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Abstract. The Laser-Assisted Tape Placement forming process of thermoplastic composites
enables the rapid production of laminates. However, it requires the tuning of the processing
parameters, which is currently limited by a misunderstanding of the consolidation phenomena
occurring during process and the interlaminar properties related with strong welded interfaces.
This study aims at establishing correlations between physical properties and mechanical strength
of welded thermoplastic composites, by using several methods and characterizations at different
scales. Carbon-fibre reinforced PEEK (CF/PEEK) composites produced by a LATP process were
investigatedby varying the Laser Setpoint Temperature (LST) and Tool Temperature (TT). The
results show that laminates manufactured at a LST of 350 °C have high void content, with the
location of the voids depending on the TT: at a TT of 25 °C (unheated tool), interply and intraply
voids are present while for a TT of 250 °C they are mainly intraply. Laminates produced at a LST
of 450 °C also have mainly intraply voids, although their void content is significantly lower than
that of laminates produced at an LST of 350 °C. For laminates having mainly intraply voids, ILSS
testing demonstrates failure by an intralaminar failure mode. An increase in intralaminar shear
strength is observed as the intraply void content decreases and the degree of crystallinity increases,
related to the LST and the TT. The combination of experimental techniques thus allowed to provide
understanding on the influence of local physical properties of the composites manufactured by
LATP on specific interface-related mechanical properties, and demonstrate that, despite variations
of mechanical performances with processing conditions, interfaces are no longer a weak point
within the laminates when the processing conditions allow for sufficient intimate contact to occur
during the consolidation phase.

Introduction

Thermoplastic matrix composites are increasingly used in the aeronautic and automotive industries
due to their many advantages over thermoset matrix composites. These advantages include their
better impact resistance and toughness and their potential for being reused or even recycled. Also,
the forming of laminates by «out of autoclave» fusion bonding processes is more
environmentally sustainable. The LATP was identified as an efficient and versatile process to
manufacture high performance and complex-shaped parts. However, this process involves several
complex and interdependent consolidation and deconsolidation phenomena within very short times
[1]. At first, increasing the temperature and then the pressure allows the establishment of intimate
contact [2]. Then, healing of the material takes place [2], [3]. It corresponds to the inter-diffusion
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of molecular chains from one surface to another [4] and it strongly depends on time and
temperature[2], [3], [5]. During cooling, crystallization can occur and is promoted by a low cooling
rate. Moreover, deconsolidation mechanisms of the incoming tape and the previously consolidated
laminate (substrate) can occur during layup. The deconsolidation mechanisms which affect the
void content are the void growth into rich resin area and confined fibers area [6], [7], [8]. Recent
work on hot pressed laminates [8] showed that a significant growth of voids requires melting of
the matrix, while a preliminary phase of voids nucleation can take place above the glass-transition
temperature (Tg).

Current knowledge is not sufficient to establish the interaction between these phenomena, and
their effect on laminate mechanical properties. Many authors are establishing the link between the
processing parameters and the laminate mechanical properties, showing an increase in shear
strength with an increase of the TT or the LST [9]. However, there are only a few studies relating
an increase in shear strength to the consolidation phenomena, by characterizing physical properties
at the welded interface [10], [11]. Most studies investigating physicochemical characterization
have correlated the increase in shear strength as a result of the change in the processing parameters
with a void content decrease [12], [13], [14]; however, only a few investigations on the failure
mode were described, and when it was described it is often interlaminar, even for autoclaved
manufactured laminates [14]. It means that even for optimal manufacturing conditions, the
interply remains the weakest area of the laminate, which raises many questions about the material
and process quality. However, Comer et al. [15] show the major presence of intraply voids within
ATP laminates, together with a decrease of the ILSS performance, though they did not relate the
failure mode to the presence of these intraply voids.

This study aims at establishing links among the processing parameters, the physical properties
associated with the consolidation phenomena and the shear strength and corresponding failure
mode of PEEK/CF laminates. The experimental method consists of two steps: (i) investigate the
influence of the manufacturing conditions over the mechanical properties by ILSS testing with a
critical investigation of the failure mode (interply or intraply); and (ii) characterize the relationship
between physical properties and the aforementioned mechanical properties.

Materials and Method

Materials. Laminates were produced using unidirectional carbon fibre reinforced PEEK tape of
0.23-mm thick and 18-mm wide. PEEK’s glass transition temperature (Tg) and melting
temperature (Tm) were measured by Differential Scanning Calorimetry (DSC) on the as-received
material leading to 143.3 °C and 344.6 °C, respectively, for a degree of crystallinity of 25.2 + 0.2
%. The void content was measured on micrographs of embedded and micron-polished tape section
and was concluded to be 0.49 + 0.4 %. Due to confidentiality matters, further information about
the material cannot be disclosed.

