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A B S T R A C T   

The effect of thermal contact resistance (TCR) correlated to the degree of intimate contact (DIC) between the 
incoming tape and the substrate on the temperature history during laser-assisted fiber placement (LAFP) was 
investigated. A novel experimental methodology was designed to understand the effect with a non-contact 
method which did not influence the local consolidation quality. To assess the influence of TCR numerically, a 
three-dimensional optical-thermal model was developed. Experimental results indicated that, for the same tape 
temperature near the nip point, an increase in the compaction force resulted in a decrease in the temperature at 
the roller exit and the following cooling phase, in correlation with an increase in the final DIC. Also, the effect of 
the laser power on the final DIC was less pronounced than the compaction force. In the thermal model, when TCR 
at the tape-substrate interface was not considered, the temperature predictions underestimated the experimental 
measurements.   

1. Introduction 

The current production rates of lightweight composite structures are 
far from meeting the demand of the commercial aerospace industry. For 
example, the production capacity of Airbus allowed 863 aircraft to be 
delivered in the year 2019 [1] whereas the forecasts show that around 
1900 aircraft per year will be demanded from the company over the next 
twenty years [2]. Automated solutions are needed to increase the pro-
duction rates to the required level. 

Automated Fiber Placement (AFP) is a suitable candidate for pro-
duction of typical aerospace components [3]. An 8-tow AFP machine can 
reduce the layup time up to 20 times as compared to the conventional 
hand layup technique [4]. In addition to that, in situ consolidation 
(without a post-consolidation step in an autoclave, oven or press) is 
achievable with laser-assisted fiber placement (LAFP) if thermoplastic 
composites are used. This method has the potential for providing further 
reduction in cycle time, energy consumption and cost. In modern LAFP 
systems, a laser heat source pointed towards the nip point is used to melt 
the incoming tape and the substrate locally and a flexible compaction 
roller is used to consolidate the layers as demonstrated in Fig. 1. 

During LAFP, temperature is one of the main drivers for a number of 

phenomena that determine the final part quality such as intimate con-
tact development, void compaction/decompaction, crystallinity evolu-
tion, healing and residual stress development. Hence, the relationship 
between the process parameters and the resulting temperature history 
must be understood very well to predict the final quality. The majority of 
the research considered the nip point temperature as the most important 
part of the temperature history and investigated the optical-thermal 
phenomena that determine the temperature of the tape and substrate 
just before compaction. Among the high number of parameters that can 
be modified during the process, the effects of laser power, laser angle, 
spot size and placement speed on the temperature history has received 
notable attention so far [5–9]. 

The effect of the void content at the interfaces after the compaction 
phase on the thermal history has often been overlooked. Ideally, inter- 
laminar voids are eliminated by squeeze flow of the fiber-resin 
mixture and infiltration of the resin material through the dry fibers 
[10] and intimate contact is established between the incoming tape and 
the substrate during the compaction phase. Due to incomplete intimate 
contact, however, air pockets remain between the subsequent plies of 
the laminate. These air pockets act as insulators due to low thermal 
conductivity and reduce the through-thickness heat transfer as shown in 
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Fig. 2. This phenomenon is referred to as the inter-layer thermal contact 
resistance (TCR) [11]. TCR might influence the final part quality by 
altering the temperature history during the process. 

Typically, the thermal models of the LAFP process have been built on 
the assumption of perfect intimate contact between the compacted tape 
and substrate [8,9,12,13] without experimental justification. In the 
work of Barasinski et al. [14], the importance of TCR for the thermal 
analysis of the LAFP process was mentioned. They concluded that TCR is 
one of the missing factors to accurately model the temperature history 
within the substrate. A point to note is that their experimental setup 
worked with a heating strategy which is different than the current LAFP 
systems. The tape was heated from the top instead of using a nip point 
heating strategy shown in Fig. 1. The highest temperature was not 
generated at the nip line, which resulted in a sharper difference between 
the temperatures of the tape and the substrate at the point of contact. 
Following that work, an analytical formulation of the relationship be-
tween the degree of intimate contact and TCR was presented and vali-
dated with experimental data in the work of Levy et al. [15]. It was 
stated that neglecting TCR would be equivalent to deviating from the 
actual through thickness thermal conductivity by 50%. However, the 
pressure used to manufacture the imperfectly bonded laminates was 
1.34 kPa, which is orders of magnitude lower than the pressure levels 
commonly used in LAFP. Due to the aforementioned reasons, the results 
in both works may lead to an overestimation of the effects of TCR during 
LAFP. 

Later on, Leon et al. [16] investigated the dependency between the 
fractal intimate contact model [17] and TCR numerically. The fractal 
dimension and material viscosity were found to have an effect on the 
evolution of TCR at the interface. However, no experimental work was 
conducted to validate the analyses. Chinesta et al. [18] and Lichtinger 
et al. [19] suggested finding the inter-layer TCR such that the temper-
ature predictions of a thermal model matched the empirical temperature 
measurements. Such a method provided little insight on the link be-
tween the microstructure at the interfaces and the accompanying TCR. 
Kollmannsberger et al. [20] measured TCR for in situ consolidated 
laminates manufactured with and without post-consolidation and used 
these values to predict the temperature history with a thermal model. 
They compared the temperature predictions made with the experi-
mentally obtained TCR and the equation proposed by Levy et al. [15]. 
Based on the results, they claimed that the equation overestimates the 
effect of TCR. However, the material parameters required for this 
equation were not measured; rather the roughness which was reported 
in the original publication and a constant intimate contact value of 0.75 
was used without any reference to the actual degree of intimate contact 
of the laminate. Therefore, the theory was not related to the actual 
microstructure at the interfaces, which may lead to an underestimation 

of the effects of TCR. 
To measure the effect of TCR on thermal history, thermocouples 

were embedded in the substrate so far [14,20]. Contact temperature 
measurement methods are questionable in this case, since they directly 
affect the intimate contact in their surroundings. Moreover, insulation 
material and voids around the thermocouple add more ambiguity to the 
obtained data. The proposed existence or non-existence of the effects of 
TCR in thermal history during LAFP in the literature might be a direct 
result of the complications introduced by adding a thermocouple to the 
interface. This is why this effect must be investigated with an alterna-
tive, and preferably non-contact, temperature measurement method. 
Thermography is such a method and it has been applied as an in situ, 
non-contact inspection method for AFP with thermoset prepregs. In the 
works of Denkena et al. [21] and Juarez and Gregory [22], a thermal 
camera was mounted on the rear side of the placement head. The ac-
quired in situ temperature measurement was used to detect process- 
induced meso-scale defects such as gaps/overlaps, twisted/spliced 
tows, bridging and foreign bodies but the effect of TCR was not 
analyzed. 

