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Abstract. In this study, the effects of the welding temperature field developed during the infrared assembly process on the joining
properties of glass fibre reinforced polycarbonate/ unreinforced polycarbonate with carbon black were investigated. The temperature
field and the contact time govern together the quality of the adhesion at the welding interface. The effect of the semi-transparent glass
fibre reinforced polycarbonate composite / unreinforced polycarbonate composite with carbon black interface was quantified in term of
quadratic distance of diffusion or diffusion depth through the welding interface. The microstructural characterizations were investigated
in order to inspect the welding zones quality and to observe their failure modes. The diffusion theory has then been applied to calculate
the variation of the quadratic distance of diffusion versus time at different locations. The complete self-diffusion is supposed occurring
only at temperature above the polycarbonate glass transition temperature (140°C) and with a quadratic distance of diffusion superior to
the mean square end-to-end distance.

INTRODUCTION

Our previous studies [1-3] investigated a global analytical model (refraction and absorption phenomena) for
modeling of transmission laser/infrared welding process in thermoplastic composites. This model allows describing
the attenuation of laser beam, the prediction of heat source in laser welding process thermal simulation in the case of
UD thermoplastic composite as well as the evolution of the three dimensional temperature field during the welding
process. The part performances in the case of the association of two or more materials depend not only of the own
properties of each material but also on their interface and/or interphase properties directed by the assembly process
(thermal or chemical assembly). In the case of melted assembly of miscible thermoplastics (thermal welding or co-
molding processes), the polymer adhesion will be considered depending of the contact time, the surface wettability
and chain diffusions [4, 5]. More than one mechanism contributes to the adhesion of polymers. The mechanical
adhesion, the electrical theory, the wettability model, the diffusion or inter-diffusion model, the chemical link theory
are generally used to explain the polymer adhesion, each of them being applicable in a specific domain depending of
the nature of the welded polymers and the assembly conditions [5, 6]. In the case of the adhesion of two miscible
polymers, the total melting of the whole surface is necessary for the development of the diffusion mechanism [7, 8].
The adhesion is then characterized by molecular chain entanglement. The molecular aspect at the interface during
the diffusion can be described by the reptation model developed by De Genne [9, 10] or by the simplified model of
the minor chain [11, 12].

On the bases of our previous works, this present study focuses on the effects of the welding temperature field
developed during the assembly process on the joining properties of glass fiber reinforced
polycarbonate/polycarbonate composite. The temperature field and the contact time govern together the quality of
the adhesion at the welding interface. The diffusion theory has then been applied according to the Graessley’s
analytic method [13], to this end. The joining performances will be also evaluated by microscopy analysis.



EXPERIMENTAL

Materials

The materials studied were unidirectional (UD) 40wt% glass fiber reinforced polycarbonates (PC, Makrolon
2405, Bayer Material Science, Germany). The absorbent polycarbonate was added of 0.0243wt% of carbon black.

Infrared welding process

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 infrared beam energy is transmitted through the semi-
transparent material and is absorbed within the surface of the second material. The bonding between the two parts
allows the heating of the semi-transparent part by thermal conduction. Thus, melting and softening of both materials
interface occurs (the bonding between the two parts occurs when T>T, in this area). The energy is deposited at the
interface in a localized volume causing the formation of a weld zone.

The experimental device, mentioned below (FIGURE 1), is used for the temperature measurement. A halogen
lamp MAZDA GY.6.35 (nominal power: SOW, 12V) is focused by a precision Edmund Optics ellipsoidal reflector
with 115 mm for the diameter and two focal points (17 mm and 272 mm). When a light source is placed at the first
focal point, the source will refocus at the second focal point. The protected aluminum coating features broadband
high reflection through the visible and IR spectra (90%); it comes to heat the interface of the two materials. The
temperature field on the back surface of the absorbent material is measured using again the CS 325 FLIR infrared
camera [7.5-13.5um].
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FIGURE 1 : Infrared welding system
Mechanical testing

The tensile tests of the welded glass fibre reinforced PC/unreinforced black PC samples were performed on a
standard tensile machine (Model 1185 Instron, UK) on 3 samples (PC dimensions of 140x21 mm with a welding
area of 30x21 mm) at a constant cross-head speed of 2 mm.min-1. The tensile (both polycarbonate samples) or
shearing (polycarbonate welding area) strength was then calculated. All the samples were first dried at 50°C during
168 hours before testing. The welded sample was tested in tensile mode (shear loading of the weldline).

Rheological characterizations of Makrolon 2405
The master curves at 190°C of polycarbonates (natural Makrolon 2405 and CNT filled Makrolon 2405) were

carried out by a strain-controlled oscillatory shear rheometer (Haake Mars III, Thermo Scientific, Germany)
equipped with parallel plates of 35 mm diameter. Linear domains of the material were identified from the strain



sweep test run from 0.01 to 10° rad.s™ at a strain of 1% (this value being the linear domain) and temperature of
190°C, 200°C, 210°C, 220°C and 230°C to determine G’, G” and .

