
 
 

Delft University of Technology

The effect of Laser-Induced deconsolidation on the compaction behavior of thermoplastic
composite tapes

Çelik, Ozan; Bussink, Tom; Peeters, Daniël; Teuwen, Julie; Dransfeld, Clemens

DOI
10.1016/j.compositesa.2021.106670
Publication date
2021
Document Version
Final published version
Published in
Composites Part A: Applied Science and Manufacturing

Citation (APA)
Çelik, O., Bussink, T., Peeters, D., Teuwen, J., & Dransfeld, C. (2021). The effect of Laser-Induced
deconsolidation on the compaction behavior of thermoplastic composite tapes. Composites Part A: Applied
Science and Manufacturing, 151, [106670]. https://doi.org/10.1016/j.compositesa.2021.106670

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.compositesa.2021.106670
https://doi.org/10.1016/j.compositesa.2021.106670


Composites: Part A 151 (2021) 106670

Available online 6 October 2021
1359-835X/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

The effect of Laser-Induced deconsolidation on the compaction behavior of 
thermoplastic composite tapes 
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Aerospace Manufacturing Technologies, Faculty of Aerospace Engineering, Delft University of Technology, Kluyverweg 1, Delft, 2629HS, the Netherlands   
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A B S T R A C T   

The effects of laser-induced deconsolidation on the compaction process of CF/PEEK tapes were investigated. 
First, tapes with different degrees of deconsolidation were manufactured using a laser heater. This procedure 
resulted in samples with different waviness, thickness, void content and surface roughness values. Then, as- 
received and laser-deconsolidated tapes were compacted under two different temperature histories and four 
different pressure levels. Waviness induced by laser-deconsolidation vanished when the material was heated up 
to the glass transition temperature even at a very low compaction pressure. Unlike waviness; increased thickness, 
void content and surface roughness due to laser-deconsolidation remained between the glass transition and 
melting temperatures. After the melting temperature was exceeded, the effects of laser-deconsolidation were 
dependent on the applied pressure and initial degree of deconsolidation. The final surface roughness, thickness 
and degree of effective intimate contact were affected by the degree of laser-deconsolidation when a compaction 
pressure of less than 300 kPa was applied.   

1. Introduction 

Laser-assisted fiber placement (LAFP) with in-situ consolidation 
(without a post-consolidation step such as an autoclave, oven or press) 
has received an increasing attention from composite manufacturing 
community in the recent years [1]. The method offers precise and 
repeatable production of near net-shaped thermoplastic composite parts 
with minimum human intervention [2]. Moreover, skipping the post- 
consolidation step has the potential for a great reduction in processing 
time and energy consumption. A typical LAFP system is demonstrated in 
Fig. 1. Layers of thermoplastic composite material are joined by first 
heating via a laser heater pointed at the nip point between the incoming 
tape and underlying substrate and then, compacting with a silicone or 
metal roller. 

The resulting part quality is highly dependent on the short (< 1 s) 
compaction phase of the process. Several phenomena such as intimate 
contact development [3–5], void compression [6] and tape deformation 
[7] take place during the time spent under the compaction roller. These 
phenomena play a significant role in determining the final mechanical 
properties, dimensions and porosity of the structure [8,9]; therefore, it is 
crucial to have a deep understanding on the compaction behavior of the 
tape during LAFP [10]. 

As demonstrated in Fig. 1, laser heating changes the micro- and 
meso-structure of the tape significantly. These changes have been 
termed as deconsolidation in the literature [11]. Specifically, the laser- 
deconsolidated tape has a higher waviness, roughness, thickness and 
volumetric void content than the as-received tape as shown in [12]. The 
effects of deconsolidation on the compaction of the tape is important due 
to the limited compaction time during LAFP. 

The effects of deconsolidation on the compaction behavior of the 
thermoplastic composite tapes have been investigated by only few re-
searchers. Kok et al. focused on the influence of fiber decompaction at 
the tape surface due to laser heating [13]. They showed that laser 
irradiation may lead to a resin-poor layer at the tape surface and 
formulated an intimate contact model based on through-thickness 
impregnation of the dry fibers [14]. The model predicted the experi-
mental results with limited success. The assumption of a one- 
dimensional problem domain may have led to oversimplification of 
the intimate contact development phenomenon. Later on, in a previous 
work of the authors, it was shown that due to the presence of dry fibers 
at the tape surface, a complete mechanical contact against the opposite 
surface may not eliminate interlaminar voids or ensure full bond 
strength development [5]. The concept of effective intimate contact, 
which is the ratio of the resin material in contact with the opposing 
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surface to the whole projected surface area, was proposed. Experimental 
results suggested that effective intimate contact develops as a result of a 
combination of squeeze flow and percolation flow in both the thickness 
and fiber directions. In [12], the possible effects of other forms of 
deconsolidation such as waviness formation, void content increase and 
non-uniform thickness increase on the compaction of the tape were 
discussed. It was suggested that these effects should be considered for 
calculation of heat transfer, void compaction and effective intimate 
contact development. An experimental study which systematically ad-
dresses the effect of deconsolidation under different compaction pa-
rameters is not present in the literature. Also, behavior of different 
degrees of deconsolidation during the compaction process, which is 
important for LAFP models, has not been investigated yet. 

The objective of this study is therefore to understand the differences 
between the compaction behavior of as-received and laser- 
deconsolidated tapes exposed to the same temperature and pressure 
history. To reach this goal, a two-step experimental procedure was 
performed. First, carbon fiber reinforced polyetheretherketone (CF/ 
PEEK) tapes were deconsolidated using a Vertical-Cavity Surface-Emit-
ting Laser (VCSEL) heater under conditions similar to the heating phase 
of LAFP. Then, samples from these tapes were compacted under two 
temperature histories with relatively fast heating/cooling rates, and four 
pressure levels. As-received tape samples were also compacted as 
reference. The effects of deconsolidation were studied with in-situ and 
ex-situ methods. The gap thickness and temperature were measured 
during the compaction experiments. Cross-sectional microscopy, effec-
tive intimate contact measurement and confocal microscopy were 
employed after the experiments. 