The thermal history of the newly placed tape has a significant 
importance since, under common processing conditions, the tempera-
ture of the material is above the melting point mostly during the initial 
placement [7,23]. Obviously, TCR affects the compaction and cooling 
phases for the newly placed tape since it requires a contact between the 
tape and the substrate. However, it is not possible to monitor the 
compaction phase of the process with current non-contact technologies. 

The objective of this paper is therefore to investigate the effect of 
TCR (and the related degree of intimate contact) on the temperature 
history during the cooling phase of the newly placed tape considering the 
actual microstructure of the laminate. A novel experimental methodol-
ogy and numerical model were used for the investigation. First, speci-
mens with varying degrees of intimate contact were manufactured with 
a state-of-the-art LAFP setup (Section 2). During manufacturing, the 
temperatures before and after compaction were recorded with two long- 
wave infrared (LWIR) cameras. After manufacturing the samples, the 
degree of intimate contact at the topmost interface of the samples was 
measured from cross-sectional micrographs. An optical-thermal model 
of the process and the formulation by Levy et al. [15] were combined to 
calculate the temperature history for different degrees of intimate con-
tact (Section 3). Finally, the effects of TCR were discussed combining the 
experimental and numerical results. 

Fig. 1. Working principle of a typical LAFP system.  
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2. Materials and experimental methods 

2.1. Fiber placement system and specimen manufacturing 

The specimens were manufactured at Royal Netherlands Aerospace 
Center (NLR) as in a previous study [10]. A six-axis articulated robot on 
a linear axis provided by Coriolis was used. The machine was able to 
deliver eight 6.35 mm (1

4 in.)-wide tapes simultaneously with a place-
ment speed of up to 800 mm/s. The end effector was equipped with a 6 
kW Laserline LDF series diode laser system and an optic lens which 
created a 56 mm× 28 mm rectangular illuminated area at the 250 mm 
focal distance. A conformable compaction roller with 60 shore hardness 
and a diameter of 70 mm was installed on the machine. The roller had a 
coating on the outer surface which increased the contact stiffness and 
reduced the effects of temperature. For this study, a second thermal 
camera was mounted to the rear side of the machine in addition to the 
front thermal camera which is commonly used for process control as 
shown in Fig. 3. 

The material used in this study was Toray Cetex TC1200 carbon fiber 
reinforced polyetheretherketone (CF/PEEK) tapes (fiber volume fraction 
59%, melting temperature-Tm 343 ◦C, glass transition temperature-Tg 
143 ◦C [24]) in 6.35 mm-wide slit form. The thickness of the prepreg 
was 0.15 mm. First, 1000 mm-long, [0]5 substrates were placed on an 
aluminum tool for each specimen depositing only the odd tows (Tows 1- 
3-5-7 as demonstrated in Fig. 4) instead of all eight tows. This was done 
to reduce the laminate width so that loss of contact with the aluminum 
tool due to warpage was minimized. Additionally, the pressure over the 
width of the compaction roller was kept uniform by depositing four odd 
tows simultaneously. The laser power was set to 1500 W for the first 
layer and 1750 W for the remaining four layers. The compaction force 
and the placement speed were set to 500 N and 100 mm/s, respectively. 
These parameters were determined based on previous experience so that 
the substrates have low inter-laminar void content. 

Following the substrate production, the sixth layer of each specimen 
was placed with the process parameters in Table 1. The laser power was 
varied so that the effects of TCR could be investigated for three different 
tape inlet temperatures. Throughout this paper, the term ”tape inlet 
temperature” will be used to describe the temperature of the tape just 
before the nip point as it can be observed from the front thermal camera 
images shown in Fig. 4a. At the lowest power level, a tape inlet tem-
perature below the melting temperature of PEEK (343 ◦C) was aimed for. 
This processing condition is not ideal for a high quality laminate since 
the viscosity of the CF/PEEK tape is expected to be very high, hindering 
the material flow at the layer interfaces. At the medium power level, the 
tape was kept within the processing temperature range suggested by the 
tape manufacturer (370–400 ◦C [24]). At the highest power level, a 
processing temperature which is highly above the melting temperature, 

yet below the degradation temperature (500 ◦C for a placement speed of 
100 mm/s [7]) was aimed for. Such a tape inlet temperature was re-
ported to result in superior laminate quality [7]. The compaction force 
levels were determined considering the range in which the closed loop 
control system can apply the desired compaction force reliably and 
conveniently. 

2.2. Process temperature measurement 

The process temperature was recorded during the placement of the 
sixth layer with two LWIR cameras as shown in Fig. 3. A FLIR SC325 
(320× 240 pixel-resolution, calibrated in the 200–1200 ◦C range to ±2 
◦C or ±2%) and a FLIR A35 (320× 256 pixel-resolution, calibrated in 
the − 40 to 550 ◦C range to ±5 ◦C or ±5%) were mounted on the front 
and rear sides, respectively. Examples of in situ measurements from both 
cameras are demonstrated in Fig. 4. 

The measurements from the front camera were used to compare the 
effect of different laser power and compaction force values on tape inlet 
and substrate temperatures. Two measurement lines were placed on the 
tape and the substrate near the visible nip point of the fifth tow as shown 
in Fig. 4a. The average temperature during the steady portion of the 
placement course was calculated. 

The rear camera was used to measure the temperature distribution 
along the length on the top surface of the newly placed tape at the roller 
exit. This was done by placing a measurement line at the centerline of 
the fifth tow in the thermal image as demonstrated in Fig. 4b. The length 
of the measurement line was determined from a calibration image in 
which a ruler is positioned parallel to the roller exit line (referring to 
Fig. 3) at 50 mm distance. The measurement line was positioned so that 
it extended from the roller exit to the edge of the ruler in the calibration 
image. The distance between the roller exit line and the calibration ruler 
was determined such that the measurements were performed in close 
vicinity to the compaction roller to avoid the effects of the macroscopic 
deformation, i.e. sliding of the slender laminates during placement. The 
average temperature distribution on the line was calculated for 100 
frames where the process had reached steady state. 

