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ABSTRACT
The high void content in laser-assisted fiber placement (LAFP)-manufactured thermoplastic (TP) hinders industrial adoption, 
with tape deconsolidation being a critical yet understudied factor. To address this research gap, this study provides an in-depth 
investigation into the deconsolidation mechanisms of TP tapes during the LAFP heating phase. A series of comparative experi-
ments were conducted to systematically evaluate the effects of tape residual stress states (fiber-matrix combined, fiber-dominated, 
and near stress-free) and heating methods (laser vs. oven heating) on deconsolidation behavior. Deformation along the width, 
voids, thickness variations and surface roughness were identified as key factors to characterize deconsolidation behavior and 
to elucidate its underlying mechanisms. The results reveal that the matrix residual stress plays a dominant role in exacerbating 
deformation along the width, nonuniformity in thickness and intralaminar voids. Additionally, fiber decompaction—induced 
by the recovery of elastic deformation—contributes to surface deformation by generating voids near the surfaces. Furthermore, 
laser-heated tapes exhibit more pronounced intralaminar voids and higher surface roughness than oven-heated counterparts, 
underscoring the influence of heating rate on the release of residual stress. This study advances the understanding of decon-
solidation mechanisms during the LAFP heating phase, and provides recommendations for optimizing the manufacturing of 
LAFP-grade TP tapes.

1   |   Introduction

Thermoplastic (TP) composites, with the ability to be repeatedly 
melted and consolidated, are often subjected to (re-)heating/
cooling processes to form a complex shaped component from 
laminates [1, 2], and/or to join parts [3, 4]. It is reported that 
when TP laminates are heated without pressure, the laminates 
deconsolidate, causing for instance voids as a defect [5, 6], which 
are unfavorable to the quality of the final product, as they can 
reduce the mechanical properties of TP components [7].

During automated fiber placement (AFP) of TP composites, the 
absence of pressure on TP tapes during the heating phase leads 
to deconsolidation [8, 9]. Kok [9] captured the deconsolidated 
tapes by using a steel tool to freeze the tape after being heated, 
showing intralaminar voids, a rough and matrix-poor surface, 
which could hinder the development of intimate contact, crucial 
for bond quality between TP layers [10]. Therefore, understand-
ing the main mechanisms of deconsolidation is important to 
minimize its occurrence and thereby improve the interlaminar 
bonding quality of TP composites manufactured by AFP [8].
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Deconsolidation experiments of TP tapes/laminates were con-
ducted to understand the deconsolidation behavior by heating 
them to a high temperature (higher than the melting tempera-
ture) without pressure and with a dwell for several minutes, 
which makes it possible to characterize the deconsolidation 
behavior through in situ and ex-situ measurements. Moisture 
is considered one of the main reasons for the deconsolida-
tion behavior of TP laminates, which significantly influences 
the interlaminar bonding but has minimal impact on intral-
aminar regions [11, 12]. The thermal expansion of dissolved 
moisture contributes to the laminate deconsolidation as de-
consolidation was observed in laminates with moisture and 
no deconsolidation in laminates dried through heat treatment 
(250°C for 3 h). But since the residual stress cannot remain the 
same during the drying process (especially when the tempera-
ture is above the glass transition temperature of the matrix), it 
is impossible to completely distinguish between the suppres-
sion of deconsolidation behavior by the removed moisture and 
by the relaxed residual stress. According to Slange's work [13] 
on the deconsolidation behavior of TP tapes, it is found that 
tapes produced by different manufacturers, with the same 
main specifications such as fiber volume fraction and thick-
ness, exhibit different deconsolidation behavior (all heated in 
an oven at 390°C for 20 min without pressure). It indicates that 
the possible different residual stresses in TP tapes generated 
in different tape manufacturing processes could play an im-
portant role in the deconsolidation behavior.

