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ABSTRACT

In the present study, thermophysical and optical characterization of UD thermoplastic composites
materials have been investigated. Knowledge of these parameters is of utmost importance to better
understanding of any process that involves laser processing of materials. These properties play an impor-
tant role during the simulation of the welding process. Two optical parameters namely transmission fac-
tor (T;) and reflection factor (R;) are measured using IRFT spectrometer and integrating sphere at the laser
wavelength. The transmittivity coefficient (7,) and reflectivity coefficient (p;) were determined using two
approaches. A simplified experimental approach and numerical approach based on an inverse method
program. Comparison between the two approaches is presented. A well-design device has been also
developed in order to evaluate anisotropic thermal conductivities of composites. And finally we com-
pared the experimental results to the analytical method concerning modeling thermal conductivities
in composites.
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Nomenclature

X,y,z  space variables

Oy scattering standard deviation (m)
D optical scattering coefficient (m~')
K absorption coefficient (m™!)

T, transmission factor

R, reflection factor

r; reflectivity coefficient

T; transmittivity coefficient

k thermal conductivity tensor (W/m K)
Cp(T) specific heat (J/kg K)

T temperature (K)

Tspot radius of the focused spot (mm)

1. Introduction

In our previous studies [1-3], a global analytical model (refrac-
tion and absorption phenomena) for modeling of transmission
laser/infrared welding process in thermoplastic composites has
been developed. This model allows describing the attenuation of
the laser beam, the prediction of the heat source in the laser weld-
ing process thermal simulations, in the case of UD thermoplastic
composites materials. And finally the model permits to determine
the three dimensional temperature fields, during the welding pro-
cess. In order to compute the temperature field, the optical and
thermal properties of the welded materials are necessary as input
parameters in order to model the process properly [4-13]. These
properties vary depending on the component material (fiber and
matrix), their assembly, and the volume fraction in the considered
composite [14].

2. Laser/infrared welding process of thermoplastic composites

Transmission laser/infrared welding technique [15] presents
specific advantages for industrial applications over other conven-
tional technologies:

- the method is accurate and flexible,

- small heat affected zone, easy to automate and control and non-
contaminant,

- heat transfer with the ability to optimize the welding tempera-
ture (at the interface of the welding zone),

- absence of vibration during the welding process (contrary to the
ultrasonic welding, friction welding),

- fast welding speed for welding plastic parts with an acceptable
welding time.

Semi-transparent
component

Clamping pressure

Semi-transparent

Transmission laser/infrared welding of composites involves two
joining parts: one semi-transparent to the IR wavelengths and the
other part is absorbent in the same wavelengths. The two parts are
positioned together before the welding. Surface treatments are not
need as in the gluing process. The laser beam energy is transmitted
through the semi-transparent material and is absorbed within the
surface of the second materials (Fig. 1). The bonding between the
two parts allows the heating of the semi-transparent part by ther-
mal conduction. Thus, melting and fusion of both materials inter-
face occurs (the bonding between the two parts occurs when
T > Tpnere in this area). The energy is deposited at the interface in a
localized zone causing the formation of a weld zone. Comparing
with welding traditional techniques, laser welding efficiency
strongly depends on the optical properties of the material [14]:
absorption, transmission, refraction, reflection, scattering and ther-
mal properties: specific heat, thermal conductivities and density.

The semi-transparent material considered in this study is
Polycarbonate (PC) Macrolon 2405 with glass fiber 40%. The wave-
length used for the measurement is 0.940 um (diode laser
wavelength).

3. Determination of optical properties
3.1. Transmission and reflection factors measurements

The optical characterization enables to describe the interaction
between the incident laser beam and the semi-transparent com-
posite. When radiation (e.g. laser source) reaches the surface of a
material, a portion may be reflected, another portion may be
absorbed or diffused and transmitted. The Fig. 2 sketches the
mechanism of light transmission in the semi-transparent compos-
ite part. During transmission laser welding process, a divergence of
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Fig. 1. Laser welding system [15].