2. Materials and experimental methods 

2.1. Materials 

The material used in this study was Toray TC1200 CF/PEEK slit in 
6.35 mm-wide tapes. The nominal thickness of the as-received tape was 
0.15 mm. The glass transition (Tg) and melting (Tm) temperatures of 
PEEK were reported as 143 ◦C and 343 ◦C, respectively [15]. 

2.2. Deconsolidation of As-received tapes 

An experimental setup was designed to deconsolidate CF/PEEK tapes 

under conditions similar to the heating phase of LAFP. Fig. 2 demon-
strates the setup and its components. A composite tape was attached to 
an aluminum tool using polyimide tapes at the ends and heated with a 
laser heater while the temperature at the tape surface was measured 
with a thermal camera. 

A TRUMPF PPM411-12–980-24 laser module with a total output 
capacity of 2.4 kW was used to heat the surface of the composite tape. 
The device contains 12 heating zones which can be independently 
activated and adjusted to get a tailored heating profile. The heater was 
positioned so that the emitted laser beams were perpendicular to the 
plane the composite tape lies on. The distance between the laser heater 
and the tape was 5 cm. 

Temperature on the tape surface during heating was measured with a 
FLIR A655sc long-wave infrared (LWIR) camera. The resolution of the 
detector of the camera was 640 × 480 pixels. The accuracy of the 
temperature measurement was ± 2 ◦C or ± 2 % (whichever is greater). 
The camera was calibrated in the range of 100–650 ◦C. 

The specimens were deconsolidated at two different laser settings to 
obtain different degrees of deconsolidation and split into two groups 
based on the laser settings: highly and slightly laser-deconsolidated 
samples (HLD and SLD, respectively.). The laser settings used for each 
group of samples are shown in Table 1. The settings were determined so 
that the HLD samples reached an average temperature over the heated 
area significantly above the Tm, whereas the SLD samples reached an 
average temperature between Tg and Tm to limit the effects of decon-
solidation. The high scatter in temperature at the tape surface is a result 
of the varying angle of incidence between the laser beams and the sur-
face features caused by waviness formation during laser heating [12]. 

2.3. Compaction of As-received and deconsolidated tapes 

The as-received (ASR), SLD and HLD samples were compacted in a 
TA Instruments RSA-G2 Solids Analyzer. A compression fixture was 
installed on the instrument as demonstrated in Fig. 3. 6–7 mm long 
samples were extracted from the as-received and laser-deconsolidated 
tapes and placed between two 25 µm-thick Polyimide (Kapton) films 
to prevent damage to the compression platens. Following that, a heat-
ing/cooling cycle was applied on the samples under constant compres-
sive force. The samples were compacted under constant compressive 
force for two reasons. Firstly, further deconsolidation during the heating 
or cooling phases of the compaction experiments was prevented by 
applying a compaction force. Secondly, application of compaction force 
during the whole temperature history allows one to observe the 
compaction behavior at different temperature ranges. This is especially 
important for the LAFP process, where the temperature of the incoming 
tape might drop below the melting temperature under the compaction 
roller [16]. 

Two different compaction settings were used as shown in Table 2. 
The first group of samples was heated from 25 ◦C to the target tem-
perature of 400 ◦C (above Tm) with a rate of 60 ◦C/min, held at that 
temperature for 20 s and cooled down to 25 ◦C with a rate of 60 ◦C/min. 
The experiments were repeated at four different pressure levels: 10, 50, 
100 and 300 kPa. The compaction force was calculated for each 
experiment by multiplying the desired pressure and the initial projected 
area of each sample, and kept constant throughout the whole experi-
ment. The second group of samples was heated from 25 ◦C to the target 
temperature of 245 ◦C (between Tg and Tm). The heating/cooling rates 
and holding duration were the same with the previous set of experiments 
and the highest ones that could be achieved with the experimental set- 
up. These experiments were performed only at 300 kPa pressure. 

The pressure values of the experiments above Tm were determined to 
cover a range between the minimum and maximum compaction forces 
which could be reliably achieved with the instrument. During the LAFP 
process, the pressure under the compaction roller is dependent on the 
roller geometry and material as well as the applied compaction force. A 
pressure of 300 kPa was reached by applying a compaction force of 100 

Fig. 1. Working principle of a typical LAFP system with representative cross- 
sectional images demonstrating how laser heating can alter the micro- 
structure of the composite tape prior to the nip point. 
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N on a flat surface using a roller with a hardness of Shore A 60 and a 
diameter of 70 mm [5]; however, the same pressure was obtained for a 
compaction roller with a hardness of 20HA and a diameter of 80 mm 
when a compaction force of 800 N was applied [17]. Also, pressures 
lower than 300 kPa can be observed on convex surfaces [17]. 

The target temperature set in the instrument represents the 

temperature of the gas circulating in the convection oven. Due to the 
relatively fast heating/cooling cycle and the lack of time to equilibrate 
with the environment, the temperature of the objects between the 
compression platens differs from the gas temperature. To determine the 
actual sample temperature during the experiments, a 100 µm-thick K- 
type thermocouple was placed between two Kapton films and com-
pacted with the settings explained above. As shown in Fig. 4, the tem-
perature measured with the thermocouple lagged behind the 
programmed target temperature and reached 363 ◦C and 200 ◦C at its 
peak for the target temperatures of 400 and 245 ◦C, respectively. In this 
work, the temperature history measured with the thermocouple was 
used as the reference temperature throughout the compaction process. 

