in the supplementary
document.

Once these values were established, a MATLAB script was used to fit
Eq. (9) and (10) to the raw data and find By (for hardness) and By, (for
elastic modulus) at each location [J. These constants represent the
gradient of the exponential decay function — the larger the value, the
faster the transition from fibre to matrix hardness (or elastic modulus).

3.2.3. Matrix bulk properties (Hy and My
In this section, a general comparison between compression-moulding

and ATP results is drawn, followed by discussions within individual
manufacturing processes (compression-moulded, ATP with Ty, 380 °C
and ATP with Ty; 360 °C) addressed separately.

Note that ATP laminates with different nip temperatures are manu-
factured on different types of tools (Tnp = 360 °C on a ceramic tool and
Tnip = 380 °C on a mild steel tool). This likely resulted in different
cooling profiles in the laminates due to the different thermal conduc-
tivity of the tools. Therefore, results are not directly comparable.

Compression-moulded vs. ATP-380 laminates

The graphs in Fig. 11a and b show matrix bulk hardness and elastic
modulus results for the compression-moulded laminates (single location
tested as shown in Fig. 6b) and across the thickness of the ATP laminates
with Ty, = 380 °C (3 locations tested as shown in Fig. 6¢). These show
that the compression-moulded laminates have significantly higher
hardness (34-53 %) and elastic modulus (22-48 %) values than the ATP
laminates (see supplementary document Section S.4). This is expected
due to the extended holding times at crystallisation temperatures during
manufacturing resulting in a crystalline matrix, whereas ATP laminates
experienced fast-cooling, resulting in a softer, amorphous structure and
lower hardness and elastic modulus responses.

Differences in compression-moulded laminates

Among the compression-moulded laminates, CM-260 performed
marginally better (~9% higher hardness and 8-11 % higher elastic
modulus), even though this difference was found not statistically sig-
nificant (see supplementary document Section S.1). CM-220 and CM-
300 performed similarly, as observed in Fig. 11. Previous work [7]
performed on the same CF/PEKK prepreg tape showed that laminate
CM-260 exhibited the fastest crystallisation rates. CM-220 and CM-300
possessed the smallest (~2 pm diameter) and largest (~6 pm) spheru-
lites respectively (with CM-260 having intermediate-sized spherulites,
~4 pm). The faster crystallisation rates that CM-260 experienced might
be an indication that these processing conditions are optimal for the
polymer’s most effective crystallisation, which has been reflected in its
performance during nanoindentation testing.

On the other hand, mechanical properties of these samples reported
in previous work (ILSS, 0° and 90° flexural [8]) did not show any sig-
nificant effect of the spherulitic size. Tensile testing on other polymers
with similar spherulite sizes (unreinforced PP-PE, 3-7 pm diameter)
[43] reported similar findings. Polymers with larger variations in
spherulitic diameter (1-30 pm), however, have shown a variation in
mechanical performance (tensile and flexural), with unreinforced PA66
achieving a higher flexural modulus and yield point and a lower ulti-
mate elongation with smaller spherulites [44]. Therefore, it might be
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(b) Matrix bulk elastic modulus M,, (GPa)
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Fig. 11. (a) Matrix bulk hardness and (b) matrix bulk elastic modulus of all compression-moulded laminates and ATP laminates manufactured at Tpi, = 380 °C. Top-
right schematic shows the locations where the indentations were performed, measured from the bottom of the laminate (taken from Fig. 6).

possible that small variations in spherulite size may not have a signifi-
cant impact on all mechanical properties at the macro scale, but their
effects are more detectable at micron or nano-scale. The knowledge and
understanding of such microstructures can improve the performance
and failure at macroscopic level during the service life.

Differences in ATP-380 laminates (metal tool)

The results of all the ATP laminates (2 mm thick) shown in Fig. 11
follow a similar trend: a peak in properties in the middle of the laminate
compared to the tested locations close to the bottom (tool side) and top
surfaces. Percentage differences between the performance of the middle
location and the top/bottom locations in the ATP laminates are as
follows:

e ATP-380-4-2: 5-9 % hardness increase, 11-14 % elastic modulus
increase.

e ATP-380-2-2: ~5% hardness increase, 4-5 % elastic modulus
increase.

o ATP-380-4-4: 0-3 % hardness increase, 4-5 % elastic modulus
increase.