2.3. Intimate contact measurement 

To measure the intimate contact at the topmost interface of each 
specimen, cross-sectional micrographs were captured and analyzed. 
Samples were extracted from the fifth tow of each placement trial since 
this tow is the closest to the center of the compaction roller in the width 
direction. Five 15 mm-long samples were cut along the width past the 
first 300 mm of the laminate, where the nip point temperature reached 
the steady state, as shown in Fig. 5. The samples were embedded in 
mounting resin, ground and polished for high quality images. A Keyence 

Fig. 2. Heat flux through a composite interface and example through-thickness temperature distributions for boundary temperatures T1 and T2 at the top and bottom 
surfaces, respectively. a) Incomplete intimate contact, the air pockets act as insulators and decrease the heat flux locally. b) Complete intimate contact, uniform heat 
flux across the whole interface. 
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VK-X1000 laser microscope was used to capture the cross-sectional 
micrographs of the topmost interface of the laminates. The whole 
width of each interface was captured by stitching multiple images taken 
with a 50x-magnification lens to obtain high resolution images (0.55 
μm/pixel). 

A custom-made Matlab script was used to analyze the cross-sectional 
images with the methodology shown in Fig. 6. The script requires the 
cross-sectional image of the interface as an input (Fig. 6a). Since the 
topmost interface was not a straight line for most of the images, a 
measurement curve was defined by selecting points manually (Fig. 6b). 
The script allows the user to magnify the image, so the interface can be 
selected with high precision. This initial curve was offset by one pixel in 
positive and negative vertical directions to create two additional curves. 
This was done to ensure that the results were not affected by local fea-
tures in the image without deviating too much from the bond line into 
the tape and substrate material. Then, a grayscale histogram was 
generated for each image. From this histogram, a threshold was deter-
mined with Otsu’s threshold method [25] and the image was segmented 
such that the fiber–matrix mixture was distinguished from the voids 
(Fig. 6c). After the segmentation procedure, the voids and the fiber-
–matrix mixture at the interface can be identified by the black and white 
pixels, respectively (Fig. 6d). Finally, the degree of intimate contact was 
calculated as the ratio between the length of the white areas on the 
measurement curve and the total length of the measurement curve. The 

Fig. 3. Front and rear thermal cameras on the fiber placement machine to measure the tape inlet and roller exit temperatures during the process.  

Fig. 4. Thermal images obtained from a) the front thermal camera to measure the tape inlet and substrate temperatures, b) the rear thermal camera to measure the 
temperature distribution at the roller exit during the process. 

Table 1 
Process parameters used for manufacturing the samples.  

Experiment 
No. 

Laser Power 
(W) 

Compaction Force 
(N) 

Placement speed 
(mm/s) 

1 1300 100 100 
2 1300 500 100 
3 1300 1000 100 
4 1500 100 100 
5 1500 500 100 
6 1500 1000 100 
7 1750 100 100 
8 1750 500 100 
9 1750 1000 100  
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results from the three curves were averaged to obtain the final degree of 
intimate contact for each sample (Fig. 6e). The maximum deviation 
between the measured degrees of intimate contact on the three curves 
for an individual cross-section was 2.3%. 

2.4. Analysis of variance (ANOVA) 

Two-way analysis of variance (ANOVA) method was applied on the 
results of the temperature measurements described in Section 2.2 and 
intimate contact measurements described in Section 2.3 to assess the 
effects of the laser power and compaction force quantitatively. The 
Matlab built-in function anovan was used for this purpose [26]. The 
outputs of this function were p-values for each parameter investigated in 
Table 1. p-values smaller than 0.05 imply that the mean response of the 
specific parameter is different from the mean of all data within a con-
fidence interval of 95%. The effect of such a parameter can be consid-
ered statistically significant. 

3. Numerical methods 

The compaction force changes a number of parameters during the 
LAFP process not only by altering TCR (and degree of intimate contact) 
via applied pressure but also changing the roller geometry. The first 
effect concerns the laser irradiation on the tape and substrate. As the 
roller deforms by increased compaction force, the location of the nip 
point and the shape of the incoming tape near the nip point changes. 
This theoretically results in a decreased shadow area and a higher 
temperature at the nip point [27], and hence, the roller exit. The second 
effect is observed during the compaction phase. An increasing 

compaction force extends the contact length, which causes more heat to 
be dissipated to the roller. This might cause a lower temperature at the 
roller exit [28]. Since the effects of the change in the nip point location 
and the contact length contradict with each other, a heat transfer model 
which includes an optical model and a variable roller contact length was 
formulated. Such a model can be used to isolate the effects of TCR on the 
temperature history. The following sections describe the calculation of 
TCR from intimate contact measurements and the temperature distri-
bution during the process using a heat transfer model. 

3.1. Thermal contact resistance calculation 

To calculate the thermal contact conductance from the experimen-
tally obtained degree of intimate contact at the interface, the equation 
proposed by Levy et al. [15] was used: 

1
C
= R = Dic,inita0

(
1

λCFRPD2
ic
+

1 − Dic

λairDic
+

1
λCFRP

)

(1)  

where C is the thermal contact conductance, R is the thermal contact 
resistance, Dic,init is the initial degree of intimate contact, a0 is the height 
of the rough surface layer, λCFRP is the through-thickness thermal con-
ductivity of the composite material, Dic is the degree of intimate contact 
at a given moment and λair is the thermal conductivity of air. This 
equation expresses the thermal contact conductance assuming that the 
interface is a thin layer of homogenized mixture of the composite and 
air. 

During LAFP, Dic,init is very difficult, if not impossible, to measure 
with the current technology since the nip point poses extreme difficulty 
in positioning any kind of sensors and the consolidation takes place in a 

Fig. 5. Top view of the extraction locations of five samples for intimate contact investigation. The dimensions are not to scale.  

