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Abstract

In previous studies [1, 2], we have presented ailddt formulation of a macroscopic
analytical model of the optical propagation of labeams in the case of unidirectional
thermoplastic composites materials. This analyticeddel presented a first step which
concerns the estimation of the laser beam intemithe welding interface. It describes the
laser light path in scattering semi-transparent masites (first component) by introducing
light scattering ratio (D) and scattering standdediation 6). The absorption was assumed to
be negligible in regard to the scattering effeat.this current paper, in order to describe
completely the laser welding process in compositgenals, we introduce the absorption
phenomenon in the model, in the absorbing matdgatond component), in order to
determine the radiative heat source generatecatéiding interface. Finally, we will be able
to perform a three dimensional temperature fieldwation using commercial FEM software.
In laser welding process, the temperature disiobuinside the irradiated materials is
essential in order to optimize the process. Expemial measurements will be performed in
order to confirm the analytical model.

Introduction

The literature contains many researches on the Ingdef laser welding process for
calculating the temperature field in knowing thdiaéive energy interface (radiative source
term) received at the interface. The phenomenaabebrption for semi-transparent materials
(absorbent) is modeled using the Beer-Lambert lssumming cold and non-scattering media.
The author [3] assumed a density of heat flux wthussian distribution to estimate the
radiative energy at the interface and calculatetéingperature field. In their contribution [4]
also considered the same assumptions. The authdf use a simplified model for the
diffused intensity into the material using the Beambert law with the laser beam. Most of
the researchers as [6], [7] and [8] consider thatlaser beam is absorbed at the interface
(opaque medium) and in the second material (abarisetransmitted according to the Beer-
Lambert. The author in [9] and [10] proposed anedytgeneral solutions (transient and
steady state) to estimate the increase of the texiyve field at any point of the weld
interface. They performed that for fixed and mokibeirces of heat considering several forms
of surface source (elliptical, circular, rectanguasquare).



Aims of the present work are the prediction of kiat source in the laser welding process
thermal simulations, in composite materials anthatwelding interface. This paper proposes
to describe completely the laser welding procestamposite materials (refraction and
absorption coupling).

Laser welding process
Transmission Laser Welding technique [11] presespscific advantages for industrial

applications over other conventional technologilbe:method is accurate, flexible, small heat
affected zone, easy to automate and control andcaotaminant, heat transfer with the
ability to optimize the welding temperature (at theerface of the welding zone), absence of
vibration during the welding process (contrary he ultrasonic welding, friction welding),
fast welding speed for welding plastic parts withacceptable welding time. Transmission
Laser Welding of composites involves two joiningtpaone semi-transparent to the laser
wavelength and the other part is absorbent in #rmmeswavelength. The two parts are
positioned together before the welding. The lassanbd energy is transmitted through the
semi-transparent material and is absorbed withenstirface of the second materials (Fig.1).
The bonding between the two parts allows the hegatfrthe semi-transparent part by thermal
conduction. Thus, melting and fusion of the bothtenals interface occurs (the bonding
between the two parts occurs when T>Tmelt in thesa)a The energy is deposited at the
interface in a localized volume causing the foromatof a weld zone. Comparing with
welding traditional techniques, laser welding efficy strongly depends on the optical
properties of the material [12]: absorption, trarssion, refraction, reflection, scattering and
thermal properties: heat capacity, thermal condgiigtand density.
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Semi-transpar ent
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Transparent or opaque to infrared laser

Figure 1: Laser welding system [11]
Scattering and absor ption phenomena coupling

The laser welding process requires the presencevofphenomena: refraction (causing
optical scattering macroscopically semi-transpanebhe composite) and the absorption that
occurs in the absorbent composite. In order to mthae optical behavior of thermoplastic
composites, the coupling of these two phenomenat nines undertaken. Unlike to
thermoplastic welding, the two phenomena cannatdggected. The absorption is taken into
account in the analytical model in order to deteenthe heat generated in the welding
interface and finally to perform a three-dimensiaraculation of the temperature field.