This is likely due to the presence of two competing mechanisms
during ATP manufacturing that influence crystallinity and mechanical
properties:

ty

Crystallini!

e Proximity to the metal tool: the tool surface acts as a heat sink,
contributing towards the fast cooling of the prepreg tape laid on it. As
more layers of the laminate are laid, there is more material between
the new prepreg layers and the tool. This can result in better heat
retention and a reduction in the cooling speed, which contributes to
crystallinity development. This has been observed for CF/PEEK [17],
where prepreg layer crystallinity was found to be higher the further
away the layer was from the bottom of the laminate (which was in
contact with the tool surface), eventually plateauing to the maximum
achievable crystallinity given the heat retention capability of the
material and the ATP parameters. Ref. [17] also showed similar re-
sults on CF/PEKK, however, due to slower crystallisation kinetics,
maximum achievable crystallinity was reached at a higher number of
layers. The contribution of the proximity to the tool to crystallinity
development is represented in Fig. 12 with a grey line, which re-
sembles the results reported in [17] for the crystallinity evolution for
every added layer.

Heat repasses: as the prepreg layers are laid, the incoming heat dif-
fuses into the layers that are already in place. This causes annealing
of the polymer, which contributes towards enhanced crystallisation.
The lower layers of the laminate undergo more of these repasses than
the top layers. The through-thickness temperature profile of ATP-
manufactured CF/PEEK laminates has been validated via

Role of cold tool — lowest crystallinity
at the bottom surface in contact with
the cold tool acting as a heat sink

Role of heat repasses — higher
crystallinity contribution at the bottom
surface as the material sees more heat
repasses and therefore anneals

|
Bottom surface in
contact with tool

=

Top surface

Location across sample cross-section

Fig. 12. Schematic of contribution to crystallinity development of the ATP unheated tool acting as a heat sink and the heat repasses seen by a layer of material as

more layers are placed on top.
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thermocouples during manufacturing [15,18,19] and modelled
[15,18,20] in literature. The published literature shows that already
laid material is repeatedly heated as more layers are placed. The
contribution of heat repasses to crystallinity development is repre-
sented in Fig. 12 with a black line.

The optimal combination of these two competing mechanisms for the
highest achievable crystallinity development may be reached around the
middle layers of the laminate. The contribution of each mechanism is
likely to change along with manufacturing parameters and the type of
tool.

The difference in hardness and elastic modulus between ATP-380-4-
2, ATP-380-2-2 and ATP-380-4-4 at the top and bottom locations is
negligible and showed no statistically significant differences (see sup-
plementary document Section S.2). This is likely due to the proximity to
the tool on the bottom surface and the low number of (if any) repasses
experienced by the top surface, where any variation in manufacturing
parameters likely had a negligible effect on performance. It is therefore
hypothesised that the fast-cooling and/or minimal annealing resulted in
lower crystallinity compared to the middle location.

The middle location of the ATP-380-4-2 sample displayed a slightly
higher hardness and elastic modulus than in the other two laminates,
(2-5 % increase in hardness and 7-10 % in elastic modulus). The dif-
ference in elastic modulus particularly was statistically significant
(supplementary document Section S.2).

Differences in ATP-360 laminates (ceramic tool)

The plots in Fig. 13 show matrix hardness and elastic modulus results
for the compression-moulded laminates (single location tested as shown
in Fig. 6b) and across the thickness of the 2 mm and 6 mm laminates
with Ty, = 360 °C (3 locations tested as shown in Fig. 6¢). The difference
in performance between the compression-moulded laminates and the

(a) Matrix bulk hardness (GPa)

Hardness (GPa)

0 1 2 3

Indentation distance from bottom surface (mm)

(b) Matrix bulk elastic modulus (GPa)
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4
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ATP-360 laminates (42-56 % hardness and 38-49 % elastic modulus) is
similar to the ATP-380 laminates, for the same reasons as previously
discussed, and is also statistically significant (see supplementary docu-
ment Section S.5). Both ATP-360 laminates also displayed the same
behaviour as the ATP-380 laminates, where the middle location of the
laminates performed better than the top/bottom locations, with per-
centage differences as follows:

e 2 mm-thick laminate: 9-11 % hardness increase, 1-3 % elastic
modulus increase.

e 6 mm thick laminate: 5-7 % hardness increase, 3-12 % elastic
modulus increase.

This might be due to the central location having a higher crystallinity
than the other tested locations, as described for the ATP-380 laminates.
These differences were not statistically different (see supplementary
document Section S.3).