Fig. 6. Methodology for intimate contact measurement at the topmost interface from cross-sectional images. a) High resolution image of the interface. b) Definition 
of bond line manually (Line 2) and automatic generation of offset curves (Lines 1 and 3). The distance between the lines are not to scale. c) Segmentation of the image 
using the grayscale histogram and Otsu’s thresholding method to distinguish the fiber–matrix mixture from the voids. d) Segmented cross-sectional image with the 
measurement curves. e) Calculated degree of intimate contact on each curve and the average intimate contact for the interface. 
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very short time. Therefore, the initial surface profile of the tape was 
utilized to estimate Dic,init as it was done in literature [29,30] instead of 
the methodology proposed in Section 2.3. This methodology is not 
convenient to analyze the surface of an individual tape since it requires 
voids trapped in solidified resin at the interfaces of multiple layers to 
define measurement curves. Dic,init and a0 were calculated from surface 
profiles measured from samples of unprocessed tape with an Olympus 
LEXT OLS3100 confocal laser scanning microscope using a × 50 lens. 
The resolution was 0.25 μm/pixel and the profile length was 256 μm. In 
total, fifteen profiles were captured. For Dic(t = 0), the surface profiles 
were approximated as a series of uniform rectangles that are schemati-
cally shown in Fig. 7. The width of the rectangles (b0) and the sur-
rounding gap (w0) were found by calculating the average width of the 
material and gaps at different height levels within ±2σ from the mean 
surface height, where σ designates the standard deviation. Having the 
dimensions of the rectangles, Dic,init is calculated as [29]: 

Dic,init =
b0

b0 + w0
(2)  

Eq. (2) yielded an initial degree of intimate contact of 0.437 for the 
material used in this study. a0 was calculated as the average standard 
deviation, σ, which was 12.6 μm. Dic was measured for each experiment 
in Table 1 with the methodology described in Section 2.3. The values for 
λCFRP and λair were taken as 0.72 W/mK [31] and 0.0043 W/mK [32], 
respectively. 

3.2. Heat transfer model 

The transient temperature distribution during the fiber placement 
process was calculated with a three dimensional finite element (FE) 
model adapted from authors’ previous work [33]. Abaqus 2017 finite 
element package was used to create and solve the model. The incoming 
tape and substrate were modeled as two stationary bodies in a 
Lagrangian reference frame. A moving placement head configuration 
was implemented, i.e. the laser illuminated area and the area where the 
convection coefficient was applied due to the compaction roller moved 
according to the placement speed. The modeling space and boundary 
conditions are visually demonstrated in Fig. 8. 

The energy equation was solved to find the transient temperature 
distribution T(t) within the incoming tape and substrate, with the 
assumption of negligible internal heat generation: 

ρCp
∂T
∂t

= ∇(k∇T) (3)  

where ρ is the density, Cp is the specific heat and k is the anisotropic 
thermal conductivity of the material. 

The following boundary conditions were applied referring to Fig. 8. 

The initial temperatures of the incoming tape and substrate were defined 
as 20 ◦C. The laser irradiance, compaction roller and the nip point 
moved in the placement direction with the placement speed v. Until the 
nip point, the bottom surface of the tape and the top surface of the 
substrate were heated with the laser irradiance obtained from the ray 
tracing model proposed in [34]. This model accounts for the non- 
specular reflection of the laser light between the tape and substrate 
using a bidirectional reflectance distribution function (BRDF)-based 
micro-model. As schematically described in Fig. 9, several geometric 
parameters for the laser source, incoming tape, substrate and compac-
tion roller are required as an input for the model. These parameters were 
determined from on-site measurements and Computer Aided Design 
(CAD) drawings of the placement head. A summary of the parameters 
used in the optical model is given in Table 2. 

Prior to the nip point and during the compaction process (Lc2 and Lc1 
in Fig. 8, respectively), the top surface of the tape cools down due to the 
contact with the compaction roller. Before and after the contact with the 
roller, the ambient air cools down the top surface of the tape. The heat 
loss to the compaction roller and the ambient air were formulated as a 
moving convection boundary condition: 

k∇T = − h(T − Ta) (4)  

where h is the convection coefficient and Ta is the ambient temperature 
at the corresponding boundary. Eq. (4) was also used to express the heat 
loss at the bottom surface of the substrate due to the contact with the 
aluminum tool. 

The convection coefficient (ha) and Ta for the air were taken as 10 W/ 
m2K [35] and 20 ◦C, respectively. The roller and tool convection co-
efficients (hr and ht, respectively) were determined by iteratively 
comparing the numerical results with the temperature measurements 
from the top surface of the newly placed tape. This was done for the 
sample manufactured with a laser power of 1750 W and a compaction 
force of 1000 N, since the least amount of inter-laminar voids were 
observed in this specimen due to the high temperature and pressure. 
This procedure resulted in 1000 W/m2K for both hr and ht . These values 
are in agreement with the values reported in the literature [31,36]. Ta 
was 160, 180 and 200 ◦C for the roller at the power levels 1300, 1500 
and 1750 W, respectively (measured from the thermal images) and 20 ◦C 
for the tool. 

At the tape-substrate interface, the heat transfer was modeled with a 
thermal contact [37]: 

q = C(Ttape − Tsubstrate) (5)  

where q is the heat flux between the tape and the substrate and C is the 
thermal contact conductance. The value of C was updated based on the 
location of the moving nip point. At the regions in front of the nip point, 
no heat transfer was possible between the tape and the substrate. To 

Fig. 7. Uniform rectangle idealization of the composite surface and associated geometric parameters.  
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impose this condition without creating numerical problems, the thermal 
contact conductance was set to a very low value, namely 10− 5W/m2K. 
Past the nip point, the thermal contact conductance was set to the 
reciprocal of the value obtained from the TCR calculations explained in 
Section 3.1 to represent the imperfect thermal contact due to incomplete 
intimate contact development. A constant C was assumed immediately 
after the nip point. For comparison purposes, a set of simulations which 
represent the case of perfect intimate contact were also run by setting 

the thermal contact conductance to a very high value, namely 106W/ 
m2K. 

The process settings and geometric parameters used in the model are 
summarized in Table 3. Thermal material properties provided in Table 4 
were used for the composite material. The coordinates of the laser 
irradiation, area with heat loss to the compaction roller and thermal 
contact conductance were updated with the user subroutines DFLUX, 
FILM and GAPCON, respectively. 

Fig. 8. Modeling space and moving boundary conditions of the FE model. h represents the applied convection coefficient. For the other parameters, please refer 
to Table 3. 