There could be three sources of residual stress within unidirec-
tional TP tapes: residual stress from fibers, matrix and fiber/
matrix interface, which are developed during the tape man-
ufacturing process. During the tape manufacturing process, 
the pulling force on the fibers, which enables their spread-
ing and impregnation, causes elastic deformation of the fi-
bers that is frozen in the form of residual fiber stress after the 
manufacturing process [14]. The residual stress may also de-
velop in the matrix, as molecular chains would orient along 
the force direction of squeeze rollers, putting them in a high 
potential energy state (unstable condition) while they do not 
have enough time to relax due to the high cooling rate of the 
process (melt impregnation) [14]. Besides, the crystallization 
of the matrix during the cooling phase of the tape manufac-
turing process also increases the residual stress because of the 
shrinkage when the matrix changes from amorphous state to 

crystalline state [15, 16]. The last type of residual stress is at 
the fiber-matrix interface and is caused by the coefficient of 
thermal expansion (CTE) mismatch between the fiber and the 
matrix when cooling, which makes the fibers subjected to com-
pressive stress and the matrix subjected to tensile stress upon 
cooling [17]. Besides, the crystallization of the matrix can also 
increase the interfacial residual stress.

Slange et  al. [11] studied the influence of the residual stress 
within CF/PEEK tapes on deconsolidation behavior. Two 
groups of experiments were conducted, one group of tapes 
press-consolidated at 386°C (above Tm) and 10 bar for 20 min 
followed by a cooling process with a rate of 2.5°C/min to 
relax residual stresses in the tape, another group heat-treated 
at 250°C (above Tg, below Tm) for 3 h to only relax matrix re-
sidual stress in the tape. The press-consolidated tapes did 
not deconsolidate after being reheated to 390°C in the oven, 
while the heat-treated tapes deconsolidated, which proves 
the residual stress in the tape plays a role in the deconsoli-
dation behavior. However, it remains unclear which kind of 
residual stress predominantly influences the deconsolidation 
process, as the relaxation of matrix residual stress in the CF/
PEEK tape may be incomplete after being annealed at 250°C 
for only 3 h. The remaining matrix residual stress could also 
cause deconsolidation behavior. This is proved by another 
study where [−45/90/45/0]3s CF/PEKK laminates manufac-
tured by autoclave, were then annealed at 240°C for 6 h and 
still exhibited deconsolidation when reheated to 410°C in an 
oven, while no deconsolidation was observed after being an-
nealed at 240°C for 20 h. This indicates that there is remaining 
residual stress in the laminate after being annealed for 6 h [5]. 
Additionally, reported literature mainly focused on tape de-
consolidation behavior for slow heating rates (oven heating), 
while this does not represent the very fast heating rate tapes 
experienced in LAFP.

In this paper, we aim to investigate the effect of residual stress 
types in CF/PEEK tapes on deconsolidation behavior under 
LAFP process conditions. We mainly focused on the fiber resid-
ual stress and matrix residual stress in this work. We attempted 
to decouple residual stresses of fibers and matrix of the tape by 
oven consolidation, to study their influence on tape deconsolida-
tion. Since residual stress at the fiber–matrix interface is always 
present in all tapes manufactured in this study, its influence on 
deconsolidation behavior is considered a constant background 
effect. These fiber–matrix interface residual stresses could re-
sult from for instance different coefficients of thermal expan-
sion (CTE) between the fiber and matrix, as well as matrix 
crystallization.

The oven consolidation experiments in this work were de-
signed to get three groups of tapes: (1) tapes with both fibers 
and matrix residual stresses (as-received) (FMS), (2) tapes 
with only fibers residual stress (FS), and (3) tapes without re-
sidual stress (NS). Subsequently, deconsolidation experiments 
were carried out by heating the tapes using either a convec-
tion oven or a laser to analyze the deconsolidation behavior. 
The deformation along the width, thickness, voids, and surface 
roughness of the tapes was characterized to understand the de-
consolidation behavior.

Highlights

•	 Decoupling tape residual stresses to access deconsoli-
dation mechanisms.

•	 Laser-deconsolidated tapes show intensified decon-
solidation behavior.

•	 Matrix residual stress triggers deformation, thickness 
variation, and intralaminar voids.

•	 Fiber decompaction generates the formation of voids 
near surfaces.