The absorption in the second part leads to therex@lly decreasing attenuation along the
propagation path of the incident laser beam [18].d&termine the generated heat source at



the welding interface, the profile of the distrilout of the total transmitted power of the laser
beam (the total power after penetrating into thmideansparent composite and reaching at
the welding interface) is used [2]. For a gausdamer beam, the distribution of the total

power of the laser inward beam in the UD semi-fpansnt composite is:

I, X e_DZ - x? } ?
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Where x ,y and z are the space variabig$s the spatial shape parameter of the initial laser
beam (proportional to the beam diameteg)(scattering standard deviation) is a function of
the thickness , refraction index of matrix and fin@lume fraction and microstructural
arrangement and D is the optical scattering cdeffioof the semi-transparent composite.

In the absorbent part, a high absorption of lagamb radiation is considered, according to
Beer-Lambert's law, and a heat transfer by themoabuction between the two parts. The
heat source in the case of an assumed semi-tramspard absorbent composites coupling
(Figure 2) is described by the following equatienra[9, 14, 15, 16]:

z || Laser beam Welding interface
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Figure 2: Semi-transparent and absorbent compasitgsing

0 semi — transparent part forallx € Q,
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Zs is the distance from the surface with in the makein our study, recall that the absorption
in the strongly, scattering semi-transparent cont@as neglected i.e. assuming ideal semi-
transparent material and we consider just a stedysgrption at the surface of the absorbent
composite (welding interface). The absorption doeht K;is considered infinite. That is to
model the heat source in surface flux (surface rabsn).

Qxy,2) = (1 —py) X a,l(x,y,z) forallx € Q4 3)
With a, = 1 — p, (absorption factor of the absorbent composfige)eflection coefficient of
the transparent composite. Thus, for the Gausdiapes eq.3 can finally be expressed as
follows:
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(4)




Where } is the laser power (W).

Preliminary thermal simulation

Knowing the generated heat source, the calculatiothe temperature field at the welding
interface and in the materials is performed nunadlsiaising a finite element model using the
heat equation below [3, 4, 5, 6], by taking a perieontact between the two components
subjected to welding. There are also studies thasider a thermal contact resistance between
the joining components [8] based on the roughnédseosurface and the contact pressure. In
the present study, a perfect contact assumptioneeet the two components was considered
due to a reduce thickness of the sample (2mm)landdod quality of the contact surface.

8T 8T 5T ST
kx Sx2 + ky 5)/2 + kz 522 + Q(x.y,Z) = vap(T)E forallx € -QA

(5)

Where kis the thermal conductivity in; xlirection,p,, the density, and,€T) the specific heat.
For the heat transfer between the two componentshensurrounding medium, the boundary
condition can be expressed as in [16, 17]:

—kVT.B = ho(Ty — Ty) + g0y, (Ts* — Ty*) forall X € Qexrernal 6)

Wheren is the outward normal vector of the surface isatevection heat transfer coefficient
(W/m? K), Tsis the surface temperature (403.15 K),is the ambient temperature (293.15

K), € is material emissivity ando, is the black body emission coefficient (5.67%10

W/m2K*). The convective heat transfer coefficiept10.81 W/niK). We calculate this value
as [18] in by relying on correlations of the exchartoefficients for a planar plate cooled on
its top face. In order to determine the temperatietd during the laser welding process, the
thermal properties of the materials to be weldedraquired as input parameters to model the
thermal process properly namely, thermal condugtipecific heat and density, which are
dependent on temperature. Thermal properties ofnidterials constituting the composite are
different, a factor around 4 exists between resid &bers conductivities for instance.
Moreover, the final composite thermal propertiemalepend on the spatial organization of its
constituents, resulting in anisotropic macrosco@ffective properties. The thermal
conductivity measurement in the composite is higldljcate, because of the anisotropy of the
material on one hand and because of the reacttitlye resin on the other part.

llector ."" i E
1 il Infrared camera

Figure 3: Experimental set-up



In this study, an experimental method is suggestearder to evaluate global conductivity
tensor (i, ky, k;). A composite sample is submitted on its frontefac a heat flux from an
infrared lamp P21W (nominal power: 50W, 13.5V) (Bigfocused by an ellipsoidal reflector,
thus forming a beam (Gaussian shape). The temperdield on the back face is then
measured using a FLIR infrared camera [@hB From its evolution, we will estimate by
inverse method as in [19] using COMSOL software Wg optimization tool, the
conductivities of the material according to its saiopy directions. The COMSOL
optimization tool is particularly suitable for statary and transient cases. The optimization
solver used is the solver SNOPT [20]. The optinmaratriterions will use horizontal and/or
vertical temperature profiles measured at the Isactace of the composite. In our study we
use a point (the center of the plaque).