Fig. 9. Description of the optical model geometry.  
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DC3D8 linear hexahedral heat transfer elements were used to mesh 
the tape and the tool. The tape was meshed with 10, 120 and 6 uniform 
elements in the thickness, length and width directions, respectively. The 
substrate was meshed with 120 and 6 uniform elements in the length 
and width directions, respectively and with 15 biased elements in the 
thickness direction (thickness ranging between 0.012 mm and 0.12 mm, 
finer near the top surface). 

4. Results 

4.1. Experimental process temperature 

The measured tape inlet temperatures at different laser power and 
compaction force values are shown in Fig. 10a. Local temperature var-
iations during LAFP have been previously observed and attributed to 
material inhomogeneity [38,39]. Due to differences in local fiber vol-
ume fraction, varying amounts of laser power can be absorbed at 
different sections of the material. The standard deviation in Fig. 10a is 
most likely a result of that. As the laser power increased, the tape tem-
perature increased for all compaction force levels at an average rate of 
∼ 0.3 ◦C/W. A notable observation is that the inlet temperature was 
above the melting temperature of the CF/PEEK material (343 ◦C [24]) 
for the laser powers of 1500 and 1750 W, whereas it was slightly below 
the melting temperature for the laser power of 1300 W, as intended. A 
clear relation between the compaction force and the tape inlet temper-
ature, however, was not observed. This was also reflected in the results 
of the ANOVA; the effect of the laser power was statistically significant 
(p = 0.0002) in contrast to the effect of the compaction force (p =
0.2372). Recent studies proposed that the roller deformation due to 
increasing compaction force has an influence on the tape temperature 
during the LAFP process [27]. The results in Fig. 10 show that the roller 
deformation did not influence the tape inlet temperature more than the 
experimental scatter for the experimental setup and process parameters 
in this study. 

Fig. 10b shows the effect of laser power and compaction force on the 
substrate temperature. Similar to the tape, material inhomogeneity re-
sults in variation in temperature and the standard deviation for each 
measurement is shown. For every experiment, the average substrate 
temperature was below the melting temperature of PEEK. As the laser 
power increased, the substrate temperature increased for all compaction 
force levels at an average rate of ∼ 0.16 ◦C/W. As the compaction force 
was increased from 100 N to 1000 N, the substrate temperature 
increased by 28, 23 and 15 ◦C for the laser powers of 1750, 1500 and 
1300 W, respectively. Unlike the tape inlet temperature, a steady in-
crease was observed for increasing compaction force levels. This result is 
in-line with the literature in the sense that the effect of roller deforma-
tion on the substrate temperature is more pronounced than the tape 
temperature [28]. The results of ANOVA shows that for the substrate 

Table 2 
Geometrical parameters used in the optical model.  

Parameter Description Value 

wr  Roller width 60 mm 
Rr  Roller radius 35 mm 
I Roller indentation 0.41, 0.9 and 1.47 mm (at 100, 500 

and 1000 N, respectively) 
wl  Laser spot width 56 mm 
hl  Laser spot height 28 mm 
yl  Laser y-position relative to 

the roller center 
265.3 mm 

zl  Laser z-position relative to 
the roller center 

49.1 mm 

αl  Laser angle 18◦

wt  Tape width 6.35 mm 
αt  Tape feed angle 45◦

ws  Substrate width 6.35 mm  

Table 3 
The process settings and geometric parameters used in the heat transfer model.  

Parameter Symbol Value Unit 

Placement speed v 100 mm/ 
s 

Roller contact length in the 
compaction zone 

Lc1 10.6, 15.7, 20.1 (at 100, 500 and 
1000 N, respectively) 

mm 

Roller contact length prior 
to the nip point 

Lc2 17 mm 

Domain length L 100 mm 
Tape thickness ttape 0.15 mm 
Tape width  6.35 mm 
Substrate thickness tsubstrate 0.75 mm 
Substrate width  6.35 mm  

Table 4 
Temperature dependent material properties of CF/PEEK [35].  

Temperature Density Specific Heat Thermal conductivity (W/m◦C) 

(◦C) (kg/m3◦C) (J/kg◦C) Longitudinal Transverse 

0 1601 800 3.5 0.42 
50 1598 930 4.6 0.52 
100 1593 1040 5.1 0.6 
150 1586 1260 5.9 0.7 
200 1575 1300 5.9 0.7 
250 1563 1400 6.1 0.7 
300 1551 1550 6.7 0.75 
350 1537 1650 6.8 0.68 
400 1524 1700 7 0.65  

Fig. 10. a) Tape inlet and b) substrate temperatures for the fifth tow at each laser power and compaction force. Error bars represent the standard deviation. The 
melting temperature of PEEK is marked. 
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temperature, the effects of both the compaction force (p = 0.0079) and 
the laser power (p = 0.0001) are statistically significant. 

The measured temperature histories in the cooling region at the rear 
side of the roller are shown in Fig. 11 with solid lines. The data was 
measured as a function of the distance from the roller exit line; however, 
it also represents the temperature history of an arbitrary location on the 
top surface of the tape after the roller passes over it since the placement 
speed is known (100 mm/s). The corresponding time is also shown in the 
figures. The shaded zones around the solid lines indicate the standard 
deviation of the 100 temperature profiles extracted with the method-
ology described in Section 2.2. The compaction force had an influence 
on the roller exit temperature for all laser power levels. An increase in 
the compaction force resulted in a decrease in the temperature at the 
roller exit. The difference between the maximum and minimum tem-
peratures due to the various compaction forces at the roller exit was as 
high as 30 ◦C. When the compaction force was decreased to 100 N, a 
significant increase in temperature was observed at the roller exit 
compared to 500 N case (∼ 20 ◦C), even though the tape inlet temper-
ature was not higher and substrate temperature was even lower 
(Fig. 10). However, the roller exit temperature difference between the 
500 N and 1000 N cases was lower (∼ 10 ◦C). When the effect of the laser 
power is examined, it can be seen that the roller exit temperature 
increased with increasing laser power with an average rate of ∼ 0.1 ◦C/ 
W. The effect of the laser power on the exit temperature was lower than 
its effect on the tape inlet temperature. The effects of both the laser 
power (p = 0.0000) and the compaction force (p = 0.0001) on the roller 
exit temperature were statistically significant, as shown by ANOVA. 

