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Abstract: Laser-assisted tape placement (LATP) and thermoplastic composites (TPCs) pre-
impregnated (prepreg) tapes are a promising combination of technologies, combining in-situ
consolidation of the TPCs and the high degree of automation achievable with LATP. Laminate
quality tends to decrease when increasing placement speed due to the shortening of heating
and consolidation window. Such heating windows require high laser power to achieve the
desired nip point temperature, which can hinder through-thickness temperature distribution
within the incoming tape during the heating stage. The effect of placement speed, laser power
and thermal conductivity model on the temperature and melt profile of tapes prior the
compaction phase will be investigated through simulations for carbon fibre reinforced
polyphenylene sulphide unidirectional tapes. Results show that significant through-thickness
thermal gradients occur within a tape at high laser power; and the obtained gradients differ for
each thermal conductivity model used.

Keywords: laser-assisted tape placement; melting, heat transfer model; thermal conductivity;
heating stage

1. Introduction

Laser-assisted automated tape placement (LATP) of carbon fibre (CF) reinforced thermoplastic
composites (TCs) is a versatile technology with the potential to utilise the in-situ consolidation
capabilities of TCs to bring one-step manufacturing of composite parts. The in-situ
consolidation of the part is achieved by continuous bonding of the incoming tape to the
substrate, in which the interface between the two heals and restores bulk-like properties[1].
Such properties are developed when a high degree of bonding is achieved; which results from
the contribution of the degree of autohesion and intimate contact, D,.. However, current in-
situ consolidation in LATP is not a robust process.

Prior to autohesion, it is crucial to achieve a high degree of intimate contact. Current intimate
contact development models[2,3] rely on resin squeeze flow to describe the flattening of the
surface’s asperities upon compaction, and are unable to successfully predict experimental D;.
measurements[4]. Recent work has revealed that tape’s surfaces are heterogeneous and can
have resin poor areas. Kok[5] found a logarithmic relationship between D,. and the resin poor
surface depth, achieving D;. approximately to 1 when that depth was close to zero, meaning
the surface was resin rich. This shows that contrary to what current D;. models, due to resin
poor surface areas, both squeeze and through-thickness percolation flow are relevant in D;.
development. Hence, since through-thickness resin flow is required, not only surface
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temperature but also its distribution within the tape become relevant parameters to analyse in
LATP.

To improve deposition rates, both placement speed and/or tape’s fibre areal weight can be
increased. Elevated placement speeds can lead to significantly reduced processing times and
impose very elevated heating rates regardless of the tape’s thickness. Time scales in the order
of tens of milliseconds and heating rates well above 5 000 °C/s can be expected. Polymers are
thermal insulators and composites’ through-thickness thermal conductivity, k,, is highly
influenced by this fact[6], which could compromise the temperature distribution within a tape
upon heating in such short processing times. Thermal conductivity, k, is a function of thermal
diffusivity, a, density, p, and specific heat capacity, ¢, as per Eq.(1).

k = apc, [W/mK] (1)

It is worth noticing that all these properties depend on temperature and porosity, among
others[7]. For several neat polymers[8], including polyphenylene sulphide (PPS)[9], «
decreases with temperature. Also, k, for CF/PPS composite has been reported to decrease
with temperature[10], whereas an increase with temperature has been identified for CF
reinforced polyether-ether-ketone (CF/PEEK)[7]. Several models have been developed to
predict k, values in composites and some of them will be used in this work. Examples of LATP
modelling of heat transfer in composites with constant[11] and temperature-dependent[12]
values of k, can be found.

Given the low k, of composites and the rapid surface heating due to elevated placement
speeds, thermal gradients within the tape might occur and hinder percolation flow and
intimate contact development. The presence and influence on intimate contact development
of these thermal gradients has not been studied yet. The aim of this work is to evaluate the
presence of through-thickness thermal gradients within a tape during the heating phase, prior
to consolidation, using different placement speeds, laser powers and k, models, by means of a
finite element model (FEM). The steps followed in the study are: (1) a laser source and CF/PPS
unidirectional composite are modelled based on previously reported studies; (2) the thermal
history and through-thickness temperature profile of a CF/PPS unidirectional tape heated up
by a laser source at different placement speeds, laser powers and thermal conductivities is
simulated by finite element method; (3) the influence of k, on the simulation results is
evaluated.