Process. The production of laminates (containing two flat sides) was performed at CETIM using
SPIDE TP®. Itis a LATP and filament winding process (Fig. 1). During processing, the LATP
head (from AFPT GmbH) winds the tape around the oblong tool in the y direction shifting of one
tape width along its course on one flat side over each lap, allowing for continuous deposition of
the layers. Meanwhile, the tool is rotated in the opposite direction to the layup direction of the
tape. For all manufactured parts, a number of 30 layers was laid up, resulting in approximately 6-
mm thick laminates. The two processing parameters that were varied in this study were the LST
(350 and 450 °C), and the TT (25 and 250 °C). The laser power and tilt were continuously regulated
through a feedback temperature loop set on the LST and based on the measurement of the
illuminated tape and substrate area by an embedded infrared camera. All processing parameters
are given in Table 1, including the average laser power for each LST and corresponding average
standard deviation between the plies. Because of limited space, more detailed data (e.g. variation
of power within plies or evolution between the first and the last ply) are not provided in this paper.
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Laminates are identified through both parameters with the following reference code type

“TT/LST”. For all laminates, the layup speed was set to 5 m/min and a consolidation force of 250
N was applied by a 60-shore silicon compaction roller.

Table 1 — Manufacturing conditions of laminates

'Spool of SN with all processing parameters programmed by
hﬁg bt e\ SPIDE TP®
i
LATP head o Tool Laser Setpoint
— Oblong Reference  Temperature Temperature (LST)
; steel tool'?_;_ (TT) [°C] [°C]; Laser average
Compos™® / e power [W]
e : ‘ 25/350 25 350; 924 + 32
250/350 250 350; 653 +53
25/450 25 450; 1271 + 65
250/450 250 450; 1012 + 43

Figure 1 — SPIDE TP® Process

Optical Microscopy (OM). All images of laminate cross-sections were produced with an optical
microscope ZEISS AXIOSCOPE 5. The samples were prepared by being embedded in a resin and
polished using sandpapers from P500 down to 1 pm grit size. An area of approximately 10-mm
wide over the entire thickness of each laminate was analysed. The void content was calculated in
both intralaminar and interlaminar regions using ImageJ software.

Ultrasonic (US) testing. All the laminates were controlled by US nondestructive testing through
C-Scan and A-Scan to check for local defect indications and/or obtain relative attenuation levels.
In the absence of local defects, global attenuation as compared to a healthy laminate of the same
material could be attributed to diffuse porosity. Results are given in %SH (screen height) which is
a relative unit based on a signal gain set on a reference material of the same nature with known
good material health level.

Scanning Electronic Microscopy (SEM). A ZEISS SUPRA 25 scanning Electron Microscope
was used at an acceleration voltage of 15 kV to analyze the fracture surfaces of mechanically tested
specimens. Specimens were metallized with Platinum prior to observation.

Differential scanning calorimetry (DSC). DSC analyses were performed using a Mettler
TOLEDO DSC 3. To obtain results over the entire thickness of the laminates, sampling consisted
of cutting a thin cross-section using a microtome. Samples of approximately 10 mg were placed
in 40 pl aluminum pans, with non-hermetically sealed lids. Two temperature ramp-ups and -downs
were performed at heating rates of 10 °C/min between room temperature and 380 °C. Three sample
were analysed for each laminate in a nitrogen environment (to avoid any sample oxidation) at a
flow rate of 50 ml/min. The degree of crystallinity of a sample was estimated by using Eq.1:

AH,,_AH,
X= ot @

where AHn is the melting enthalpy, AHc. is the cold crystallization enthalpy, ® is the weight
fraction of matrix content, and AHm is the theoretical melting enthalpy of 100% crystalline PEEK
which has been calculated to be 130 J/g by Blundell et al. [16].

Interlaminar shear strength (ILSS) testing. The interlaminar shear behavior of laminates was
assessed by following the ASTM D2344 Standard, using a span-to-thickness ratio of 4:1. Five
specimens measuring 40 x 12 x t mm (t is the thickness, being approximately 6 mm) were tested
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for each laminate. Testing was performed at 1 mm/min on an INSTRON 3369 tensile testing
machine with a maximum load capacity of 10 kN. The apparent interlaminar shear strength is
calculated using Eq.2:

3xXFmax
4 Xwxt

Tmax = (2)
where Fmax is the maximum force in N, w is the specimen width (mm) and ¢ is the specimen
thickness (mm).