Transmitted light

Fig. 2. Light transmission in semi-transparent composite part (microscopic
observations of the Polycarbonate (PC) Macrolon 2405 with glass fiber 40%).

the laser beam is observed in the first part due to the internal
refraction at the microscopic scale of the beam at each matrix-fiber
interface. At the macroscopic scale, this phenomenon leads to the
light scattering of the laser beam in this heterogeneous media.
The absorption (K;) was assumed to be negligible compared to
the scattering effect (D) as in [2].

For the determination of the transmittivity (7;) and reflectivity
(p,) coefficients of semi-transparent material, transmission factor
(T;) and reflection factor (R;) are measured using IRFT spectrome-
ter (0.8-25 pm) and integrating sphere at the laser wavelength for
different samples as described in Fig. 3 below.

Fig. 4 shows in the near IR (NIR) spectral range (A4 = 0.8-2 pm),
the transmission and the reflection spectrums factors of the rein-
forced PC with glass fiber composite versus thickness (d). Fig. 5
illustrates the results of the average spectral diffuse reflection fac-
tor measurement via an integrating sphere to the composite sur-
face (sample thickness = 1.64 mm). The value obtained (Eq. (1)) is
R =20% in near infrared spectral range.

[2hm R,LO(To)d

R(T 0.8yum 1
(To) = fj’;Z‘mL? Tods (1)

In the literature [4] there are two expressions which provides trans-
mission factor (T,) and reflection factor (R;) values depending on
the transmittivity (7;) and the reflectivity (p;) coefficients (Egs.
(2) and (3)).

(1 -pi’y

AL .
2 (1=p,)°t%h

R, =pi|1+1? - )} 3)

The analytical solution for the determination of 7, and p; is dif-
ficult. In our case we have considered two approaches to find these
material intrinsic parameters: a simplified experimental approach
which has already been proven in several studies [16,17] and
numerical approach based on an inverse method program.

Transmission measurement  Reflection measurement

Sample
source ﬁ|
; - N '
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Fig. 3. Light transmission in semi-transparent composite part.

3.2. A simplified experimental approach

This approach assumes that a simplified form of Eq. (2) con-
sidering some assumptions. By writing in the first time the Eq.
(2) in another form, we obtain (Eq. (5)):

(I-p) A=p)u
T+p 1-(p0)° @

T, = (1 +pz)

- — p?
=1, (l p/) 1 p/v 5 (5)
T+p, 1-(p,1)

And considering following assumptions [4] such as:

- p, < 1 For polymers materials
- (pm)? <1

p
(p
we find a simplified expression of the transm15510n factor (Eq. (6)).

This leads that the following expression A = TR~ 1. Finally,

T, =~ 1,0 P (6)
T+p,

1-p?
1-(p,1,)?
length in order to justify this approximation (Fig. 6). It is noted that
at the laser wave length (0.940 pm), this expression roughly tends
to 1 (0.99) and the average error on the whole spectrum is 5%.

Eq. (6) highlights the relationship between transmittivity and
the measurement sample thickness. It comes to study the light
scattering in the semi-transparent composite. Based on Eq. (6),
we obtain the following expression [16,17]:

We plotted the evolution of the term A =

versus wave-

—InT;, = — ln1/+ln1+p‘=Dgxd+Q (7
With:
7, =e D (8)

where according to the Beer-Lambert law 7, gives (8) and C; is a
value corresponding to calculation of the —In(T,) intercept of the
experimental line (Fig. 7). This value permits to obtain the reflectiv-
ity value. This figure shows the variation of the natural logarithm of
the spectral transmission factor versus the sample thickness.

Results on the Fig. 7 give the light scattering coefficient by the
calculation of the slope of the experimental line. The light scatter-
ing coefficient value obtained is D;-0.940um = 740 m.