2. Numerical modelling methodology

The finite element model was performed in COMSOL Multiphysics® 5.6, using the Backward
Differentiation Formula solver for a transient heat transfer problem in which a moving laser
heat source passes over a static rectangle of CF/PPS unidirectional composite. The geometry
used was a 150 mm length and 0.15 mm thick rectangle. A triangular mesh with a maximum
element size of 7 um was sufficiently refined to observe no significant difference in the
simulation results. The laser source have been modelled following the irradiance distribution
described by Grouve [11], which has been simplified to an skewed top hat distribution to
mimic the effect of the laser losing sight of the tape as it rolls under the roller. The reflection
from the substrate are not accounted for in this model, and the roller is considered
transparent to the laser and at constant temperature. The initial tape, ambient and roller
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temperatures are 293.15 K. The upper surface of the geometry receives the radiation from the
laser, and loses energy by means of convection with the environment and radiation. The
lateral surfaces lose energy by the same means as the upper one but do not receive heat input.
The bottom surface is always in perfect contact with the roller and loses energy by conduction.
All parameters regarding geometry, placement and laser are listed in Table 1. The matrix-
reinforcement distribution is considered homogeneous throughout the composite and its
properties are listed in Table 2.

Table 1. Placement and laser simulation parameters.

Property Symbol Units Value
Sample length S cm 1.5

Sample thickness St mm 0.15

Laser power Ly kw 1,3,6

Laser length L, mm 45

Laser width Ly, mm 28

Laser shadow length Lsnadow mm 3

Placement speed S mm/s 100, 400, 800
Time step tstep S 0.001

Table 2. Composite, PPS and CF material properties.

Property Symbol Units Value
Composite surface emissivity[10] € - 0.9
Composite absorptivity[11] A - 0.9
PPS molecular weight M,, kg/mol 1
PPS melting temperature T °C 298
PPS density[13] Pm kg/m?3 1300
CF density[14] Py kg/m3 1790
Specific heat capacity of PPS[13] cf,%id (298K) J/gK 1100
Heat capacity change of PPS at T, [15] Acyma(Ty) 1/8:K 0.27
CF specific heat capacity[14] Cp.f J/kg-K 750 4+ 2.05 - T[K]
Fibre volume fraction X5 - 0.55
CF/PPS-air heat transfer coeff.[10] hair W/m?K 2.5
CF/PPS-roller heat transfer coeff.[11] hrotier W/m?2K 100

The heat capacity of CF/PPS, Cp, as a function of temperature was calculated from the
individual heat capacities of each component applying the rule of mixtures. The specific heat of
PPS, cp,m, results from the heat capacity of solid, czs,"’lri?(T), and molten, cg‘%llt(T), PPS which
were estimated as described elsewhere[16]. cgff,{t(298 K) was estimated as cgff,llt(298 K) =
czs,f’,l,ild (298 K) + Acp o (Ty). It is assumed that the heat capacity of the molten polymer is
achieved above T,. Both, CF, P and PPS, p,,,, densities are assumed constant and the
composite density, p, results from applying the rule of mixtures. Values for thermal diffusivity
of PPS, a,,,(T), are based on Chukov’s[13] experimental work. In the presented thermal model,
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they are calculated by means of cubic spline interpolation from 25 to 250 °C, and considered
constant outside that interval. Thermal conductivity of PPS, k,,,, has been estimated by Eq. (1),
using ., (T), py, and ¢, p, previously described. The thermal conductivity of carbon fibre in
the longitudinal, kx,f, and transverse, ky’f and kz,f, direction have been estimated as
described elsewhere[14].

2.2 Composite thermal conductivity

In this work, the influence on the temperature distribution of a tape has been studied for four
different k, models for the CF/PPS composite. These models are listed in Table 3.

Table 3. Composite through-thickness thermal conductivity, k,, model equations used in the
present study.