Dynamic Mechanical Analysis (DMA). Mechanical testing by DMA assesses the mechanical
response of the laminates according to the temperature. The tests consist of a three-point bending
in the transverse-to-fibre direction. For each manufacturing conditions investigated, two samples
were tested on a Mettler TOLEDO DMA 1. The scans were performed from room temperature to
250°C at a scanning speed of 2 °C/min. A frequency of 1 Hz and a displacement amplitude of 3
um were used. The peak value of the loss factor tan 6 was obtained by a mathematical treatment
in Matlab, which consisted of fitting the baseline and smoothing the curve to extract the maximum
value of tan 6.

Results and discussion

Overall laminate quality. The results of the mean signal amplitude measured by ultrasonic
nondestructive control of plates are shown in Table 2. Through C-Scan measurement, a global
material health difference between 25/350 and 250/350 is observed with an increase of the
transmitted US signal amplitude from 30 to 35 %SH respectively. An equivalent increase in
amplitude of 5%SH between 25/450 and 250/450 is also observed, showing a better material
quality of the plates produced on a heated tool. However, the effect of the TT is small compared
to the effect of the LST, as there is approximately a 45 %SH rise in amplitude with an increase of
LST from 350 to 450 °C.

Microscopy observations of manufactured panels are presented in Fig. 2. Void contents were
measured for all laminates, and the interply and intraply void contents are listed in Table 2. Such
information allow to discriminate porosities resulting from the lack of intimate contact and those
generated by deconsolidation phenomena. The former is visible by a high interply void content,
while the latter can be associated with a higher intraply void content as compared to the initial tape
[6], [14]. At first glance, the evolution of void content with the changing of the LST and the TT
follows the same trend as the evolution of the US signal amplitude discussed previously. However,
when considering the location of voids, three different cases can be highlighted: the 25/350
contains both interply and intraply voids, the 250/350 rather contains intraply voids and almost no
interply voids, and the 25/450 and 250/350 show only a small amount of intraply voids, slightly
higher than the initial void content of the tape. Through these observations, we can conclude that
only the laminate 25/350 presents a lack of intimate contact at the welded interface, indicating that
its establishment is promoted by increasing the TT or the LST.

Indeed, the observations of Celik et al. [17] on a PEEK/CF demonstrated the establishment of
the intimate contact at a TT of 155 °C (and a LST of 380-400 °C), as compared to similar lay-up
on an unheated tool. However, it is important to remember that in this latter study and all others
referenced in this article, comparison with literature data is limited by differences in material
composition. The favourable conditions for the establishment of intimate contact and healing when
the tool is heated over the T, can be explained by an increased time above T, and by a lower
cooling rate [1], [18], [19]. Hence, for the 25/350 condition, even if the Ty, is reached, there might
not be enough time left to activate these consolidation mechanisms.

If we one focus now on intraply void related to deconsolidation, one could notice that laminates
welded at 350 °C are much more concerned by this phenomenon. A proposed assumption to
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explain deconsolidation by increasing intraply void content is sufficient time for void growth and
frozen-in-fibre stress release during the heating phase prior to consolidation under the roller,
combined with a too short time under pressure for allowing the squeeze flow mechanisms to fill
the voids with matrix. Hence, the difference between the 250/350 and the laminates welded at 450
°C could be explained by the material viscosity which affect the establishment of the consolidation
by squeeze flow: the matrix of the laminate 250/350 could have a sufficiently low viscosity to
deconsolidate, but a too high viscosity to fill in all the voids during the application of pressure.
This assumption is based on an almost 10-fold difference in viscosity of PEEK between 350 °C
and 450 °C [20].

Finally, the intraply void content of laminates welded at 450 °C is slightly higher than the void
content of the as-received tape, reflecting a little deconsolidation for these manufacturing
conditions. The void content of an autoclaved manufactured laminate from literature ([15]o
CF/PEEK consolidated in autoclave at 370 °C during 20 min under a pressure of 7 bar, and cooled
at 2 °C/min) is presented in Table 2 and in Fig. 4[15]. While a void content respecting the standard
criterion for most aerospace applications (lower than 1 % [1]) is reached for a LST at 450 °C with
our material system and processing conditions, we notice that it is possible to reach lower void
content by autoclave, when maximum consolidation is achieved.