RESULTS AND DISCUSSION
Microstructural analysis of the weld zones
In FIGURE 2 (a) and FIGURE 2 (b), microscopic observations are performed on the welded joint. In the

Figure.2 (a), a cross section in the plane system coordinate (z, x) shows the welded zone in the welding interface.
The formation of a weldline between the two materials is noticed. The average width of the weldline is about 45um.
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FIGURE 2 : Longitudinal section view (a) and the welded joint interface (b)

In FIGURE 2 (b), we carried out a debonding of the welded joint in order to observe its fracture surfaces (the
failure was obtained manually). Two failure modes are noted. An adhesive failure which takes place at the welding
interface and separating the two welded surfaces cleanly and without carry forward of matter from one surface to the
other. However, on a cohesive failure, the two welded parts are mixed up. This failure mode characterizes a good
welding quality [14]. In Figure 2 (b), are found the mixed PC glass fiber and PC with CB surfaces in some areas.
Macromolecular structures on each side of the welding interface have been mixing in order to establish an entangled
network. A cohesive failure of these welded materials is observed. This visual comparison provides the first
information on the welding performed quality. The weldline which is observed by optical microscopy shows in fact,
a good contact between the two melted composites parts and some irregular surfaces (no visible air cavities in
particular). Moreover, the tensile mechanical evaluation of the welding area in shearing solicitation has shown a
good performance of the joining zone because the break is occurred on the black polycarbonate part of the sample.
The shear strength appeared superior to the tensile strength of the unreinforced black polycarbonate which was
broken at 28.8 MPa. (Figure 3).
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FIGURE 3 : Test result of the welded glass fibre reinforced PC/unreinforced black PC samples

Calculation of molecular self-diffusion at interface

On the base of the works of De Gennes [9] and Edwards [10, 15], Graessley [13] proposed a self-diffusion
coefficient as a function of viscoelastic parameters of polymer:

b GOy (pRT)2 R,? M(T) 0
“135\G%/ \M,, /M2, x n0,M.(T)

Where Gy is the plateau modulus, p is the polymer density, R is the virtual gas constant, T is the absolute
temperature, Rg2 is the mean square end-to-end distance of the chain, M,, is the molecular weight, M.(T) is the
critical molecular weight at the temperature T, 10, M.(T) is the viscosity at the critical molecular weight at the
temperature T. The mean end-to-end distance of chain is fixed at Rg = 2.015 X 1078m at 463 K (literature value for
polycarbonate [13]. In TABLE 1, all the data and self-diffusion calculation of the Makrolon® 2405 polycarbonate
at 190° C are reported.

Gy 1.614 10° M,(T) (g.mol™1) 2861
p (g.m?) 1.210° M, (g.mol™1) 5723
R (J.mol™t.K™1) 8.314 10, M.(T) (Pa.s) 80
M,, (g.mol™1) 38.7 10° n0(T) (Pa.s) 53350
A 1.14 10°° E, (J.mol™" 31045
D (m%s™) 4.89 10" R, (m) 2.01510%

TABLE 1: All data for self-diffusion coefficient calculation

The self-diffusion coefficient depends on the thermo-dependent factors as the polymer temperature, the critical
molecular weight, the Newtonian viscosity at the critical molecular mass. Coupling the calculation with temperature
variation during the infrared welding stage of the parts, allows accessing to the variation of the self-diffusion
coefficient versus the welding time. Considering that the self-diffusion is only possible for a polymer temperature
superior to the glass transition temperature T, (140°C according to Bayer Material Sciences source), the diffusion
time can be determined when the temperature in the part reaches the T, of the polycarbonate. The quadratic distance
of diffusion (12) can be expressed in function of the diffusion time by the expression:

(12y=2.D.t ©)

For a distance to the median plan (z=0), the quadratic distance of diffusion ({I?),) can be expressed by the area
under the Self-diffusion coefficient (D) (Equation I) versus the diffusion time from the median plan (t%q) curves
according to Equation 3.

t&;
12y, = z.f dffD(t)dt 3)
0



Furthermore, the self-diffusion can only occur at a quadratic distance of diffusion superior to the mean square end-
to-end distance (Ry> = 4.06 107'% m2). Below this limit, the probability of self-diffusion decreases rapidly. The Figure
4 shows the evolution of quadratic distance of diffusion (calculated according to the Equation 2) versus time at the
two locations: the measured temperature variation on the center back surface of absorbent part (Tpqck surface) and
the simulated or calculated temperature at the interface. At the interface (Figure 5), the quadratic distance of
diffusion or the macromolecular depth of entanglement ({12),) is 1.055 10™® m? according to the equation 3. Thus,
the necessary conditions for a complete self-diffusion have not yet been reached. A perfect cohesion is not
established even if the first condition of a welding temperature realized above the glass transition temperature of the
polycarbonate is achieved. The welding temperature should be increased to obtain a better cohesion of the welding
interface and a perfect chain entanglement. The calculated quadratic distance of diffusion is also inferior to the
{r61ean square end-to-end distance of the polycarbonate at the referenced temperature (1.055 107 m? < R, =4.06 107
m?).
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FIGURE 4: Evolution of temperatures versus time: measured on the back surface of absorbent part — simulated at the
interface and the respective quadratic distance of diffusion versus time
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FIGURE 5: Quadratic distance through the thickness

The Figure 5 shows also an increase of the diffusion probability under the interface (Zry.x = 0.4 mm) due to the
volume absorption phenomenon which leads an increase of the temperature revealed at this location.



CONCLUSION

This present study was focused on the effects of the welding temperature field developed during the infrared
assembly process on the joining properties of glass fiber reinforced polycarbonate composite /polycarbonate with
the carbon black. The joining performances were evaluated by microscopy analysis and the results of the
observations provided us the first informations on the welding performed quality, by highlighting the failure modes
(cohesive and adhesive). It has also been shown: A perfect cohesion (a good interface adhesion) has been revealed
by a cohesive failure of welded materials with a formation of a weldline between the two materials. From the
interdiffusion which is supposed occurring only at temperature above the polycarbonate glass temperature (140°C),
the necessary conditions for a complete self-diffusion have not yet been reached. A perfect cohesion was not
established even if the first condition of a welding temperature realized above the glass transition temperature of the
polycarbonate was achieved.
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