•	 This work provides recommendations for the manu-
facturing of LAFP-grade TP tapes.
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2   |   Materials and Methods

2.1   |   Experiments of Decoupling Residual Stresses 
in Tapes

The CF/PEEK tapes used in this work were supplied by Toray 
Advanced Composites and manufactured by solvent process. 
The material properties provided by the manufacturer [18] are 
listed in Table 1. The as-received tape is referred to as FMS tape 
(short for “Fiber and Matrix residual stresses”).

To get CF/PEEK tapes with different residual stress levels, oven 
consolidation treatments were carried out (Table 2). First, tapes 
assumed without residual stress were obtained by heating them 
while applying pressure in a convection oven (Figure 1a). CF/
PEEK tapes, with a length of 100 mm and a width of 6.35 mm, 
were placed 10 mm apart between two steel plates (coated with 
release agent). Each group has three or more tapes. In this exper-
iment, pressures of 0.2, 0.4, 0.6, and 0.9 bar by placing weights 
on top of the upper steel plate, were applied to determine the 
minimum pressure required to prevent the tapes from decon-
solidating during their oven heating. The temperature was 

measured by K-type thermocouples (with a diameter of 0.7 mm) 
fixed on top of the tapes. FMS tapes were heated to 390°C at 
around 2.5°C/min and held for 30 min in the oven, and cooled 
down in the oven through natural convection. Due to the slow 
cooling rate (around 1.7°C/min), it is assumed that there is al-
most no residual stress in the tapes after oven consolidation, re-
ferred to as NS tapes (short for “No residual Stress”).

Second, to get CF/PEEK tapes with only fiber residual stress, 
named FS tapes, an experimental setup was designed to apply 
10 N tape tension, as depicted in Figure 1b. Tapes were placed 
on top of a C-shaped tool. The pressure P generated by the tape 
tension on the tape at the corners of the tool can be determined 
using Equation (1) [19]:

in which F is the tape tension (10 N), w is the tape width, and 
R is the radius of the corner (approximately 35.18 ± 1.90 mm, 
measured by image software). The pressure P was determined 
to be 0.45 ± 0.03 bar. The heat treatment applied to the tapes in 
the oven is the same as for the NS tapes. Due to the application 
of tension on the fibers during heating and cooling, tapes with 
only fibers residual stress can be obtained. In the corner areas, 
fibers' residual stress is not only from tape tension but also the 
compressive stress from the tool (as shown in the dashed box in 
Figure 1b), which is similar to the stress conditions of the fibers 
during the tape manufacturing process. The parts of the tape at 
the corners (indicated by the solid box in Figure 1b), were cut 
to study the deconsolidation behavior. Therefore, this group of 
tapes is shorter, with a length of around 30 mm (around 10 mm 
for the curved part and 20 mm for the flat part) and have a slight 
curvature.

2.2   |   Deconsolidation Experiments

Two deconsolidation methods, oven deconsolidation and laser 
deconsolidation, were used to understand potential differences 
in the deconsolidation mechanisms of the tapes in processes 
with slow and fast heating rates. During oven deconsolidation, 
tapes were heated to 390°C and then held for 40 min, after which 
they were cooled down to room temperature through natural 
convection in the oven.

The laser deconsolidation experiments utilized a TRUMPF 
PPM411-12-980-24 VCSEL (Vertical-Cavity Surface-Emitting 
Laser) heater with a total output capacity of 2.4 kW and a wave-
length of 980 nm. The settings of the laser were chosen to reach 
the target temperature of 390°C: 11 of the 12 heating zones were 
used, at a power of 890 W, with a heating time of 800 ms, repre-
sentative of in situ consolidation settings. The heated length was 
chosen as 65 mm. The temperature history and surface profiles 
of tapes were recorded during the heating and subsequent cool-
ing process, using a FLIR long wave infrared (LWIR) camera 
(sampling rate of 50 Hz and resolution of 640 × 840 pixels) and 
a Micro-Epsilon scan-CONTROL 2950-25 laser line scanner 
(LLS) with a sampling rate of 100 Hz, mounted at an angle of 
around 15°. Figure 1c illustrates the experimental setup of laser 
deconsolidation. The tape was fixed and lifted up around 5 mm 

(1)P =

F

wR

TABLE 1    |    Material properties of CF/PEEK tape used in this work 
[17].