Table 2 — Void content results

autoclaved- as-
25/350 | 250/350 | 25/450 | 250/450 miglfefrfr'l“fd received
[15] tape
US amplitude [%SH] 30 35 75 80 - -
Interply ‘[’;:]d content | 3 1540.7 (0,11 +0.02 0(')(_)82i 0(')(_)31i . ;
Intraply F‘;:]d content | » 35403 | 2.71+0.2 0.75+0.2(0.69+0.2 ' 0.49 + 0.4
ﬂ—-"—’”—“é last deposited ply
. DT —

>

oo |
First deposited ply (on tool) I
Figure 2 — Images of cross-section laminates (a) 25/350, (b) 250/350, (c) 25/450 and (d)

250/450 with the associated void content

S 2,8402% 1M
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ILSS mechanical performances. On the load-displacement curves presented in Fig. 3a., we can
clearly see a different mechanical behavior in sample 25/350, which drops significantly at a low
load, compared to the other specimens presenting nonlinear response and higher values for load
and displacement at failure. The combined observations of cross-section of fracture
(Fig. 3b and c.) and fracture surfaces on SEM (Fig. 3d and e) confirm a different behavior of
25/350 specimens. This laminate, which have a high interply void content, failed at a welded
interface due to an interlaminar shear mechanism. Fracture surfaces of the specimens are
comprised of a smooth resin layer with few bare fibres. For the three other laminates, having
mainly intraply voids, the maximum load varies (Fig. 3a) but they all break by an intralaminar
shear mode, and especially at the fibre-matrix interfaces, as shown in Fig. 3e. on the 250/350
condition. This result means that when processing parameters are favorable for intimate contact
and healing establishment (even if healing is not complete), the welded interface is no longer the
weakest area of the laminate when subjected to out-of-plane shear loading. It explains why the
ILSS values of these laminates are close among each other compared to the ILSS value of the
25/350 laminates (Fig. 3a).

Furthermore, the difference of behavior between all the specimens correlates with the void
content, which decreases when the apparent ILSS strength increases (Fig.4a). A correlation is
found between the intraply void content and the ILSS values when the failure mode is intralaminar.
It would be interesting to know the failure mode of the autoclave laminate from literature [15]
(previously presented) to confirm the relation established in the well-consolidated laminates of
this study. However, even if these results highlight an obvious effect of intraply void content on
ILSS, the understanding of fracture mechanisms during ILSS testing is necessary to confirm that
state. Also, Gao & Kim [21] showed that fast cooling of semi-crystalline thermoplastic reduces
the thickness of the transcrystalline region around the fibres, leading to a weaker fibre—matrix
interface. Hence, for low intraply void contents (at a LST of 450 °C), the increase in ILSS by
increasing the TT at 250 °C may be in agreement with this latter statement, because these
conditions may promote the crystallization of PEEK [18]. To explain the different ILSS values
between 25/450 and 250/450 presenting no significant differences in intraply void content, the
characterization of the crystallinity of PEEK is then required.

Also, Fig. 4a shows that the ILSS value of the PEEK/CF autoclave reference is significantly
higher than the ILSS values of the LATP laminate obtained in this study. However, the authors
specified that this high ILSS value of autoclave reference is due to a high crystallinity (40%).
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Load (kN)
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Figure 3 — a) Load curves for the different manufacturing conditions; pd;i;ﬁortem cross-section
images of ILSS laminates (b) 25/350 and(c) 250/350 where red arrows indicate the inter-ply
position, fracture surfaces (by SEM) of ILSS laminates (d) 25/350 and (e) 250/350
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Crystallinity. Results of degree of crystallinity obtained by DSC analysis are presented in Fig.
4b and they show a higher effect of the LST on the degree of crystallinity than the TT. However,
due to the size of sampling in DSC and the sensitivity limiting detection of low variation of heat
flux (especially for the cold crystallization) and measured enthalpies to experimental repetitiveness
and presence of carbon fibers, we obtained more accurate (through indirect) and repetitive
information by DMA analysis to assess an evolution of the crystallinity with the manufacturing
conditions.

DMA. A correlation between the viscoelastic behavior of the laminates and their degree of
crystallinity was performed by DMA analysis. The goal was to assess the variation of the tan d
loss factor peak and its corresponding temperature (Fig. 4b), which is considered as the glass
transition temperature Tg, with LST and TT. Only the variation of tan 6 will be discussed in this
paper. This value is defined by the ratio between the loss and the storage modulus, explaining the
reverse link between tan 6 and the degree of crystallinity because increasing the crystallinity is
equivalent to decreasing the amorphous chain mobility, even if this latter also depends on the
morphology (type and size of the crystals).

By comparing LATP and autoclave PEEK/CF laminates, Ray et al. [22] showed an increase of
Tg from 140 °C to 153 °C and a decrease in tan ¢ from 0,075 to 0,03 related to an increase in
crystallinity from 17,6% to 42%. Also, the effect of TT on the Ty has been already observed in a
PEEK/CF laminate manufactured by SPIDE TP® by El Bayssari [23] : a variation of Ty from
140 °C to 148 °C when the tool is heated at 180 °C was noted.