4.2. Intimate contact 

Representative cross-sectional micrographs of the topmost interface 
of the specimens manufactured with the same laser power (1750 W) but 
different compaction forces (100 N and 1000 N) are shown in Fig. 12. In 
Fig. 12a, inter-laminar voids due to the low compaction force (100 N) 
can be observed. These voids are expected to reduce the through 
thickness heat transfer as demonstrated in Fig. 2. In contrast, high 
compaction force (1000 N) resulted in an almost void-free interface. The 
void content in the inter-laminar region was very low as shown in 
Fig. 12b. 

The measured degree of intimate contact at the topmost interface for 
each parameter combination is shown in Fig. 13. The ANOVA method 
was used to quantify the effects of the laser power and the compaction 
force. The analysis showed that the laser power had a statistically 
insignificant effect (p = 0.3026) on the final degree of intimate contact 
whereas the effect of the compaction force was statistically significant 
(p = 0.0000). This is an interesting result since the temperature history 
is expected to affect intimate contact development significantly by 
determining the resin viscosity. Yet, the compaction force seems to drive 
the resulting degree of intimate contact independently of the tempera-
ture levels. 

A compaction force of 100 N resulted in the lowest degree of intimate 
contact for all laser power levels. The degree of intimate contact 
increased as the compaction force was increased. The difference be-
tween the 500 N and 1000 N was smaller than the difference between 
the 100 N and 500 N. The reason for that can be the nonlinear rela-
tionship between the applied force and the resulting pressure under the 
compaction roller. As the roller is deformed further, the contact area 

Fig. 11. Tape temperatures at the roller exit on the top surface of the fifth tow for different compaction forces and laser powers of a) 1300 W, b) 1500 W, c) 1750 W.  
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increases and limits the pressure [10]. The standard deviation increased 
at low compaction force for 1300 W and 1500 W. This might be a result 
of material scatter which could not be eliminated with the amount of 
pressure applied. 

4.3. Calculated temperature history 

4.3.1. Calculated temperature at the cooling phase 
Calculated temperature histories up to 50 mm from the roller exit for 

each laser power and compaction force are shown in Fig. 11 with two 
types of dashed lines. The dash-dot lines (–⋅) show the temperature 
histories calculated with the TCR values given in Fig. 13, which were 
obtained from Eq. (1) for each process parameter. These temperature 
values will be mentioned as calculated temperature with imperfect 
contact (CTIC) in the upcoming discussions. In addition to those, the 
dashed lines (– –) present the temperature histories calculated with a 
very small TCR (perfect interface assumption). These will be denoted as 
calculated temperature with perfect contact (CTPC). As expected, CTPC 
resulted in a lower temperature than CTIC at any distance from the roller 
exit for all laser power and compaction force levels. As TCR decreased, 
the heat transfer from the tape to the substrate during the compaction 
and cooling periods became greater. 

When CTIC is compared with the experimental data, it can be 
observed that an excellent agreement is present at the highest 
compaction force (1000 N) for laser powers of 1500 and 1750 W 
(Fig. 11b and Fig. 11c). It should be noted that the convection coefficient 
between the roller and the top surface of the tape was determined for the 
case of 1750 W and 1000 N and it was assumed that this value does not 

change with decreasing force. Only the change in the contact length was 
considered. As the compaction force was decreased at these laser power 
levels, the temperature calculations overshot the experimental results at 
the region immediately following the roller exit (approximately the first 
7 mm and 20 mm for 500 N and 100 N, respectively). After this initial 
behavior, the calculated temperature equaled the experimental one but 
cooled down faster until both curves had a similar cooling trend at 
around 40 mm. For the lowest laser power (1300 W), the trends slightly 
differed as shown in Fig. 11a. For every compaction force, the temper-
ature was underestimated with a calculated TCR for the whole distance 
range from the roller exit. The only exception was the temperature at the 
roller exit for the compaction force of 100 N, which was equal to the 
experimental temperature. However, CTIC cooled down faster than the 
experimental temperature initially as well, similar to the other laser 
power levels. While CTIC yielded temperature predictions comparable 
with the experimental data, CTPC underestimated the temperature at 
any distance from the roller exit for any case. 

4.3.2. Calculated temperature at the compaction phase 
To understand the difference between CTIC and CTPC further, 

calculated tape and substrate temperatures during the compaction phase 
of the process are presented in Fig. 14. The results are reported only for 
the laser power of 1750 W and compaction force of 100 N for the sake of 
clarity, as the combination of these parameters resulted in the least 
degree of intimate contact (Fig. 13) and the highest difference between 
CTIC and CTPC (Fig. 11). The trends did not differ for the other process 
parameters. The first difference can be observed at the nip point, where 
the bottom surface of the tape and the top surface of the substrate 

Fig. 12. Examples of cross-sectional micrographs of the topmost interface. a) low intimate contact (80.3%, at 1750 W and 100 N) b) high intimate contact (95.6%, at 
1750 W and 1000 N). 

Fig. 13. Degree of intimate contact for each specimen. The horizontal axis shows the laser power and the color of each bar indicates the compaction force. The first 
row on top of the bars shows the average degrees of intimate contact. Error bars represent the standard deviation. Values in the parantheses show the corresponding 
thermal contact conductance in W/m2K calculated using Eq. (1). 
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contact each other. As expected, CTPC led to similar temperatures at the 
bottom surface of the tape (300 ◦C) and the top surface of the substrate 
(294 ◦C), which quickly equalized in the subsequent time steps. CTIC, 
however, resulted in a significant difference between the temperatures 
at the same locations of the tape (359 ◦C) and the substrate (233 ◦C). 
This demonstrates the effect of TCR on the heat transfer between the 
tape and substrate; for CTIC, cooling of the tape and heating of the 
substrate at the nip point were slower than CTPC. The second difference 
can be observed at the end of the compaction phase. The temperatures of 
both the bottom surface of the tape and the top surface of the substrate 
were 246 ◦C for CTPC. In the case of CTIC, these temperatures were 276 
◦C and 230 ◦C for the tape and substrate, respectively. The final differ-
ence is at the temperature of the top surface of the tape. CTIC resulted in 
higher temperatures at the top surface of the tape (366 ◦C at the nip 
point, 284 ◦C at the end of the compaction phase) than CTPC (357 ◦C at 
the nip point, 255 ◦C at the end of the compaction phase). 