Physical properties Value

Glass transition temperature Tg (°C) 143

Melting temperature Tm (°C) 343

Matrix mass fraction 34%

Thickness (mm) 0.14

TABLE 2    |    Heat treatment parameters for all three groups of tapes.

Sample Sample description
Heat treatment 

conditions

FMS tape As-received tape, with 
both fiber and matrix 

residual stresses

/

FS tape Heat-treated tape, 
with significant fiber 

residual stress

10 N tape tension 
was applied. Heated 
to 390°C at around 
2.5°C/min and held 

for 30 min, and 
then cooled down 

in the oven through 
natural convection

NS tape Heat-treated tape, 
with no significant 

residual stress

Heated to 390°C 
at around 2.5°C/
min and held for 
30 min, under a 

pressure of 0.2, 0.4, 
0.6, or 0.9 bar, and 

cooled down in 
the oven through 

natural convection

 15480569, 0, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pc.70665 by Julie T

euw
en - T

echnical U
niversity D

elft , W
iley O

nline L
ibrary on [03/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense
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above the tool by using adhesive tapes on both ends to make 
sure of complete separation of tape surface profiles from the tool 
(Figure 1e).

2.3   |   Characterization

Deconsolidation was characterized through (1) the deformation 
along the width of the tape (quantified by arc-length width), (2) 
thickness, (3) intralaminar voids, (4) voids near surfaces, (5) fiber 
content through thickness, and (6) surface roughness.

2.3.1   |   Arc-Length Width

As depicted in Figure 2a, the arc-length width is regarded as the 
actual tape width (for tapes with waviness), which is larger than 
the straight width (i.e., the width in the horizontal direction be-
tween the start and end of the tape) and was calculated from the 
surface profiles recorded by LLS. First, the high-frequency com-
ponents in these surface profiles were filtered using the low-pass 

function in MATLAB. This function can remove the surface 
roughness information, retaining only the waviness of the tapes 
to calculate the arc-length width. The surface roughness of 
tapes after laser deconsolidation is in the range of 2–10 μm (mea-
sured by LSCM), corresponding to a cut-off length of 2500 μm 
[20]. Therefore, the passband frequency was set to 400 Hz to 
remove the influence of surface roughness. In Figure  2a, the 
filtered surface profile (after cooling) is compared with the wav-
iness extracted from the cross-sectional micrograph at the same 
location, which is a spline curve along the center of the tape 
thickness direction. This comparison shows good consistency, 
demonstrating the effectiveness of filtering and using surface 
profiles to calculate arc-length width.

2.3.2   |   Surface Roughness

The LSCM was utilized to measure the arithmetic mean devi-
ation of surface roughness (Ra). Tapes for measuring surface 
roughness were cut into small pieces along the fiber direction, 
and four images (×10 magnification) of the tape surface were 

FIGURE 1    |    Experimental setups: prepare (a) NS tape; (b) FS tape, (c) laser deconsolidation with VCSEL laser heat source, laser line scanner, tool, 
and thermal camera (example of the thermal image shown in (d)), and (e) placement of the CF/PEEK tape in the laser deconsolidation experiment.
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uniformly captured along the whole width of each tape at a simi-
lar location as the cross-sectional micrographs. The Ra value for 
each sample was calculated using five lines in each image (see 
Figure 2b), and the average Ra value is based on measurements 
obtained from three different samples subjected to the same 
heat treatment.

2.3.3   |   Microstructural Observation

Tapes after laser deconsolidation were cut near the measurement 
line of the LLS for cross-sectional micrographs, and other samples 
were cut in the middle of the tape. Thickness, voids and fiber con-
tent through thickness were analyzed through micrographs cap-
tured by an Olympus laser scanning confocal microscope (LSCM). 
The fiber content through thickness was measured by dividing 
the cross-sectional micrograph of the tape into six identical areas 
along the thickness direction. Three columns per width were used 
to obtain an average value. The fiber content was determined by 
counting the number of fibers in each area. Figure 2c shows the 
measurement method for fiber content through the thickness.