3.3. A numerical approach

Numerical approach is based on an inverse method program
using Eqs. (2) and (3). We identified 7, and p; using a SQP
(Sequential Quadratic Programming) estimation algorithm which
is an iterative method for nonlinear optimization. The fmincon
function in Matlab software permitted to find the 7, and p,
parameters with the following equation system (Eq. (9)). We fixed
the initial guess value for the 7, and p, to begin iteration:

_ 1 —p Pt
L= s
R = p,[1+ 200 ©
1= P [ R >2]
The double objective function J used is (Eq. (10)):
_ |Texperimental - Tnumerical{ |Rexperimental - Rnumerical (10)

| Texperimental Rexperimental

where Texperimental aNd Rexperimentat Were the measured transmission
and reflection factors data. Thumericat aNd Ruyumericas Were the found



0.35

—r—r——r——r—r—r—1—
----- Thickness = 320 ym
— Thicknes = 600 um

Thi = 1.640 mm

Wavelength (pm)

Fig. 4. Transmission factor measurement for PC-glass composite part versus wavelength.
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Fig. 5. Spectral diffuse reflection factor measurement using integrating sphere.

transmission and reflection factors data after iteration. Numerical
approach results is compared to simplified approach results
(Figs. 8 and 9) for the determination of 7, and p;. The comparison
shows a fair agreement between them. The error between the two
approaches is less 2%.

4. Thermal characterization of reinforced UD Polycarbonate
(PC) with glass fiber

Thermal properties of the materials constituting the composite

are different; a factor around 4 exists between resin and fibers con-
ductivities for instance [14]. Moreover, the final composite thermal
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Fig. 6. Variation of A versus wavelength.

properties also depend on the spatial organization of its con-
stituents, resulting in anisotropic macroscopic effective properties.
The thermal conductivity measurement in the composite is not
easy; on one hand the material is anisotropic and heterogeneous.
In this study, an experimental well-design device has been devel-
oped in order to evaluate orthotropic conductivity tensor (ky, ky,
k,). A composite sample is submitted on its front face to a heat flux
from a halogen lamp MAZDA GY.6.35 (nominal power: 50 W, 12 V)
(Fig. 10) focused by an ellipsoidal reflector; thus forming a beam
considered as a gaussian shape. The lamp is a polychromatic
source. The reflection percentage of reflectors is close to 90%
(manufacturer data). The focused lamp enables to simulate a local-
ized heating. The heat flux is concentrated on a small area as a
laser.

The temperature field on the back face is then measured using a
CS 325 FLIR infrared camera [7.5-13.5 pm]. The infrared camera
has been calibrated between 273.15K and 973.15 K during the
process. From its evolution of temperature, the conductivities of
the material according to its anisotropy directions is estimated
by inverse method as in [18] using COMSOL Multiphysics software
via its optimization toolbox. The optimization solver used is the
solver SNOPT [19]. The optimization criterions will use horizontal
and/or measured vertical temperature profiles at the back surface
of the composite. In this study, a set of points on the plate is
defined (Fig. 11).

The objective is to minimize the squared difference between the
experimental and simulated temperatures profiles. A least squares
criterion F is then defined as follows [20]:

t
F= Z/{; (Texperimental(pointS) — TSimUIated(pOintS))z (11)

The heat diffusion (light scattering) into the semi-transparent
composite thickness is related to its transverse thermal conduc-
tivity (k,) and along the perpendicular plane to the thickness of
the composite to its longitudinal thermal conductivities (ky, k)
which also have an influence on the shape of thermal affected
zone. In our study, each reinforcement tissue is made of unidirec-
tional glass fibers assembled in a quasi-isotropic draping as in
[21]. The initial parameters for the numerical simulation are
referenced in Table 1.