A temperature plateau can be observed at the end of the compaction 
zone on the top surface of the tape. The reason for that is the heat 
accumulation at the center of the tape in the thickness direction. During 
the compaction phase, a temperature gradient occurred in the thickness 
direction of the tape due to contact with the roller and the substrate on 
the opposing surfaces. As a result, in the thickness direction, the center 
of the tape became warmer than the surfaces. Once the roller passed, 
heat flowed towards the tape surfaces due to conduction within the tape. 
This slightly increased the temperature of the top surface momentarily, 
as the low convection coefficient between the ambient air and the top 
surface (10 W/m2K) resulted in an almost insulated boundary. The 
bottom surface of the tape was not significantly affected since the main 
driver of cooling was the contact with the substrate with a compara-
tively large thermal contact conductance (>3442 Wm2K, as shown in 
Fig. 13). 

5. Discussion 

5.1. Effect of compaction force on cooling behavior 

The temperature measurements from the rear side of the compaction 
roller (Fig. 11) show that the compaction force has a significant influ-
ence on the temperature of the newly placed thermoplastic tape in the 
cooling phase of LAFP. As demonstrated in Fig. 15, it has such an 
importance that aft the roller exit, a tape placed with a laser power of 
1300 W and a compaction force of 100 N cooled down similarly to a tape 
placed with a laser power of 1500 W and a compaction force of 1000 N 
despite the difference in energy input at the heating phase. A similar 
relationship holds for the laser powers of 1500 W and 1750 W as well. 
Since no compaction pressure is present in the cooling phase, a variation 
in the temperature might affect the final void content and residual 
stresses. In addition, the variation in the temperature due to altering 
compaction force has potential implications for the final degree of 
crystallinity of the structure, as the maximum crystallization rate of 
PEEK was observed between 200–280 ◦C [40]. Compaction force should, 
therefore, be considered as an integral part of any LAFP process design 
to control not only ply adhesion or mechanical defects such as gaps/ 
overlaps but also the temperature history. 

5.2. The role of TCR on temperature calculations 

Thanks to the thermal model presented in Section 3, the effects of 
TCR could be separated from the other possible effects of the roller 
deformation induced by varying compaction force on the temperature 
history. When a perfect thermal contact was assumed at the interface, 
the model underestimated the temperature at the roller exit and the 
subsequent cooling period, as shown in Fig. 11. Also, numerical results 
presented in Fig. 14 showed that the temperature at contacting surfaces 
of the tape and substrate were influenced significantly during the 
compaction phase of the process. Therefore, in this study, it was found 
that TCR has a significant role in the resulting temperature history. This 
observation contradicts the claim that the effect of TCR is negligible for 

Fig. 14. Calculated temperatures for the tape and substrate during the compaction phase for the laser power of 1750 W and compaction force of 100 N.  
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thermal analysis of LAFP [20]. Possibly, a laminate with a high degree of 
intimate contact was investigated in that study, reducing the influence 
of TCR on temperature history predictions. Such an effect was observed 
in this study as well, as demonstrated in Fig. 16. This figure shows the 
temperature difference between CTIC and CTPC in Fig. 11 for each 
experiment and the degree of intimate contact (Dic) for each curve is 
presented in the figure legend. The temperature difference between 
CTIC and CTPC was less than 10 ◦C at the roller exit when the degree of 
intimate contact was more than 90%. However, a final degree of inti-
mate contact below 85% was reported in several works [27,41,42], 
meaning that TCR can not be neglected for all LAFP systems and process 
parameters. Moreover, as LAFP technology with in situ consolidation 
matures, research in the field has expanded to more complex parts such 

as a fuselage panel [43], variable-stiffness wingbox [44] and a pressure 
vessel [45]. Complex tool shapes introduce convex or concave surfaces 
which result in a non-uniform pressure distribution under the compac-
tion roller [46,47], as well as transient heat flux distribution [45]. This 
may result in areas with insufficient intimate contact. Also, it should be 
noted that the results presented in this work are limited to unidirectional 
laminates. In a laminate consisting of layers with different orientations, 
intimate contact development might be lower due to the lack of fiber 
nesting. For such cases, the effect of TCR can be even more important. 

TCR has an influence on the temperature history during the 
compaction and cooling phases; however, the experimental tempera-
tures from the cooling phase were predicted with a limited accuracy 
when TCR was calculated with Eq. (1) using a constant degree of intimate 

Fig. 15. Experimental temperature histories showing the effect of the compaction force on the cooling behavior observed at different power levels as a result of 
varying compaction force. 

Fig. 16. The difference between the computed temperature histories using the TCR from Eq. (1) (CTIC) and a very small TCR (CTPC).  
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contact. The numerical results initially overshot and later under-
estimated the experimental results as demonstrated in Fig. 11. Such a 
trend suggests that TCR was not constant during the cooling phase. This 
behavior can be linked to void expansion after the compaction pressure 
was released. So far, this mechanism has been considered only for intra- 
laminar voids in the literature [48]. However, Fig. 12 shows that the 
final void content of the laminates manufactured in this study was 
present mostly between the topmost layer and the substrate. Based on 
this information, TCR evolution during the cooling phase of LAFP can be 
described as follows. The degree of intimate contact reached its 
maximum at the roller exit, causing the experimental heat flux between 
the tape and the substrate to be more than the calculations. Increasing 
heat flux caused the experimental tape temperature to be lower than the 
calculated temperature initially because the tape was warmer than the 
substrate in the experiments (shown in Fig. 10). As soon as the 
compaction pressure was released, the inter-laminar voids expanded 
and the degree of intimate contact decreased until the equilibrium be-
tween the pressure within the voids and the atmospheric pressure was 
reached. During the expansion of voids, the heat flux between the tape 
and substrate decreased and the cooling rate of the experimental tem-
perature became lower than the calculated temperature. As a result, 
calculated temperatures underestimated the experimental temperatures 
further away from the roller exit. Additionally, in the experiments, TCR 
evolves during the compaction phase. It can be expected that at the nip 
point, the experimental TCR was higher than the numerical one, as the 
degree of intimate contact was low. This would result in a larger dif-
ference between the temperatures of the tape and substrate. However, as 
hypothesized above, the maximum degree of intimate contact was 
probably reached during the compaction phase. Therefore, in the ex-
periments, the heat transfer between the tape and substrate was larger 
than the one calculated with the model for some duration under the 
compaction roller. This duration is material-specific, as the evolution of 
TCR is highly dependent on the surface morphology and the resin 
rheology [16]. Considering these phenomena, the evolution of the de-
gree of intimate contact in the compaction and cooling phases of the 
process should be investigated further for a more accurate analysis of the 
process. 