3   |   Results and Discussion

3.1   |   Characteristics of Tapes With Various 
Residual Stress Levels

Figure  3 shows cross-sections of FMS tape, FS tape, and NS 
tapes prior to deconsolidation. It can be seen in Figure 3a that 
FMS tape has a relatively uniform fiber/matrix distribution and 
is nearly void-free. In Figure  3b, the microstructure of the FS 
tape is presented. Due to the applied tape tension and pressure 
(0.45 bar) from the C-shaped tool, fibers are compacted toward 
the tool side, causing a flat tape surface at the tool side, and on the 
opposite side pools of matrix-rich areas and a nonuniform thick-
ness due to the absence of pressure on the top surface of the tape.

The effect of various consolidation pressures can be seen in the 
cross-sections of NS tapes, as illustrated in Figure 3c–f, and the 

surface roughness Ra of the tapes is shown in Figure 3g. When 
the applied pressure is higher than or equal to 0.4 bar, NS tapes 
seem well consolidated in the oven: exhibiting a void-free struc-
ture and a matrix layer on the surfaces, and a low surface rough-
ness Ra. Therefore, 0.4 bar is determined to be the minimum 
pressure required during oven consolidation in this work.

3.2   |   Microstructure of Deconsolidated Tapes

3.2.1   |   Oven Deconsolidation

Cross-sections of FMS-ODC (FMS tape after oven deconsoli-
dation—ODC), FS-ODC, and NS-ODC (NS tapes consolidated 
at 0.4 bar) tapes are shown in Figure 4. Figure 4a shows that 
there is significant deformation along the width of the FMS 
tape after oven deconsolidation. From the high magnification 
microstructure in Figure 4b, it is observed that the FMS-ODC 
tape exhibits no intralaminar void, but there are some voids 
near the surfaces. Another important observation is the non-
uniform thickness along the width of the tape. Locally, the 
thickness can increase to almost 0.18 mm, which is signifi-
cantly higher than the tape's initial thickness (0.14 mm). All 
these phenomena, voids, deformation along the tape width, 
change in thickness are characterized as deconsolidation 
behavior. Figure 4c–f are cross-sections of the FS-ODC tape 
and NS-ODC tape, showing less pronounced deconsolidation 
behavior. For the FS-ODC tape (Figure  4d), the matrix-rich 
areas on the opposite side of the tool have diminished possibly 
due to the migration of fibers into these areas, and some voids 
are noticeable near that surface.

3.2.2   |   Laser Deconsolidation

3.2.2.1   |   Microstructures of Laser Deconsolidated (LDC) 
Tapes.  FMS-LDC, FS-LDC, and NS-LDC (consolidated at 
0.4 bar) tapes are shown in Figure 5. The FMS-LDC tape shows 
deformation along the width and also nonuniform thickness 
(Figure 5a,b), while the FS-LDC tape and NS-LDC tape remain 

FIGURE 2    |    Measurement methods for (a) the surface profile measured by LLS with (blue curve) and without (red curve) filtering, compared to 
the waviness (black curve) drawn from the microstructure. Dashed box illustrates the definition of arc-length width. (b) Surface roughness using 
LSCM. Four bule boxes represent the measurement areas at 20%, 40%, 60%, and 80% along the width of the tape. (c) Fiber content across tape thick-
ness by counting fibers in each counting area.
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relatively flat (Figure 5c,e). Figure 5b shows intralaminar voids 
in the FMS-LDC tape, showing a different deconsolidation 
behavior compared to oven deconsolidation (Figure  4b). The 
FS-LDC tape and NS-LDC tape show the same microstructural 
characteristics as the FS-ODC and NS-ODC tapes.