3.2.4. Fibre/matrix interphase

As observed in Section 3.2.1, there is a fibre/matrix property tran-
sition in samples, whose response varies with the distance from the fibre
surface. Section 3.2.2 introduced Eq. (9) and (10) to model this transi-
tion where By and By control the gradient of the fitted curves for
hardness and elastic modulus data respectively. This section comments
on any observed variations on these gradients across all compression-
moulded laminates, as well as middle locations of ATP-380-4-2 and
ATP-360-4-2-2 mm as representative ATP laminates to compare with the
compression-moulding results.

Compression-moulded laminates

Table 3 provides By and By values and their 95 % confidence in-
tervals for the compression-moulded laminates as calculated in

(c) Indentation location
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Top of laminate

| 4
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1.5mm
nio.smj
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Fig. 13. (a) Matrix bulk hardness and (b) matrix bulk elastic modulus of all compression-moulded laminates and ATP laminates manufactured at Ty, = 360 °C.
Schematics in (c) show the locations where the indentations were performed, measured from the bottom of the laminate (taken from Fig. 6).
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Table 3
Summary of By and By values and 95% confidence intervals for the exponential decay modelling of compression-moulded CF/PEKK samples.
Laminate code CM-220 CM-260 CM-300
Value 95 % confidence interval Value 95 % confidence interval Value 95 % confidence interval
By (Hardness) 1.918 +0.394 1.687 +0.344 1.924 +0.723
By (Elastic modulus) 1.421 +0.286 1.200 +0.197 1.411 +0.374

MATLAB. Fig. 14 shows the fitted exponential decay curves with the
confidence intervals applied to the curves with shaded regions.

While gradient differences are subtle and all confidence intervals
overlap with the plotted curves, these show that CM-260 is the laminate
with the lowest By and By, (the softest gradients), implying that this
sample might have a slightly larger interphase than the other
compression-moulded samples. This phenomenon could be explained
with general polymeric nucleation theory, along with previous obser-
vations made on spherulite sizes of CF/PEKK at the temperatures used
for compression moulding in this work. Fig. 15 has been included to aid
with the explanation that follows.

e At lower crystallisation temperatures (the holding isothermal tem-
perature at which the material is allowed to crystallise), primary
nucleation dominates and there is minimal secondary nucleation.
This means there will be a higher number of small spherulites, as
shown in Fig. 15a. This is likely to also contribute towards the
establishment of crystal nuclei (primary nucleation) on the fibre
surface, but crystal growth as a consequence of secondary nucleation
will be minimal. This might also result in a transcrystalline region at
the fibre/matrix interface where any lamellar growth from the fibre
is potentially very short and perpendicular to the fibre surface. This
is likely the case for CM-220, as reported in our previous work [7]
where SEM imaging of cryofractured CF/PEKK prepreg samples
isothermally crystallised at 220 °C showed the formation of small
spherulites, with some growth perpendicular to the fibre surface.

o At higher crystallisation temperatures, on the other hand, secondary
nucleation dominates, resulting in a lower number of spherulites, but
larger in size, as shown in Fig. 15c. This results in minimal primary
nucleation taking place at the fibre surface, and so any crystals
growing from the fibre surface will likely resemble spherulites from
the bulk. It is therefore unlikely for there to be a significant

(a) Hardness (GPa) vs. distance
from fibre surface
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4
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w
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CM-300 95% CI

Distance from fibre surface (um)

interphase present. This is likely to be the case for CM-300, also
shown in our previous work [7], where large spherulitic structures
were observed on CF/PEKK samples isothermally crystallised at
300 °C.

At the mid-range of crystallisation temperatures, however, there is a
balance of both nucleation mechanisms, resulting in medium-sized
spherulites. This might also allow for some primary nucleation to
take place at the fibre surfaces but also for these nucleation sites to
undergo secondary nucleation and develop a crystal structure/
transcrystalline interphase between the fibre and the matrix. This is
shown in Fig. 15b, and is likely representative of CM-260. CF/PEKK
prepreg tape isothermally crystallised at 260 °C was observed to
develop spherulites of intermediate size and perpendicular crystal
growth from fibre surfaces, as reported in our previous work [7].

Compression-moulded vs. ATP laminates

Table 4 provides By and By values and their 95 % confidence in-
tervals for CM-260, ATP-380-4-2 and ATP-360-4-2-2 mm as example
laminates that underwent compression moulding, ATP with Tpp =
380 °C (with a metallic tool) and Ty = 360 °C (with a ceramic tool).
Fig. 16 shows the fitted exponential decay curves for each of these
laminates, with their corresponding 95 % confidence intervals indicated
by the shaded regions. CM-260 properties can be observed to plateau at
a slightly higher value than the ATP laminates. This is due to the higher
matrix bulk properties that compression-moulded samples possess, as
discussed in Section 3.2.3.