Numerical simulation is compared to experimental data
(Fig. 12) versus time. The value of the error at convergence is less
than 5%. The agreement between simulations and experiments is
fair. The Table 2 shows the results of the global conductivity tensor
(kx, ky, k;) of the PC glass fiber composite for several tests.
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Fig. 10. Experimental set-up.
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two steps. The first step consists in determining the transverse and
longitudinal thermal conductivities of a single unidirectional lam-
ina in which the fibers are parallel. In the second step, the different
orientations of fibers in the stacking sequence are considered to
obtain the laminate thermal conductivity tensor. The analytical
method is based on an isotropic case due to a homogeneous fibers
distribution in the x and z plane. This leads to k, = k,. However the
real microstructure of our composite is a quasi-unidirectional and
the analytical model is less realistic, which causes a variation of the
conductivities in the x and z plane (see Table 3).

Measurements of the specific heat capacity of the materials
were carried out by Differential Scanning Calorimetry using a
Perkin Elmer calorimeter. Measurements are performed under an
inert nitrogen atmosphere between 20 °C and 220 °C (Fig. 13).

Properties Dimensions PC glass fiber (40%) The glass transition temperature T, of the amorphous polymer
composite PC with glass fiber composite is close to 135 °C (PC glass fiber)
Thickness d [mm] 1.64 which leads a change of the specific heat capacity of the material.
\LAEI?(iT IL[[:;‘[’T?]] gg For the infrared heating simulations in next study, the specific heat
Scattering coefficient D[m] 740 [2] capagity will b.e interpolated in order to obtain a polynomial form
Density rho [kg.m 3] 1519 that is a function of the temperature.
Initial temperature T [°C] 20
Radius of the focused Tspor [Mm] 7
spot Table 2
Scattering standard gy [mm] for 21 2] Simulated thermal conductivities.
deviation d=1.64 mm
ky (Wm™'K™") ke (Wm™ 1K) k, (Wm™ 'K
Test 1 0.305 1207 0.14
As a preliminary validation, we compared our results to the ¥:E§ g'i?g; g;g;g 8}23
analytical method developed in [20] concerning modeling thermal ’ ' ’
conductivities in the unidirectional composites. This method used Average 0.305 0.201 0.139
52 //
50 o
a8 ~
46 /
—~ aa
O
& a2
o 410
2 38 -
© / — Numerical
5 36 / Experimental
Qo
£ 34
2 32 )4
30 S
28 s
26 /
24
22
20 L
o 2 3 5 6 7 8 ° 10
Times (s)

Fig. 12. Experimental and numerical temperatures at the centre of the rear face of the PC glass fiber.



Table 3
Comparison experimental and analytical thermal conductivities.

PC glass fiber (40%)

(kpc=02Wm K1) (transverse direction to the fibers in the plane)

Longitudinal thermal conductivities: k, (W m~ K~)

Transverse thermal
conductivity k,

Longitudinal thermal conductivities: k,
(Wm™!K™") (parallel direction to the fibers)

(kber=1TWm K1) (Wm™1K™)
Experimental method 0.201 0.305 0.139
Analytical method [20] 0.176 0.28 0.176
1200
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5. Conclusion and prospects

The aim of this study was to determine thermo-physical and
optical characterization of UD thermoplastic composites materials.
Knowledge of these parameters is of utmost importance to better
understanding of any process that involves laser processing of
materials. These properties play an important role during the sim-
ulation of the welding process. The transmittivity coefficient (t,)
and reflectivity coefficient (p;) were determined using two
approaches. A simplified experimental approach and numerical
approach based on an inverse method program. The comparison
showed a fair agreement between them. In another part of this
study, a well-design device has been also developed in order to
evaluate orthotropic thermal conductivities of composites. And
finally we compared the experimental results to the analytical
method concerning modeling thermal conductivities in compos-
ites. The comparison showed also a fair agreement between them,
which gives confidence to use the developed model with accept-
able accuracy. In future works (Part B), we will present a developed
transient numerical model, based both on conduction and radia-
tion mode heat transfer whose goal is to simulate infrared trans-
mission welding process. The commercial FEM software COMSOL
Multiphysics® will be used to obtain the temperature field by
implementing a developed 3D heat source. And finally, the numeri-
cal results will be compared with experimental results in order to
valid the heat transfer model.
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