3.2.3   |   Comparison of Deconsolidation Behavior

Several deconsolidation phenomena have been observed in 
the oven and laser deconsolidation experiments, shown in 
Figures 3–5. These phenomena are listed in Table 3 to compare 
deconsolidation behaviors. Deconsolidation phenomena, such 
as waviness and increased thickness, mostly happen when re-
sidual stress from the tape manufacturing process is present 
(FMS tape), indicating that residual stress seems to play an im-
portant role in their occurrence. The same holds true for intrala-
minar voids. These are observed only for the FMS tapes and only 
for the laser deconsolidation experiments, indicating that the 

formation of intralaminar voids is also dependent on the heating 
method. It is interesting to note that voids near the surface occur 
in all tapes with fiber residual stress (FS tape and FMS tape), 
indicating the influence of fiber stress on the occurrence of this 
type of void.

The surface roughness of the tapes is increased in all deconsol-
idation experiments. The surface roughness of FMS-LDC tape 
is significantly higher than that of FMS-ODC tape, and the sur-
face roughness of FMS tape after deconsolidation is higher than 
that of NS tape and FS tape after deconsolidation. This also indi-
cates that the matrix residual stress in the tapes and the heating 
method can change the deformation behavior significantly.

3.3   |   Deformation Along the Width of the Tape

In Figure 6, the tape surface profile is coupled with the tape 
surface temperature (extracted at the center position of the LLS 

FIGURE 3    |    Microstructural characteristics of (a) FMS tape; (b) FS tape; NS tapes prepared under different oven consolidation pressures of (c) 
0.2 bar, (d) 0.4 bar, (e) 0.6 bar, and (f) 0.9 bar. (g) Measured surface roughness Ra of all groups of tapes.
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7Polymer Composites, 2025

FIGURE 4    |    Cross-sections of (a and b) FMS-ODC tape; (c and d) FS-ODC tape; and (e and f) NS-ODC tape (0.4 bar).

FIGURE 5    |    Cross-sections of tapes after laser deconsolidation (LDC) (a and b) FMS-LDC tape, (c and d) FS-LDC tape, and (e and f) NS-LDC tape 
(0.4 bar).
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8 Polymer Composites, 2025

measurement line) during laser heating. The surface profiles 
are displayed every 0.02 s (50 Hz) to obtain surface profiles–
temperature curves, driven by the sampling frequency of the 
LWIR camera (50 Hz), which shows that deformation along 
the width of the tape occurs during laser heating. Due to the 
gap between the tape and the tool, the overall height shows 
a decrease because of the sagging of the tapes in the length 
direction.

The deformation maps along the tape width from the top view 
and temperature maps are displayed in Figure 7. The left three 
figures in Figure 7 show that all three groups of tapes have con-
tinuous shrinkage along the width direction during the cooling 
phase. During laser heating, the FMS tape starts to deform at 
around Tg, and shows more pronounced waviness when the tem-
perature reaches around Tm (Figures 6a and 7a), while NS and 
FS tapes have no noticeable deformation at Tg and only the NS 

TABLE 3    |    Comparison of deconsolidation behavior (“+” means it occurs, “0” means it is not observed).

Tapes FMS-ODC FMS-LDC FS-ODC FS-LDC NS-ODC NS-LDC

Deformation along the width + + 0 0 + 0

Nonuniform thickness + + 0 0 0 0

Intralaminar voids 0 + 0 0 0 0

Voids near surfaces + + + + 0 0

Surface roughness Ra (μm) Before 
deconsolidation

1.61 ± 0.04 1.84 ± 0.28 1.27 ± 0.26

After 
deconsolidation

3.15 ± 0.29 4.62 ± 0.73 1.98 ± 0.05 2.28 ± 0.30 2.72 ± 0.19 1.75 ± 0.15

FIGURE 6    |    Surface profiles (a) FMS-LDC tape, (b) FS-LDC tape, and (c) NS-LDC tape during laser deconsolidation. The different colors are used 
to clearly illustrate the changes in the tapes with temperature variation.
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9Polymer Composites, 2025

tape shows slight deformation when the temperature reaches 
around Tm (Figures 6c and 7c). The in situ arc-length width, seen 
in Figure 8, was calculated based on the LLS data. During the 
entire heating time, the arc-length width of the FS-LDC tape and 
NS-LDC tape keeps increasing, dominated by thermal expansion 
[21], while the FMS-LDC tape decreases first and then increases, 
which shows a similar trend of change to that in Figure 7. The 
decrease of arc-length width of the FMS-LDC tape (the dashed 
box with a green background color) could be attributed to matrix 
cold crystallization [16], as more cold crystallization could cause a 
higher density and thus more compacted polymer chains.