Another possible improvement to the temperature calculations is the 
consideration of the evolving contact between the compaction roller and 
the top surface of the tape. As the compaction force was increased, the 
contact conductance between the roller and the tape might have 
increased due to increasing degree of intimate contact. In this research, 
the effect of compaction force was implemented as a change in the 
contact length but the convection coefficient between the roller and the 
top surface of the tape was kept constant. Further research on the evo-
lution of the thermal contact between the tape and the roller is 
recommended. 

5.3. Origins of TCR development during LAFP 

The measured degrees of intimate contact presented in Fig. 13 lead to 
additional interesting observations on intimate contact development, 
which is the source of TCR, during LAFP. Firstly, the samples manu-
factured with a laser power of 1300 W, which resulted in a tape inlet 
temperature (∼ 325 ◦C as shown in Fig. 10) lower than the melting 
temperature Tm (343 ◦C), had the same level of degree of intimate 
contact as the ones manufactured with higher laser powers. This result is 
counter-intuitive as the semi-crystalline structure of PEEK has been 
considered not to allow significant softening of the polymer below Tm. In 
the past, several semi-crystalline polymers such as high density poly-
ethylene (PE), polypropylene (PP), polyoxymethylene (POM), and poly 
(vinylidene fluoride) (PVF) were shown to be malleable between the 
reversible crystallization temperature (Tc)and Tm [49]. At Tc, crystal 
subunits are capable of moving within larger crystal units [50]. Between 
Tc and Tm, the mechanism for deformation was proposed to be lamellar 
slip and extended chain crystal formation [51]. Such a mechanism can 

explain intimate contact development below Tm for high performance 
thermoplastic composites. Recently, it was shown that CF/PEEK lami-
nates can be thermoformed between 165–325 ◦C [52] and intimate 
contact can develop below Tm for CF/PEKK laminates during out-of- 
autoclave consolidation with low pressure [53]. The results in Fig. 13 
confirm this point of view and show that polymer flow can take place 
between the Tg and Tm. Intimate contact development below Tm should 
be further investigated considering the reversible crystalline transition 
phenomenon. 

Another noteworthy result is that the laser power and hence the tape 
inlet temperature did not have a statistically significant influence on the 
final degree of intimate contact, even above the melting temperature. A 
similar behavior was also observed for CF/PEKK tapes placed on an 
aluminum tool in a previous study [10]. This is unexpected since the 
polymer viscosity drops with increasing temperature. A possible expla-
nation is that the interaction between the fibers in the polymer melt 
plays a more dominant role for intimate contact development under 
LAFP specific conditions such as heating without pressure, very short 
compaction duration and rapid cooling. It has already been shown that 
during the intimate contact development process, dry fibers need to be 
compacted [10] and this process is not primarily affected by resin vis-
cosity. Moreover, it has been reported that the friction between the fi-
bers has a significant part in the overall viscosity of the CF/PEEK melt 
and because of that an increase in temperature up to 20 ◦C would have 
little effect [54]. This study showed that intimate contact development 
might be insensitive to even higher temperature differences during 
LAFP, as the difference between the inlet temperatures was as high as 
140 ◦C (Fig. 10). 

5.4. Potential use of TCR for process inspection 

In addition to understanding the influence of TCR and the mecha-
nisms behind it for a more realistic description of the temperature his-
tory, one can exploit the phenomenon for in situ inspection of intimate 
contact development. With a reverse approach, the degree of intimate 
contact can be predicted from the measurements of the cooling behavior 
of the newly placed tape. This can be achieved with the optical-thermal 
model presented in Section 3 for flat laminates, provided that an offline 
database of cooling behavior is created at given LAFP process parame-
ters for varying degrees of intimate contact (and the resulting TCR). 
During placement, the in situ collected data can be compared to the 
previously computed cooling data. The degree of intimate contact which 
yields the least difference between the in situ and computed data can be 
used as an indication of the bonding quality. 

6. Conclusion 

This study demonstrates the effect of the thermal contact resistance 
between the tape and substrate on the temperature history during the 
cooling phase of LAFP through dedicated experiments and numerical 
calculations. A novel experimental methodology was designed to un-
derstand the effect with a non-contact temperature measurement 
method, as contact temperature measurement methods directly influ-
ence the degree of intimate contact in their surroundings. A three- 
dimensional combined optical-thermal model including the thermal 
contact resistance between the tape and substrate was developed to 
assess the accuracy of the commonly preferred assumption of a perfect 
thermal contact in thermal analysis of the LAFP process. 

Experimental results indicated that, for the same tape inlet temper-
ature, a change in the compaction force resulted in a different temper-
ature at the roller exit, which is in correlation with the final degree of 
intimate contact. As the degree of intimate contact increased, the heat 
transfer from the tape to substrate increased. Therefore, the tape was 
colder during the cooling phase. It was also observed that intimate 
contact can develop at temperatures below the melting temperature of 
the polymer. 

O. Çelik et al.                                                                                                                                                                                                                                    



Composites Part A 145 (2021) 106367

14

Numerical results confirmed that neglecting thermal contact resis-
tance at the interface causes significant underestimation of the tem-
perature history, especially for specimens with a degree of intimate 
contact below 90%. Moreover, comparison between the calculated and 
measured temperature history led to a new hypothesis on intimate 
contact development during the cooling phase of LAFP. It was suggested 
that the expansion of voids after the pressure application should be 
considered not only for intra-laminar voids as commonly done in the 
literature but also for the inter-laminar voids. 

Further research is recommended on the evolution of intimate con-
tact (inter-laminar void expansion) during the cooling phase of LAFP. 
Implementation of the corresponding TCR evolution to thermal models 
is another path for future studies. Finally, intimate contact development 
below the melting temperature should be investigated for a more ac-
curate analysis of the LAFP process. 
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