The aim is therefore to minimize the squared diffiee between the experimental and
simulated temperatures profiles. A least squarigsrion J is then defined using in that case
only the vertical temperature profile by the foliog relation [21]:

¢ 2
] = § f (Texperimental(Center of plaque) - Tsimulated(center of plaque)) (7)
0

The heat diffusion into the composite thicknessredated to its transverse thermal
conductivity (k) and along the perpendicular plane to the thickndsthe composite to its
longitudinal thermal conductivities Jkky) which also have an influence on the shape of the
laser beam. In our study, each reinforcement tissumade of unidirectional glass fibers
assembled in a quasi-isotropic draping as in [ZBfp thermoplastic composite used in our
study is a UD Polycarbonate (PC) Glass fiber reogdd. The initial parameters for the
numerical simulation are referenced in the tablevee

Properties Dimensions Composite: PC Glass fiber
(40%)
Thickness E[mm] 2
Width L [mm] 33
Reflection factor p[%o] 0.06
Scattering coefficient D[m1] 748 [2]
Emissivity 0.941
Density pulkg.m] 1519
2x 1071878 — 1071075 +
Heat capacity (DSC 3x 107874 —4 x
measurement) Cp[Tkg'K1] 107873 +0.0003 x T2 —
0.0058 x T +
0.8296(interpolated data)
Initial temperature T[°C] 20
Radius of the spot r[mm] 4.3
Infrared lamp power received P[W] 3.05 (used for the simulation)
on the sample front face

Table 1: Initial parameters for the numerical siatigin

Numerical simulation is compared to experimentahd&ig.4a) versus time. The value of the
error at convergence is less than 5% in the cesftehe plague. We notice a significant
difference between the two curves in the beginiimge < 6 seconds) due to the instability of
the numerical model at the beginning of the simoitatConvergence occurs progressively as
the time becomes important. As a preliminary vdiaia we compared our results to the
analytical method developed in [21] concerning nliodethermal conductivities in the
unidirectional composites. This method used twpsst&he first step consists in determining
the transverse and longitudinal thermal conduaetisitof a single unidirectional lamina in



which the fibers are parallel. In the second sthp, different orientations of fibers in the
stacking sequence are considered to obtain then#enithermal conductivity tensor. The
analytical method is based on an isotropic case¢@abomogeneous fibers distribution in the
y and z plane. This leads t9 k¥ k,. However the real microstructure of our composte
guasi-unidirectional, which causes a variation led tonductivities in the y and z plane
(Tab.2).

(kave= 1 W.m! K1)

Longitudinal thermal Longitudinal thermal Transverse
PC Glass fiber (40%) | conductivities: kx\(W.m? | conductivities: ky (W.m™! thermal
(kec= 0.2 Wm1 K1) KD K1 conductivity

(parallel direction to the

(transverse direction to k: (W.m!1K1)

fibers) the fibers in the plane)
Experimental method 0.3 0.20 0.12
Analytical method 0.28 0.176 0.176

(21]

Table 2: Simulated thermal conductivities

We performed a simple thermal simulation of theetawelding process with our general
analytical model. The laser power used is 30 W.dMesider a surface heat source (eq.5) at
the interface of two composite parts and we haveeoted the temperature distribution
(Fig.4b) after 5 second of simulation. This willadae us to make later a simplified
optimization procedure. We observe a symmetricstribution of the laser beam (same size
and same shape) at the interface (due to surfasermlon approach). The temperatures
obtained are correct compared to those obtainddglthre laser welding process, the welding
criterion being when T>Jg: (glass transition temperature for the Polycarb®fibs, 17]).
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Figure 4



Conclusion

The aim of this study was to propose a numericalehm order to predict the heat source In
the laser welding process thermal simulationshatvitelding interface. This paper presents
the complete description of the laser welding pssc@ composite materials (refraction and
absorption coupling). In order to determine the gemture field during the laser welding
process, the thermal properties of the materiatsetavelded are required as input parameters
to model the thermal transfer. An inverse desigthioabased on experimental measurements
performed using infrared camera was used in omeraluate the global conductivity tensor.
We performed subsequently a preliminary thermalutation (considering a surface heat
source) of the laser welding process with our gananalytical model. In future prospect,
experimental measurements will be performed inroi@ealid the numerical model.
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