Due to the presence of the Kapton tapes between the platens, the gap 
thickness measured during the experiments needed to be corrected to 
obtain the net gap thickness associated with the composite specimen. To 
do that, a reference experiment was performed with only two Kapton 
films between the compression platens before each experiment. The 
reference gap thickness was recorded during the compaction cycle. 
Three repetitions were performed for each degree of deconsolidation 
and temperature/pressure combination in Table 2 and the average 
reference gap thickness was calculated for each combination. Following 
that, the actual experiment including the composite tape was completed 
(also performed for three specimens). The average reference gap thick-
ness was subtracted from the gap thickness of each actual experiment to 
obtain the net gap thickness. Finally, the three net gap thickness curves 
were aligned in the time axis and averaged to obtain a single net gap 
thickness curve for each combination of the degree of deconsolidation, 
temperature and pressure. These gap thickness curves are demonstrated 
in Fig. 5. 

2.4. Degree of effective intimate contact 

Degree of effective intimate contact (DEIC), which was defined as the 
amount of compacted resin at the tape surface, was measured using the 
methodology provided in [5]. A Keyence VHX-2000 optical microscope 

Fig. 2. Experimental setup for laser-deconsolidation of composite tapes.  

Table 1 
Laser settings used in deconsolidation experiments.  

Specimen group Activated zones Total power (W) Time (ms) Max. average temperature ( C) Max. local temperature ( C) 

Highly laser-deconsolidated (HLD) 1–11 550 800 395–511 448–566 
Slightly laser-deconsolidated (SLD) 1–11 286 800 232–296 268–341  

Fig. 3. Experimental setup for compaction of composite tapes.  

Table 2 
Parameters used in the compaction experiments.  

Specimen group Heating rate ( C/min) Target temperature ( C) Soak time (s) Cooling rate ( C/min) Max. thermocouple ( C) Pressure (kPa) 

Above Tm 60 400 20 60 363 10, 50, 100 and 300 
Above Tg 60 245 20 60 200 300  
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equipped with a VH-Z100 lens was used to capture the whole surface of 
the specimens after the compaction tests (demonstrated in Fig. 6a). 
These images were converted to grayscale images and a grayscale his-
togram was generated for each image (Fig. 6c). In these histograms, two 
clear peaks were present representing the dry fibers (the peak with the 
lower grayscale value) and the compacted resin area (the peak with the 
higher grayscale value). A threshold was chosen at the local minimum 
between the two peaks. The pixels with a grayscale value higher than 
this threshold were selected. Visual inspection showed that the selected 
area included a low amount of dry fibers. To eliminate them from the 
selected area, all sub-areas smaller than 500 µm2 were excluded 

(Fig. 6b). DEIC was calculated as the ratio of the remaining resin-rich 
area at the surface to the whole area of the image. 

2.5. Cross-sectional microscopy 

The final void content and thickness of the composite specimens after 
the compaction tests were determined by cross-sectional microscopy. 
Also, additional samples were cut from the composite tapes to represent 
the state of the specimens prior to the compaction tests. The specimens 
were embedded into slow-curing mounting epoxy (Struers Epofix) and 
ground/polished in a Struers Tegramin-20 specimen preparation 

Fig. 4. The gas temperature programmed in the software of the compaction set-up and the temperature measured with a thermocouple placed between two Kap-
ton films. 

Fig. 5. Representative gas temperature along with the corresponding gap thicknesses from the experiment with CF/PEEK tape, the reference experiment with Kapton 
tape only, and the calculated net gap thickness of the CF/PEEK sample. 
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equipment. A Keyence VK-X1000 Laser Scanning Confocal Microscope 
(LSCM) was used to obtain the cross-sectional images. To capture the 
whole tape width with high resolution, several images were taken and 
stitched with the 20 × lens in the Focus Variation method. The thickness 
of each tape was determined using the native software of the instrument. 
The void content of each tape was manually measured using ImageJ 
software. 

2.6. Roughness and waviness 

A Keyence VK-X1000 LSCM was used to measure surface roughness 
and waviness of each specimen before and after the compaction exper-
iments. Three sections (top, middle and bottom) spanning the whole 
width of the top (laser-irradiated) surface of each specimens were 
captured. At each section, multiple images were taken in the tape width 
direction using the 20 × lens and stitched together to form a single 
confocal image. The size of each section in the fiber direction was the 
height of a single image, which was approximately 525 µm. 11 primary 
profiles were extracted from each section. 

The primary profiles were filtered to distinguish the roughness and 
waviness profiles following the ISO 4287 [18] and ISO 4288 [19] 
standards. The filter required the definition of the cut-off wavelengths 
λs, λc and λf shown in Fig. 7. To obtain the roughness profile, λs and λc 
were set to 0 mm and 0.8 mm, respectively. To separate the waviness 
profile from the larger-wavelength components of the surface profile; λf 
was set to 2.5 mm. From this data, root mean square (RMS) roughness 
(Rq) and waviness (Wq) were calculated. Additional images of the tapes 
were taken using a Keyence VR-5000 wide-area 3D measurement system 
at a low magnification factor of 12×. These images were used to quickly 
observe the features on the whole tape surface. 

3. Results 

3.1. Effects of laser-deconsolidation on the structure of the tape before 
compaction 

The laser-deconsolidated tapes had significantly different micro- 
structures compared to the as-received tapes due to deconsolidation 
mechanisms such as fiber decompaction, void growth, specific volume 
change and residual stresses [12]. Fig. 8 demonstrates representative 
cross-sectional micrographs of the ASR, SLD and HLD specimens. As 
shown in Fig. 8a, the overall shape of the ASR tapes was flat. There was 
no resin-rich layer at the tape surface; however, the fibers at the surfaces 
were not detached from the body of the tape. A slight variation in fiber 
volume fraction was observed throughout the tape but no resin pockets 
or dry fibers were present. The SLD tapes demonstrated in Fig. 8b, 
however, contained some forms of deconsolidation such as waviness and 
a few voids. Such features were rather localized and a major portion of 
the tape width was unaffected by the laser heating. The most severe 
signs of deconsolidation were observed in the HLD tapes as pointed out 
in Fig. 8c. The tape was warped and the thickness of the tape was 

Fig. 6. a) A portion of the micrograph of the tape surface after the compaction test, b) Segmented image showing the regions with DEIC (cyan) and regions selected 
with the histogram but excluded due to minimum size limit (red), c) the grayscale histogram and the minimum threshold to determine the area with DEIC. 