In the case of the ATP laminates, the fast nature of the manufacturing
is not ideal for developing a crystalline structure, as determined by the
DSC results in Table 2. This is also the case for any fibre-matrix inter-
phase formation. Even in the event of polymer melting during heating,
the cooling rates that the material undergoes are too fast for any sig-
nificant crystallinity to form in this grade of CF/PEKK [7]. Any further

(b) Elastic modulus (GPa) vs.
distance from fibre surface
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Fig. 14. (a) Hardness and (b) elastic modulus exponential decay curve fittings to nanoindentation test results of compression moulded samples, with 95% confidence
intervals shown by the shaded regions. Note that the curves for CM-220 and CM-300 overlap in both plots.
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General polymeric nucleation theory
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Fig. 15. Schematic demonstrating the effect of temperature on crystal growth in CF/PEKK, based on general polymeric nucleation theory, where T; < Ty < Ts.

Table 4
Summary of By and By values and 95 % confidence intervals for the exponential decay modelling of CM-260, ATP-380-4-2 and ATP-360-4-2-2 mm.

Laminate code CM-260 ATP-380-4-2 (MID) ATP-360-4-2-2 mm (MID)

Value 95 % confidence interval Value 95 % confidence interval Value 95 % confidence interval
By (Hardness) 1.687 +0.344 3.816 +0.592 3.096 +0.885
By (Elastic modulus) 1.200 +0.197 1.687 4+0.191 0.985 +0.211
(a) Hardness (GPa) vs. distance (b) Elastic modulus (GPa) vs.
from fibre surface distance from fibre surface
6 45
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Fig. 16. (a) Hardness and (b) elastic modulus exponential decay curve fittings to nanoindentation test results of CM-260, ATP-380-4-2 and ATP-360-4-2-2 mm, with
confidence intervals shown by the shaded regions.
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crystallinity content developed during heat repasses is likely to take
place at a smaller scale in the matrix bulk rather than at the interphase,
due to molecular movement being considerably more restricted during
annealing than during melt crystallisation. Therefore, any major rear-
rangement forming an interphase is unlikely.

The effect of overall crystallinity achieved is clearly reflected in the
hardness results shown in Fig. 16a. Hardness is dictated by the load
applied as per Eq. (4), and is more influenced by surface properties. Both
ATP laminates possess a similar hardness response in the fibre/matrix
transition region, whereas the compression-moulded laminate (with
much higher crystallinity) shows a distinctly longer transition from fibre
to matrix properties. This behaviour is not as obvious in Fig. 16b, where
CM-260 and ATP-360-4-2-2 mm follow a similar transition path for the
first micron from the fibre surface, after which CM-260 plateaus first to a
higher value. The elastic modulus is influenced by the stiffness of the
sample, as shown in Eq. (3), which is more interlinked with matrix bulk
properties rather than surface properties as is the case of hardness. The
marginally enhanced fibre-matrix transition behaviour in ATP-360
laminate might be attributed to the enhanced heat retention with the
ceramic tool.

4. Conclusions

In this work, a series of CF/PEKK laminates were manufactured
under a variety of compression-moulding and ATP conditions. DSC was
carried out with each laminate in order to determine the crystallinity
level achieved in each case. Nanoindentation experiments were per-
formed that measured the hardness and elastic modulus of the samples
reflecting their microstructural differences. A significant difference was
observed in the performance of the matrix bulk across the different
manufacturing techniques and conditions. A distinct variation in prop-
erties of the matrix bulk across the thickness of the ATP laminates was
evident, for both 2 mm and 6 mm thickness, showing the presence of a
crystallinity gradient. The presence of a fibre-matrix interphase and its
variation under different processing conditions was also observed.

The matrix bulk of the compression-moulded laminates performed
better than that of the ATP laminates by 34-53 % in hardness and 22-48
% in elastic modulus. This is expected, due to the higher crystallinity
content of the compression-moulded laminates as a consequence of the
longer holding times at crystallisation temperatures. CM-260, which had
been observed to possess the fastest crystallisation rates in our previous
work [7], performed the best among all the compression-moulded
laminates by 9 % in hardness and 8-11 % in elastic modulus.

Variation in hardness and elastic modulus across the thickness of the
ATP laminates was observed, with these properties being the highest in
the middle of the laminate in all instances. This was likely due to the
central region of the laminate cross-section achieving higher crystal-
linity, due to a combined effect of heat repasses from the added layers of
material on top, and heat retention of the already laid material, allowing
this middle section to hold heat for longer undergoing annealing.
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