Model k, [W/m-K]

kz,fkm
kz,me + km)(f

k <1+c77)(f> _ (kz,f/km)_l

Rule of mixtures[17]

Halpin-Tsai[18]

n= 6=
1—nxs (kpp/km) +¢
Linear[10] 0.5—3.5-1074T
Constant[7] 0.72
3. Results

The presented simulation results have been obtained at the vertical middle section of the
geometry, 0.75 cm, at the end of heating stage for each placement speed, including the laser
shadow. The simulation times are therefore a function of the placement speed as: 555 ms (S =
100 mm/s), 138 ms (S = 400 mm/s) and 69 ms (S = 80 mm/s). The laser shadow length is
kept constant at 3 mm, as defined in Table 1. To assess the validity of results of this study, they
have been compared to those experimentally produced by Grouve[11] for CF/PPS composites.
The order of magnitude of the simulations results seem to agree with the experimental
observations.

3.2. Laser power and placement speed effect on thermal history

As previously discussed, higher laser power is required for shorter heating times in order to
achieve the desired temperatures, which leads to higher heating rates. The effect of the
heating rates in the through-thickness temperature distribution, using Halpin-Tsai model for k,
calculation, can be observed in the solutions obtained for the configurations in Table 4 , shown
in Figure 1. The temperature at the top surface (T¢), which is heated by the laser, and the
bottom surface (Tyg), which is on the opposite side of the tape, are evaluated at each time
step during the heating phase for the middle section of the tape. An initial temperature
plateau is seen before the laser reaches the middle section of the geometry, since T; = Ty =
Tys. Once the laser heats up the middle section, T;; and T increase differently as a function
of Lp and k,, generating a through-thickness temperature difference, AT; = T;s — Tjs- As the
tape enters the laser shadow region, a sudden temperature drop is experienced. Two AT are
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of interest: ATE™ = T — TEM4, which defines the through-thickness temperature
difference at the end of the heating phase; and that between the maximum and final Ty,

ATtdmp = T/ — TE"A which represent the required tape superheating to achieve T4,

ts

Table 4. Temperature evolution through the heating stage of the upper, T, and bottom, T,
faces for two distinct LATP configurations: (1A) Lp = 1.0 kW and § = 100 mm/s; and (1B)

Lp = 6.0kWand S = 800 mm/s.

N L S Time TR ATZP  Tgnd Tgnd ATEnd
Configuration P 15 ts Ls bs o

& [kw] [mm/s] [ms] [C] [«c]  [°C] [ [C]
1A 1.0 100 555 427 15 412 409 4
1B 60 800 69 471 66 405 296 109

Configuration: 1A
Lp: 1.0 kW, 5: 100.0 mmy/s

Configuration: 1B
Lp: 6.0 kW, S: 800.0 mm/s

400 b
&)
o 300 b
= Tape temperature
E Tbs
o T,
Q - i ts
= 200
Q
|_

100 b

0= T T T T T T
0 200 400 0 20 40 60

Time, ms Time, ms

Figure 1. Upper, Ty, and bottom, Ty, surface temperatures of a tape heated by (1A) a 1.0 kW
laser at 100 mm/s; and (1B) a 6.0 kW laser at 800 mm/s.

Similar TfS"d are estimated for these two laser power and placement speed configurations, 405

and 412 °C for configurations 1A and 1B, respectively. As expected, to reach similar
temperatures higher heating rates are seen in configuration 1B, since the heating window is
approximately 10 times shorter. ATtend changes significantly with the power of the heat
source, from 4 to 109 °C for configurations 1A and 1B, respectively. In addition, T} is below
298 °C, the melting point of PPS, for configuration 1B. The superheating required to achieve

similar final temperatures is greater for configuration 1B than 1A, 471 and 427 °C, respectively;
which results in smaller AT;imp for configuration 1A than 1B, 15 and 66 °C, respectively. The
temperature drop for configuration 1A occurs right at the start of the laser shadow, whereas

the drop for configuration 1B starts, with a lower slope, several milliseconds earlier.

3.2. Effect of k, model on thermal history

The role of k, on ATte”d, being 0 um the bottom surface and 150 um the top surface heated by
the laser, is shown in Figure 2. The melting line for PPS is plotted as temperature references.
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All four k, models used show different behavior as a function of the laser power. For
configuration 2A, all models show similar AT{md except for the linear model, which predicts a
higher value. In configuration 2B, all predictions show larger ATtend than in configuration 2A,
being Halpin-Tsai and constant models the most moderate and closer to each other in their
predictions; whereas the rule of mixtures and linear models show significantly wider
temperature ranges. It is worth noticing that the linear model already predicts Tlf;‘d does not
reach the melting temperature at the end of the laser shadow. For configuration 2C, the
predicted ATtend has broaden up for all models and values considered. The linear model
produces results with a Tlfsnd below the melting line, respectively. The rule of mixture and
Halpin-Tsai models show Tlf;‘d < T, too. The constant model is the only one predicting a full
melt of the tape in configuration 2C. As the laser power increases from configuration 2A to 2C,

the relative difference of T£'¢ and TZ"® between the different models became larger as well.