Fig. 7. Transmission characteristic of roughness and waviness profiles with the 
demonstration of cut-off wavelengths λs, λc and λf. Reproduced from [18]. 
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irregular. The void content was much higher than the SLD tapes. Fibers 
detached from the tape surface were widespread. 

Using the cross-sectional micrographs of each sample, the void 
content of the ASR, SLD and HLD tapes was calculated. Fig. 9a shows the 
effect of degree of deconsolidation on the void content for samples 
prepared for experiments at different pressure levels. The ASR tapes had 
a very low void content (< 1 %). However, laser heating resulted in a 
significant increase in the void content even when the average surface 
temperature was below Tm as the SLD tapes had an average void content 
of 2.8 %. The void content of the HLD samples was even higher (4.6 % on 
average), confirming the qualitative observations based on the cross- 
sectional images. 

Laser-deconsolidation also led to an increase in surface roughness as 
shown in Fig. 10a. As the degree of deconsolidation increased, the sur-
face roughness increased. The difference between the average roughness 
of the ASR (3.7 µm) and SLD (5.7 µm) tapes were around 2 µm. The 
average roughness of the HLD tapes (10 µm) was much higher (4.3 µm) 
than the SLD tapes. 

In addition to the local features at the surface, features of the tape at 
a larger scale also varied as a result of the warpage and motion of the 

fiber bundles after laser heating. This can be seen in the RMS waviness of 
each degree of deconsolidation presented in Fig. 11a. The ASR tape was 
practically flat with a very low waviness value, 1 µm. As the degree of 
deconsolidation increased, the waviness increased significantly. On 
average, the SLD and HLD tapes had an RMS waviness of 8.2 µm and 
13.7 µm, respectively. 

The average initial DEIC of the ASR tapes was found to be 5.9 %. 
Unfortunately, it was not possible to measure the initial DEIC of the 
laser-deconsolidated samples. The surface micrographs were out-of- 
focus at many locations due to the high amount of out-of-plane defor-
mation. Considering the increased roughness and detached fibers at the 
surface due to laser-deconsolidation (shown in Fig. 8), it can be expected 
that the laser-deconsolidated samples have a lower initial DEIC than the 
ASR samples. 

3.2. Compaction behavior of the as-received and deconsolidated tapes 

3.2.1. In-situ gap thickness 
Firstly, the repeatibility of the gap thickness measurements of the 

reference (Kapton-only) experiments was assessed. It was observed that 
the difference between the gap thickness values from different experi-
ments was below 20 µm under the same pressure. Also, using the aver-
aged reference gap thickness curve for each degree of deconsolidation 
and temperature/pressure combination reduced the effect of the varia-
tion of Kapton-only measurements even further. 

In-situ gap thickness of the ASR, SLD and HLD tapes that were heated 
up to 363 ◦C were grouped by the applied pressure and presented with 
the accompanying temperature history in Fig. 12a-d. A common 
behavior was observed at each pressure level. A significant drop in gap 
thickness was observed around Tg for the SLD and HLD tapes at all 
pressures and the ASR tape at 10 kPa. This sudden decrease was fol-
lowed by a plateau until Tm. When Tm was exceeded, a second large 
decrease in gap thickness was observed for all samples at each pressure. 
After this point, the gap thickness decreased slightly further and then 
stayed practically constant. Based on the overall behavior of the gap 
thickness curves, three distinct characteristic points were defined and 
used to compare the samples quantitatively. As demonstrated in Fig. 13, 
these points are the initial gap, gap after Tg and the final gap. 

Fig. 14a shows the initial gap thickness of the ASR, SLD and HLD 
tapes. The degree of deconsolidation clearly affected the initial gap 
thickness at each pressure level. At the pressure of 10 kPa, the initial gap 
thickness of the ASR, SLD and HLD tapes were around 190, 260 and 320 
µm, respectively. It is thought that the low pressure was not sufficient to 
flatten the overall form of the tape, which was a result of the warpage 
that occurred during sample extraction. As the pressure was increased to 
50 kPa, the warpage was eliminated and the initial gap thickness of the 

Fig. 8. Representative cross-sectional images of a) as-received, b) slightly laser- 
deconsolidated, and c) highly laser-deconsolidated samples. 

Fig. 9. a) Void content of the as-received (ASR), slightly laser-deconsolidated (SLD), and highly laser-deconsolidated (HLD) samples prior to the experiments with a 
maximum temperature of 363 ℃ and pressure levels of 10, 50, 100 and 300 kPa. b) Void content of the samples after being subjected to the respective compaction 
pressure. The data for ASR tapes in a) is reproduced from [12]. 
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tapes decreased to ~150, 200 and 300 µm for the ASR, SLD and HLD 
tapes, respectively. Experiments performed at a pressure of 100 kPa 
resulted in a slight decrease in the initial gap thickness for ASR and SLD 
tapes but the difference was small and stayed within the measurement 
accuracy of the initial gap thicknesses at 50 kPa. At 300 kPa, the initial 
gap thickness did not change significantly for the ASR and SLD tapes but 
reduced to ~240 µm for the HLD tapes. 