As shown in Fig. 4b, our results confirmed this trend. There is a significant drop of tan 6 when
increasing the TT. This drop takes place from values of tan 6 of 0,18 to 0,10 in the laminates
manufactured with a LST of 350 °C and from 0,15 to 0,1 in the laminates manufactured at 450°C.
However, there is probably an effect of the void content on the Tg and tan 6 values measured by
DMA [24]. In order to decorrelate these effects, one can comparatively evaluate the tan 6 and Tg
from cooling curves, assuming all cold crystallization was completed during the temperature ramp
until 250°C (crystallization occurs in a few seconds at this temperature according to Tardif et al.
[25]) and that this ramp do not affect the porosity content. In this way, it can be assumed that all
specimens are all fully crystallized during the cooling down phase, and that differences in Tg and
tan o between the laminates can only be attributed to differences in porosity contents. Hence, the
differences between laminates observed during the ramp-up can then be analyzed to evaluate
qualitatively the influence of crystallinity variations between laminates. This evaluation is not
presented here as it is still in progress, however the comparison of tan 6 and Tg remains valid for
the 25/450 and 250/450, for which the void contents are similar. Considering these laminates, it is
clearly seen that the drop in tan & could be related to a rise in the crystallinity of the material. This
observation could reveal that for laminates containing similar void content, any small variation of
the degree of crystallinity may has an influence on the intralaminar resistance. Particularly, a drop
of 33 % of the tan J value is responsible of a rise of 6 % of the ILSS value (i.e Fig. 4a and b). An
effect of the crystallinity of the material on its ILSS value has already been emphasized by the
observations of Gao and Kim [26]. They showed variation in ILSS values from approximately 80
to 55 MPa when the degree of crystallinity varied from approximately 38 to 13 %. However, no
investigation was performed about void content and laminates were manufactured by hot press in
this study.

Finally, the higher degree of crystallinity for laminates manufactured on a heated tool at 250 °C
or at a Laser Setpoint temperature of 450 °C is in accordance with thermal modelling predicting
longer time above T, under these conditions, and consequently a longer time to crystallize [18],
[19].
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Figure 4 — For all manufacturing conditions investigated: a) ILSS data according to the void
content, with black dashed lines representing the as-received tape void content b) ILSS data
according to the degree of crystallinity measured by DSC and the loss factor tan o assessed by
DMA. Grey dashed lines corresponding to the as-received tape degree of crystallinity

Conclusion
In this work, the characterization of PEEK/CF laminates processed using several LATP
manufacturing conditions was performed.

To observe the effect of the process temperature and the cooling rate inside the material, the
two processing parameters that were varied are the laser setpoint temperature (LST) (350 and 450
°C), and the tool temperature (TT) (25 and 250 °C). Then the laminates void content and
distribution, crystallinity, viscoelastic and shear behaviors were investigated.

Firstly, it was shown that the LST and the TT affect the overall laminate qualities. The
ultrasonic signal amplitude was much high for laminates manufactured at 450 °C compared to
laminates manufactured at 350°C. This trend was confirmed by microscopy observations of the
cross-section of the laminates showing a higher void content for the latter.

In order to determine the voids repartition, the measurement of interply and intraply void
content was carried out. Results highlighted the lack of intimate contact for the laminate processed
at 350 °C on an unheated tool, resulting in interply void content of 4%. Although the laminate
welded at 350 °C on a tool heated at 250 °C has a lower interply void content (0,8 %), it contains
much more intraply voids (3 %) than the laminates manufactured at 450 °C (about 0,7 %), whatever
the TT. It has been speculated that the deconsolidation by increasing the intraply void content is
due to a growth of initial void content and the development of cavities around fiber due to
relaxation of stress at the fiber-matrix interfaces during the heating phase.

Secondly, a correlation between void distribution, ILSS results and failure mode was
demonstrated. For laminates processed at 350 °C on an unheated tool, showing a lack of intimate
contact, the interlaminar failure mode is obviously governed by the presence of interply voids
Unsurprisingly, this laminate has the lowest ILSS value.

Finally, the characterization of the degree of crystallinity by DSC and DMA allowed to link
this property to the ILSS of the laminates. For well-consolidated laminate having mainly
intralaminar voids, both the intraply void content and the crystallinity of the laminate seem to be
related to the apparent ILSS performances and further investigation are in progress in order to
clearly decorrelate both effects.
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