Besides, the arc-length width of the FMS-LDC tape only in-
creases until around 0.6 s (increased by 3.61%, close to the result 
3.9% ± 0.7% in the published work of Çelik et al. [8]), approxi-
mately coinciding with the time when the pronounced waviness 
occurs (Figures 6a and 7a), while the FS-LDC tape and NS-LDC 
tape keep increasing until 0.8 s. Therefore, there seems to be an-
other mechanism compensating for the thermal expansion of 
FMS tape during laser heating. It can most likely be attributed 
to the release of matrix residual stress in FMS tape [22], which is 
generated during the tape manufacturing process (as evidenced 
by the lack of such a phenomenon in the FS-LDC tape indicated 
by the red dotted curve in Figure 8b).

During the tape manufacturing process, molecular chains in 
the matrix would orient due to the pressure from the rotation 
bars and the tensile force along fiber bundles, causing them 
to be in a high potential energy state (unstable conformation) 
[23, 24]. But they do not have enough time to relax due to the 
high cooling rate of the process, causing matrix residual stress 
to be frozen in the tape. Besides, crystallization of the matrix 
during the cooling of the tape manufacturing process could also 
increase the residual stress because of the volume change when 
part of the matrix changes from amorphous state to crystalline 
state [16]. When the matrix is heated above its Tm, the residual 
stress within it can be released, causing the matrix in the tape to 
shrink [25], as shown in Figures 6 and 7 with no further expan-
sion after reaching Tm.

3.4   |   Fiber Decompaction and Void Formation

To understand the effect of the residual stress on fiber/matrix mo-
bility and void formation, a study on the fiber distribution over 
the thickness of the FS tape and FS-LDC tape was conducted. 
Representative cross-sections were analyzed (see Figure 9a,b). It 
should be noted that the sixth counting area includes both tape ma-
terials and embedding epoxy resin, resulting in low fiber content. 

FIGURE 7    |    Out of plane deformation maps along the width of tape (top view) and temperature maps during laser heating and subsequent cooling 
process over time of (a) FMS-LDC tape; (b) FS-LDC tape; and (c) NS-LDC tape.
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10 Polymer Composites, 2025

For comparison, the average fiber content of the as-received FMS 
tape is also shown (using the same measurement method).

It is clear from Figure 9c that FS tape has more fibers near the 
heated side (counting area position 1) compared to FMS tape, 

and matrix-rich areas in the unheated side (counting area po-
sition 6). This difference could be attributed to the fiber com-
paction, which is caused by tape tension and the compaction 
force applied by the manufacturing tool. After laser deconsol-
idation, there are fibers in the previous matrix-rich areas and 

FIGURE 8    |    Arc-length width and temperature profile of (a) FMS-LDC tape, FS-LDC tape, and NS-LDC tape during laser deconsolidation and (b) 
the first 2 s of FMS-LDC tape and FS-LDC tape.