Fig. 14b shows the reduced gap thickness after the Tg. A significant 
reduction in gap thickness was observed for the HLD samples, ranging 
between 80 and 150 µm at each pressure level. The gap thickness of the 
SLD tapes decreased less, within a range of 20–50 µm. The gap thickness 
of the ASR samples reduced significantly at only 10 kPa and it was 
around 30 µm. The reduction was below 10 µm for the pressure levels of 
50 and 100 kPa and zero at 300 kPa. The SLD and HLD samples had a 
higher gap thickness than the ASR samples at every pressure level. 
However, the degree of deconsolidation did not have a significant effect 
on the gap thickness after Tg for the laser-deconsolidated samples. 

Fig. 14c and d show the final gap thickness and the thickness from 
the cross-sectional images, respectively, for all samples. It can be seen 
that the values obtained via the two methods agree with each other very 
well in general. Only at 10 kPa, the gap length was slightly higher than 
the thickness, which can be explained by the effect of the overall form of 
the tape due to the lack of sufficient pressure to keep the tape flat. A 
comparison of Fig. 14c and Fig. 14b reveals that the SLD and HLD tapes 

were compacted significantly from their thickness at Tg at all pressures, 
whereas this was the case for the ASR tape at only 300 kPa. Fig. 14d 
demonstrates that the thickness of all the samples were below the 
nominal thickness of the ASR tape with the exception of the HLD tape at 
10 kPa. The effect of the degree of deconsolidation was minor as the 
average final thickness of the ASR and HLD tapes differed around 10 µm 
at most. 

The in-situ gap thickness measurements from the experiments with a 
maximum temperature of 200 ◦C are shown in Fig. 15. Fig. 15a dem-
onstrates that the gap thickness of the SLD and HLD samples dropped 
significantly at Tg as in the previous experiments (shown in Fig. 12). The 
ASR tape did not go through significant changes as it did not exceed Tm. 
Fig. 15b–d show that the gap thickness of the tapes in the experiments 
with 200 and 363 ◦C maximum temperature were similar to each other 
until the Tm was reached during the 363 ◦C experiments. Since the 
samples from the 200 ◦C experiments cooled down below Tg shortly after 
that point (at around 400 s), it can be assumed that their microstructure 
represents the state of the tape just after Tg. 

3.2.2. Morphological analysis 
Fig. 16 shows the representative cross-sections of the pristine ASR 

and HLD specimens and their states after the compaction experiments at 
a pressure of 300 kPa. Fig. 16b shows that the micro-structure of the ASR 
tapes changed minimally from the initial state (Fig. 16a) when subjected 

Fig. 10. a) RMS roughness of the as-received (ASR), slightly laser-deconsolidated (SLD), and highly laser-deconsolidated (HLD) samples prior to the experiments 
with a maximum temperature of 363 ℃ and pressure levels of 10, 50, 100 and 300 kPa. b) RMS roughness of the samples after being subjected to the respective 
compaction pressure. 

Fig. 11. a) RMS waviness of the as-received (ASR), slightly laser-deconsolidated (SLD), and highly laser-deconsolidated (HLD) samples prior to the experiments with 
a maximum temperature of 363 ℃ and pressure levels of 10, 50, 100 and 300 kPa. b) RMS waviness of the samples after being subjected to the respective 
compaction pressure. 
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to a maximum temperature of 200 ◦C. The surface features of the tape 
did not flatten and the thickness did not change much. When compacted 
above Tm, the tape surface was much smoother and the thickness 
decreased, as shown in Fig. 16c. 

The effects of the compaction treatments just above Tg and above Tm 
was much more pronounced for the HLD tapes. Samples treated at just 
above Tg (Fig. 16e) were much flatter than their initial states (Fig. 16d) 
in the meso- scale. The waviness and thickness variations were mostly 

eliminated. However, the tape surface was still rough and voids were 
present within the tape. When the samples were compacted above Tm, 
the surface was smoothened, voids were compacted and thickness was 
reduced (Fig. 16e), leading to a state similar to the ASR samples com-
pacted under the same conditions. 

Surface micrographs of the tapes compacted above Tm provided 
further information about the polymer flow at the tape surface during 
compaction. Fig. 17 demonstrates that molten resin flowed significantly 

Fig. 12. In-situ gap thickness of ASR, SLD and HLD tapes heated up to 363 ℃ under the pressure of a) 10 kPa, b) 50 kPa, c) 100 kPa and d) 300 kPa. The temperature 
histories are also added and Tg and Tm during heating and cooling are marked. 

Fig. 13. Characteristic points on the gap thickness curves that were selected to compare the samples quantitatively.  
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in the fiber direction and squeezed out from the edges of the tape. This 
mode of polymer flow was observed for all samples and the amount of 
squeezed-out resin increased with increasing pressure. 

3.2.3. Void content 
The final void content of the samples which were compacted above 

Tm is shown in Fig. 9b. At 10 kPa, the SLD samples had a slightly higher 
average void content than the ASR samples. However, a relatively high 
scatter was observed for the HLD samples, ranging between 0.1 and 1 %. 
At higher pressures, all samples had a similar average final void content 
between 0.1 and 0.4 %. It should be noted that even at 10 kPa, the final 
void content was below 1 %, which is considered a low and tolerable 
value in industry applications [20]. 

Fig. 18 shows the final void content of the samples subjected to a 
maximum temperature of 200 and 363 ◦C under a pressure of 300 kPa. 
Compaction just above the Tg led to reduction of voids, as the void 
content of ASR, SLD and HLD samples decreased for 0.4, 0.7 and 1.6 % 
on average. However, the voids were not completely eliminated. The 
degree of deconsolidation had an effect on the void content just above Tg 
and the SLD and HLD tapes had a significantly higher void content than 
the ASR tapes. However, when the Tm was exceeded, the compaction 
cycle was sufficient to eliminate the voids and all three degrees of 
deconsolidation resulted in the same, very low amount of void content. 