Configuration: 2A Configuration: 2B Configuration: 2C
Le: 1.0 kKW Lp: 3.0 kKW Lp: 6.0 kKW
5:100.0 mm/s 5:400.0 mm/s 5:800.0 mm/s
500 :
L 450 1 § k,
oy —— Rule of mixtures
2 4007 Halpin-Tsai
o]
g 350 - —_— Clonstant
c —— Linear
Yo o N N SO I o=l A7 A E Melting line (298 °C)
250 A A
QD00 Dm0 09080 DH0
v eTA NN VAT SN

Location, um

Figure 2. Estimated through-thickness temperature distribution (from the bottom surface, 0
um, to the upper surface, 150 um) at the end of the heating stage as a function of different k,
models for tapes heated up by (2A) a 1.0 kW laser at 100 mm/s, (2B) a 3.0 kW laser at 400
mmy/s; and (2C) 6.0 kW laser at 800 mm/s.

4, Discussion

The simulated through-thickness thermal histories of a laser heated tape show results which
depend on LATP configurations and k. Using Halpin-Tsai k, model, as seen Figure 1, higher
heating rates are produced to achieve similar Ttesnd as the placement speed and laser power
increase; as a results, larger AT, ATt‘im” and T/?%* are experienced in the tape. Hence,
choosing elevated nip point temperatures with high laser powers may produce polymer
degradation upon heating. According to the simulations, this effect is not likely to occur at
lower laser powers, since the tape superheating is not significant.

The effect of the LATP configuration and k; model used on ATt"’"d is shown in Figure 2. As
laser power and heating rate increase, the larger ATte”d becomes, which results in
measurements of the tape’s surface temperature not being representative of the actual tape
through-thickness temperature. In fact, the rule of mixtures, Halpin-Tsai and the linear models
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predict T,fsnd below T,,,. This is not the case for low placement speeds, in which temperature

homogenisation occurs prior compaction, as seen in Figure 2 (configuration 2A).

As the heating rates increase, the through-thickness temperature distributions obtained with
the different k, models also diverge from each other, as seen for the different configurations
in Figure 2. Hence, the significant differences found between the k, models as a function of
the laser power make it necessary to experimentally determine the thermal conductivity to
reach a higher confidence on the simulation results.

The existence of large through-thickness temperature distributions would also generate
gradients in temperature dependent properties, such as viscosity and thermal expansion,
among others. According to Darcy’s law on percolation, it would hinder percolation towards
the surface as the viscosity would increase from the heated surface into the tape. To the best
of our knowledge, the effect of thermal gradients in the tape on the development of intimate
contact has not yet been explored in literature

5. Conclusions

This work studied the development of through-thickness temperature gradients within a
CF/PPS tape upon heating in LATP, as a function of different placement speeds and laser
powers, by means of FEM analysis; as well as the influence of different k, models on the
obtained solutions. For all k, models used, temperature gradients appear, and increase their
value, as the laser power, and therefore heating rate, increase; some of them predict Tbesnd <
Ty, for 6 kW laser power. For those configurations where through-thickness thermal gradients
are present, readings of T by means of a thermal camera would not represent the actual
temperature of the tape. Different k, models predict significantly different through-thickness
temperature distributions for laser powers 3 and 6 kW; hence generating experimental data on
this magnitude as a function of temperature seems necessary to improve the accuracy of the
simulations. Resin flow may be hindered by the existence of thermal gradients within the tape
thickness, which could be a negatively contributing factor to the development of intimate
contact at high placement speeds.

Future work includes (1) the study of thermal history within a tape by experimental means,
especially for elevated placement speeds; (2) the adequate characterisation of the composite
properties as a function of temperature; (3) improvement and validation of the presented
thermal model; (4) the possible role that the existence of thermal gradients might have on
intimate contact development in LATP of CF/PPS composites.
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