FIGURE 9    |    Fiber distribution through the thickness of (a) FS tape; (b) FS-LDC tape; and (c) number of fibers in each counting area of FS tape, 
FS-LDC tape, and averaged fiber content in FMS tape.
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11Polymer Composites, 2025

more fibers present in the sixth counting area, which indicates 
that the fibers move to these areas during laser heating. The 
fiber content in the first four counting areas is decreased com-
pared to before laser deconsolidation. This also means that 
fibers close to the laser-heated side seem to move to the un-
heated side (matrix-rich side). Since the fibers are stretched 
and compacted to the tool side during the FS tape manufac-
turing process, fibers' residual stress is stored in the form of 
elastic energy [26], which can be released by heating the tape 
above Tm. The relaxation of fibers' residual stress results in 
the movement of fibers from the tool side (heated side during 
laser heating experiments) to the other side (unheated side). 
Since there are only voids near the surface in FS-LDC tape, 
it seems to indicate that this type of voids is caused by fiber 
decompaction. Furthermore, as the FS-LDC tape has no in-
tralaminar voids and remains flat, it indicates that it is the 
release of matrix residual stress that causes intralaminar 
voids, nonuniform thickness and deformation along the width 
in FMS-LDC tape (Figure  5a,b) rather than fibers' residual 
stress/movement.

Based on the results, the void formation process in the FMS-
ODC tape and the FMS-LDC tape could be hypothesized as fol-
lows: During oven deconsolidation (Figure 10a), the compacted 
fibers in the FMS tape (compacted during the tape manufac-
turing process) near the tape surfaces start decompaction and 
tend to come out of the surfaces when the tape is heated upon 
Tm [8], causing the initiation of voids near the surfaces; voids 
keep growing when being heated to the maximum temperature; 
some of these voids rupture when they reach a critical size, as 
the surface tension and fluid viscosity of the matrix are unable 
to withstand their further growth [27]. This void formation pro-
cess and phenomenon is in good agreement with the work of 
Amedewovo [28].

During laser deconsolidation (Figure 10b), the upper portion of 
the tape is first heated above Tm because of the temperature gra-
dient across its thickness [29–31], which makes it possible for 
the release of matrix residual stress in this portion; significant 
deformation along the width of this melted part (shrinkage) as 
shown in Figure 5a,b, could lead to the initiation of voids at the 
melted and unmelted interfaces [32], which grow with the in-
crease of temperature; fiber decompaction near surfaces also 
results in the type of voids near surfaces, similar to the process 
that occurred in oven deconsolidation; as the heating process 
progresses, matrix in the lower portion of the tape is melted, 
leading to the occurrence of more intralaminar voids. Therefore, 
for FMS-LDC tape, there are more and larger intralaminar voids 
near the laser-heated side. The void formation behavior during 
laser deconsolidation is consistent with the reported studies 
[33–35], where FMS-LDC tape exhibited voids on both sur-
faces and more intralaminar voids near the laser-heated side in 
matrix-rich areas.

4   |   Conclusions

This study revealed pronounced effects of tape residual stress 
states and heating methods on the deconsolidation behavior 
of CF/TP tapes during the LAFP heating phase. Comparative 
analysis of three tape groups demonstrated that matrix residual 
stress in as-received tapes serves as the primary driver of decon-
solidation during laser heating. Specifically, matrix stress release 
predominantly causes deformation along width and nonuniform 
thickness, and intralaminar void formation. Voids near surfaces 
observed in tapes with both fibers and matrix residual stresses as 
well as tapes with only fibers' residual stress were attributed to 
fiber decompaction. Laser-deconsolidated tapes exhibited more se-
vere deconsolidation than oven-treated counterparts, particularly 

FIGURE 10    |    Diagram of voids formation process in FMS tape during (a) oven deconsolidation and (b) laser deconsolidation.
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in intralaminar voids. These voids seem to initiate through two 
mechanisms: (1) through-thickness temperature gradients during 
laser heating and (2) tensile stresses imposed by the unmelted ma-
trix in the tape's lower part on the melted upper matrix.

The findings point toward producing as-received tapes with 
lower matrix residual stress to mitigate deconsolidation behav-
ior. However, matrix and fiber residual stresses in the as-received 
tape cause different deconsolidation phenomena, such as the de-
formation along the width of the tape and voids near surfaces re-
spectively. Future work should investigate which deconsolidation 
mechanism most critically affects intimate contact development. 
The laser heating rate used in this work is representative for in situ 
consolidation processes with AFP. When higher lay-up speeds and 
associated higher heating rates are to be used, their influence on 
the deconsolidation behavior also will be studied further.
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