3.2.4. Effective intimate contact 
The final degree of effective intimate contact (DEIC) of the ASR, SLD 

and HLD tapes subjected to 363 ◦C is shown in Fig. 19. The effect of both 
the pressure and the degree of deconsolidation can be observed in the 

results. An increase in the applied pressure increased the DEIC for all 
degrees of deconsolidation. Even at the lowest pressure setting (10 kPa), 
the DEIC was significant (45–50 % for the ASR tape and 35–45 % for the 
SLD and HLD tapes) for all samples. At the highest pressure (300 kPa), 
all samples reached an average DEIC of ~85 %. The effect of the degree 
of deconsolidation was apparent at pressures below 300 kPa. The 
average DEIC decreased as the degree of deconsolidation increased. 

Fig. 20 shows the final DEIC of the samples subjected to a maximum 
temperature of 200 and 363 ◦C under a pressure of 300 kPa. Unlike the 
samples that were compacted above Tm, the samples compacted just 
above Tg had a very low final DEIC. Also, the degree of deconsolidation 
did not affect the DEIC just after Tg. 

3.2.5. Surface roughness 
The final RMS roughness of the samples subjected to a maximum 

temperature of 363 ◦C is shown in Fig. 10b. The degree of deconsoli-
dation had an effect at every pressure level. The mean roughness of the 
SLD and HLD tapes was higher than the ASR tapes. The HLD samples 
were slightly rougher than the SLD samples on average; however, due to 
scatter, no clear distinction can be made. The effect of pressure was also 
apparent for all degrees of deconsolidation. As the pressure increased, 
the roughness decreased. At 10 kPa, the roughness of the ASR tape was 
slightly higher than its inital value shown in Fig. 10a; however, the 
roughness of the laser-deconsolidated tapes, especially the HLD ones, 
decreased significantly. 

Fig. 21 shows the final RMS roughness of the samples subjected to a 
maximum temperature of 200 and 363 ◦C under a pressure of 300 kPa. 
During the 200 ◦C experiments, the surface features of the tapes were not 

Fig. 14. a) The initial gap thickness, b) gap thickness after Tg, c) final gap thickness and d) thickness from cross-sectional microscopy for the ASR, SLD and HLD tapes 
subjected to different pressures with a maximum temperature of 363 ℃. 
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flattened as much as the 363 ◦C experiments, which is shown by the 
higher roughness values. For the samples subjected to 200 ◦C, the 
roughness increased as the degree of deconsolidation increased. It 
should be noted that the roughness of the ASR tapes did not change 
significantly from the initial value, whereas a reduction of 1.1 µm and 
4.1 µm was observed for the SLD and HLD tapes, respectively. All of the 
samples which were subjected to 363 ◦C reached a roughness which is 
smaller than the initial roughness of the ASR tape. The difference be-
tween the degrees of deconsolidation was much less compared to the 
samples subjected to a maximum temperature of 200 ◦C. 

3.2.6. Waviness 
The final RMS waviness of the samples subjected to a maximum 

temperature of 363 ◦C is shown in Fig. 11b. It can be seen that all of the 
samples had a significantly reduced waviness at the end of the experi-
ments compared to their initial waviness (shown in Fig. 11a). The degree 
of deconsolidation and pressure seem not to have a significant effect on 
the final waviness. Only at 10 kPa, the waviness of the ASR tape was 
slightly higher than its initial value. 

Fig. 22 compares the final RMS waviness of the samples subjected to 
a maximum temperature of 200 and 363 ◦C under the pressure of 300 
kPa. Confirming the micrographs in Fig. 16, the low RMS waviness 
values for the samples subjected to 200 ◦C show the flattening of meso- 
scale features of the tape surface at Tg. Past the Tg, the SLD and HLD 
samples had slightly more waviness than the ASR tapes; however, the 
difference was minute. The waviness reduced a bit further for all sam-
ples subjected to 363 ◦C and the degree of deconsolidation did not affect 
the results. 

4. Discussion 

4.1. Influence of laser-deconsolidation on the compaction behavior 

As explained in Section 3.1, laser-deconsolidation increases the void 
content, roughness and waviness of the tape. This study shows that such 
micro-structural changes affect the compaction process of the thermo-
plastic composite tapes in a number of ways. The effects can be grouped 
under three temperature ranges: between the room temperature and Tg, 
between Tg and Tm and above Tm. The severity of the effects varies in 
each temperature range. 

At room temperature, the waviness of the samples and the thickness 
increase induced by void growth and fiber decompaction due to laser- 
deconsolidation were the main reasons of the difference in the gap 
thickness shown in Figs. 12 and 15. The sudden decrease in the gap 
thickness when the Tg was exceeded suggests that the tapes were 
significantly deformed even if the resin was not in the molten state. The 
cross-sectional micrographs of the HLD samples shown in Fig. 16e and 
the final waviness values of the samples subjected to a maximum tem-
perature of 200 ◦C reported in Fig. 22 suggest that the waviness was 
eliminated at the Tg. Unlike waviness, the voids and surface roughness 
were reduced but not completely eliminated (shown in Figs. 18 and 21, 
respectively). At the Tg, the storage modulus of CF/PEEK decreases 
significantly and PEEK transforms into the rubbery state [21]. This 
transition is sufficient to flatten the meso-scale features of the tape even 
under very low pressures but fails to fill in the voids or cause them to 
migrate out of the tape completely, or establish effective intimate con-
tact at the surface. 

Between the Tg and Tm, the in-situ gap thickness measurements in 

Fig. 15. In-situ gap thickness of a) ASR, SLD and HLD tapes heated up to 200 ℃ under the pressure of 300 kPa and comparison between b) ASR tapes, c) SLD tapes 
and d) HLD tapes heated up to 200 ℃ and 363 ℃ under the pressure of 300 kPa. 
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Fig. 12 show no sign of change in the micro- structure of the as-received 
and deconsolidated tapes regardless of the applied compaction pressure. 
It is thought that the void content and surface roughness of the tapes just 
above the Tg stay almost constant in this phase since the change of the 
gap thickness is on the order of few microns. Thus, it can be stated that 
the microscopic effects of laser-deconsolidation cannot be completely 
eliminated if the resin is not in a molten state. 

When the Tm was exceeded during compaction, the difference 

Fig. 16. Representative cross-sectional images of the ASR and HLD tapes before the compaction experiments (a) and d)), after being subjected to a maximum 
temperature of 200 ℃ and 300 kPa (b) and e)) and after being subjected to a maximum temperature of 363 ℃ and 300 kPa. a)–b) and d)–e) are from different 
locations of the same specimen. 

Fig. 17. Surface micrograph of an HLD tape subjected to a maximum tem-
perature of 363 ℃ and a pressure of 300 kPa demonstrating the squeezed-out 
resin in the fiber direction. 

Fig. 18. Final void content of the ASR, SLD and HLD specimens subjected to a 
maximum temperature of 200 and 363 ℃ and pressure of 300 kPa. Initial 
average void content of ASR: 0.7 %, SLD: 2.8 %, HLD: 4.6 %. 
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between the in-situ gap thickness curves of the as-received and laser- 
deconsolidated tapes decreased first rapidly, then gradually as shown 
in Fig. 12. It is thought that the decrease in the difference is dominated 
by void compaction, as the trend in gap thickness shows resemblance 
with the calculated decrease of the void content in a tape with a void 
content of 2 % and a void spacing smaller than 4 mm [6]. Another 
supporting aspect is that the size of the large voids are larger than the 
surface asperities after the Tg as shown in Fig. 16e. As depicted in Fig. 9b 
and Fig. 16f, the majority of these voids were compacted. Along with 
void compaction, effective intimate contact was also established due to 
flow of the molten polymer to the tape surface, as demonstrated in 
Fig. 19. 

Furthermore, qualitative observations on the tape surface (Fig. 17) 
demonstrated significant polymer flow in the fiber direction. This is 
thought to be a result of the higher permeability in the fiber direction 
compared to the direction perpendicular to the fibers and supports the 
previous findings of the authors [5]. This phenomenon has been 
neglected in the squeeze-flow based intimate contact models such as Lee 

and Springer [3] and Yang and Pitchumani [4], as they have only 
considered polymer flow in the direction perpendicular to the fibers. For 
a more accurate description of effective intimate contact development, 
resin flow in the fiber direction should be considered. 

4.2. Significance for the LAFP process 

Among the abovementioned effects of laser-deconsolidation, the gap 
thickness after Tg (Fig. 14b), RMS roughness (Fig. 10b) and DEIC 
(Fig. 19) showed dependence to the level of applied pressure. Below a 
pressure of 300 kPa, the influence of laser-deconsolidation was apparent 
in terms of an increased thickness after Tg, increased RMS roughness, 
and decreased DEIC. In [5], it is reported that a compaction pressure 
above 300 kPa can be reached even with low levels of compaction force 
on flat surfaces. However, the pressure under the compaction roller is 
determined by the mechanical properties of the roller and softer rubbers 
might require higher compaction forces to reach that pressure level. 
Also, moulds with non-flat surfaces have been increasingly used, as 

Fig. 19. The final degree of effective intimate contact for the ASR, SLD and 
HLD samples subjected to a maximum temperature of 363 ℃. 

Fig. 20. The final degree of effective intimate contact for the ASR, SLD and 
HLD samples subjected to a pressure of 300 kPa and a maximum temperature of 
200 ℃ and 363 ℃. The initial average DEIC of ASR: 5.9 %, SLD and HLD are 
not available but expected to be lower than the DEIC of ASR. 

Fig. 21. The final RMS roughness of the ASR, SLD and HLD samples subjected 
to a pressure of 300 kPa and a maximum temperature of 200 ℃ and 363 ℃. 
Initial average RMS roughness of ASR: 3.7 µm, SLD: 5.7 µm, HLD: 10.0 µm. 

Fig. 22. The final RMS waviness of the ASR, SLD and HLD samples subjected to 
a pressure of 300 kPa and a maximum temperature of 200 ℃ and 363 ℃. Initial 
average RMS waviness of ASR: 1 µm, SLD: 8.2 µm, HLD: 13.7 µm. 
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LAFP can be used to manufacture structures such as fuselage panels 
[22], variable-stiffness wingboxes [23] or pressure vessels [24]. During 
the material deposition on these surfaces, a reduction of the compaction 
pressure might occur between the contact points of concave surfaces 
[25] or the roller not conforming with the complete tow at corners [23]. 
It is suggested that laser-deconsolidation should be especially consid-
ered for such applications, as the regions with decreased pressure are 
susceptible to its effects. 

Recent works showed that intimate contact can develop significantly 
between Tg and Tm for CF/PEEK laminates manufactured with LAFP 
[26] and CF/PEKK laminates manufactured with out-of-autoclave 
consolidation [27]. This was not the case during the compaction ex-
periments performed at a maximum temperature of 200 ◦C, as shown in 
Fig. 20. Two reasons can be identified for the difference between the 
experimental results and the literature. The first one is the temperature 
level reached during compaction. In [26], the nip point temperature was 
between 310–330 ◦C, whereas in [27], the CF/PEKK composite, whose 
Tm was 335 ◦C, was heated to 230 ◦C. In both studies, the maximum 
temperature was closer to the Tm of the material than it was in this study, 
which might have allowed more deformation of the surface asperities. 
The second reason concerns the scale of the surface deformation 
required for the development of intimate contact. So far, the existing 
squeeze flow-based intimate contact models [3,4] considered the inti-
mate contact phenomenon to occur at the scale of the roughness profile of 
the surface. However, Fig. 16e shows that it is the waviness profile of the 
tape which deforms significantly past the Tg. Such a result suggests that 
flattening of the waviness of the tape plays a role in intimate contact 
development and can be a key element for a more accurate intimate 
contact model for LAFP. 

The compaction behavior of the laser-deconsolidated tapes during 
the experiments leads to additional novel in- sights for the compaction 
phase of the actual LAFP process. Firstly, the significant reduction of 
laser-induced waviness above the Tg means that pressure variation along 
the width of the tape due to local contact of the tape–substrate and 
tape–compaction roller at the peaks and valleys of the waviness profile 
can be neglected since the temperature of the tape usually exceeds the 
Tg. Nevertheless, the laser-induced voids and surface roughness are ex-
pected to be present above the Tg and might play a role in the final 
quality of the part. Given that the tape might be compacted between the 
Tg and Tm during LAFP due to rapid heat dissipation [16], several 
phenomena would be affected by this micro-structural difference. 
Firstly, the amount of voids that need to be compacted can be an order of 
magnitude higher than the ASR tape, as suggested by Fig. 18. This is 
crucial for the calculation of the final void content since the void content 
at the beginning of compaction is an important parameter for void filling 
models [6,7]. Additionally, heat transfer mechanisms during the 
compaction phase are expected to be influenced by the difference be-
tween the as-received and laser-deconsolidated states. As shown in 
Fig. 14b, the laser-deconsolidated samples were thicker than the as- 
received tapes significantly: ~30 % at pressures below 300 kPa and 
~15 % at 300 kPa. Also, the voids and the rough tape surface would 
increase the intra- and inter-layer thermal resistance. These effects 
would influence the temperature gradient within the tape and the heat 
flux between the tape and surrounding bodies (the compaction roller 
and substrate) and should be considered for a more accurate analysis of 
the temperature history during the compaction phase of LAFP. Finally, if 
sufficient dwell time is allowed above Tm, the voids and surface 
roughness due to laser-deconsolidation can be remedied. During LAFP, 
raising the tape temperature high enough so that it stays above the Tm at 
the beginning of compaction (past the shadow prior to the nip point) can 
be a viable option to reduce the effects of laser-deconsolidation. How-
ever, it should be ensured that the temperature of the newly placed tape 
is lower than the Tg at the roller exit (i.e. by means of active cooling 
systems such as convective air cooling, a secondary cooling roller or 
water cooling for the compaction roller [29]) so that further deconso-
lidation is prevented during the cooling phase. 

4.3. Limitations of the current work 

The results presented in this work provide important insight that can 
be reflected to the actual LAFP process; however, it should be noted that 
the laser-deconsolidation and compaction experiments presented in this 
work may deviate from the heating and compaction phases of the LAFP 
process. Firstly, during the laser-deconsolidation experiments explained 
in Section 2.2, the CF/PEEK tapes were heated in a static setting. In an 
actual LAFP process, the incoming tape moves across a fixed laser- 
illuminated zone with the programmed placement speed as shown in 
Fig. 1. This might change the through-thickness temperature gradient 
and hence, the extent of the effects of deconsolidation in the thickness 
direction. In the static setup, the heat can diffuse much more towards the 
non-irradiated surface of the tape and lead to more deconsolidation. 
Considering the difference in through-thickness temperature gradient, it 
can be stated that the HLD specimens represent a worst-case scenario for 
the state of the tape at the nip point in an actual LAFP process. Moreover, 
one should be aware of the fact that the time spent at temperatures near 
the Tm of the material during the compaction experiments (although it 
was shorter than conventional composite processing times, which is on 
the order of several minutes) was significantly longer than the actual 
compaction phase of the LAFP process. As a result, the effects of the 
degree of deconsolidation on surface roughness, DEIC and void content 
can be even more pronounced during the actual LAFP process. In terms 
of the compaction time, the results from the samples which were sub-
jected to a maximum temperature of 363 ◦C represent the best-case 
scenario for LAFP. 

5. Conclusion 

This study investigates the effects of laser-deconsolidation on the 
compaction process of CF/PEEK tapes experimentally. A two-step 
experimental procedure was performed. In the first step, a VCSEL 
heater was utilized to deconsolidate composite tapes under conditions 
similar to the heating phase of LAFP. Samples with two degrees of 
deconsolidation, which differed by the surface roughness, waviness and 
void content from the as-received tapes, were obtained using two 
different laser power settings. In the second step of experiments, the as- 
received and laser- deconsolidated tapes were compacted under 
different temperature and pressure settings. In-situ measurement of the 
gap thickness during compaction and ex-situ measurement of surface 
profile, degree of effective intimate contact and void content were used 
to assess the effects of laser-deconsolidation. 

The results have shown that waviness induced by laser- 
deconsolidation vanishes when the material is heated up to the glass 
transition temperature even at a very low compaction pressure. This 
suggests that the compaction phase of LAFP would not be affected by the 
meso-scale deformations in the tape due to laser heating since the ma-
terial is usually heated above its glass transition temperature. Unlike 
waviness; increased thickness, void content and surface roughness due 
to laser-deconsolidation remained between the glass transition and 
melting temperatures. These forms of deconsolidation were removed 
only above the melting temperature. This shows the importance of 
increasing the temperature of the material before the nip point high 
enough so that it stays above the melting temperature for a duration 
under the compaction roller, provided that it is cooled down below the 
glass transition temperature at the roller exit. Applied pressure also 
plays a significant role in the final properties of the compacted tapes. 
The final surface roughness and degree of effective intimate contact 
were affected by the laser-deconsolidation when a compaction pressure 
less than 300 kPa was applied. For future work, it is suggested that the 
effects of laser-deconsolidation are considered in process models, espe-
cially for process settings which do not ensure that the tape stays above 
the melting temperature under the compaction roller. 
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