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Abstract 

Contour laser transmission welding (LTW) is a technology that has potential for 

joining large and complicated thermoplastic parts.  Thermal expansion is the primary 

driving force to bridge potential gaps at the weld.  A comprehensive investigation into 

gap bridging was performed using experimental studies, finite element (FE) thermal-

mechanical coupled modeling, and analytical analysis of the contour welding process for 

polycarbonate (PC), polyamide 6 (PA6) , and glass fibres reinforced polyamide 6 

(PA6GF).  The effects of material properties (carbon black level, glass fibres and 

crystallinity), process parameters (laser scan power, scan speed) and weld gap thickness 

on weld shear strength were assessed.   

The experimental study indicated that low concentration of laser absorbing pigment 

accompanied with high power laser scan improves gap bridging.  Damage on the top 

surface of the laser-transparent part limited the allowable laser power that could be 

delivered onto the weld interface.  Maximum gaps of 0.2, 0.4 and 0.25 mm were bridged 

in the experiment for the three types of polymers respectively. 

The thermal behavior of polymers in contour LTW was analyzed by the 3-D quasi-

static thermal FE models.  Thermal expansion into the gap was simulated by the 

simplified 2-D transient, thermal-mechanical coupled FE models.  An analytical model 

describing laser beam transmission and absorption in light-scattering polymers was 

developed and applied in the FE simulation for PA6 and PA6GF.  FE simulated results 

agree well with the experiment in contour welding with gap of PC and PA6.  The 
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optimum material and process parameters have been searched in the model to maximize 

gap bridging for PC.   

An analytical model has been developed to predict the temperature rise and the 

thermal expansion in high speed contour welding of amorphous polymers.  The model 

indicates that the maximum temperature at weld increases linearly with the laser line 

energy and the laser absorption coefficient.  Thermal expansion and hence gap bridging 

increases with laser line energy.  Lower laser absorption coefficient allows higher laser 

scan energy to be delivered onto the weld interface so helps bridge larger gap.  The 

predicted thermal expansions by the model agree well with the measured maximum gaps 

bridged for polycarbonate. 
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Chapter 1 

Introduction 

This chapter introduces the concept of laser transmission welding (LTW) for polymers and 

describes its advantages (Section 1.1).  Three laser energy delivery techniques are described 

briefly.  The problem with gaps in LTW joints is explained (Section 1.2).  The objectives of this 

thesis for improving gap bridging are then addressed (Section 1.3). 

1.1 Laser Transmission Welding 

1.1.1 Concept and Advantages of Laser Transmission Welding 

Joining of plastic parts is required to make assemblies that cannot be injection moulded due 

to hollow geometries and/or the need for two different materials [1].  Vibration welding of air 

intake manifolds, hot plate welding of fluid reservoirs and adhesive bonding of headlamps are 

examples of plastic joining in the automotive industry.   

In 1987, Nakamata [2] defined LTW as the joining of optically transparent and absorbent 

plastic parts (Figure 1-1). For the general case of LTW, the laser energy passes through a so-

called transparent part in which some energy is absorbed and/or scattered by pigments, 

reinforcement, filler and crystal structures.  The remaining energy enters the so-called absorbent 

part, where it is absorbed at a much higher rate due to addition of the laser absorbing pigments 

(typically carbon black – CB).  This causes the region of the absorbent part adjoining the interface 

to heat (melt), expand and distribute the heat.  Ideally, close contact will exist between the 

transparent and absorbent parts and thus conductive heat transfer will occur.  Contact will exist 

either due to the clamping pressure or due to the thermal expansion of one or both parts during 

welding.  If a molten interface is created between the two parts, molecular diffusion will occur 
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and ultimately, upon cooling, a weld will form.  With excessive laser heating, polymer 

degradation can occur.  Total cycle times less than one minute are possible. 

 
Figure 1-1 Laser transmission welding 

Most natural polymers are relatively transparent to near infrared (NIR) wavelengths of 

diode and Nd:YAG lasers (800nm-1064nm) [1]. Thus, laser-absorbent pigments are needed to 

make them radiative-energy absorbing.  Since most plastics absorb laser energy at the wavelength 

of 10600nm, CO2 lasers are only suitable for the welding of thin films (a few micrometers to 1 

mm) [3,4].   

LTW has several advantages such as: no weld tool-part contact (unlike hot plate welding), 

no relative part movement (unlike vibration welding), small heat-affected zone, and a low-level of 

flash.  LTW is a flexible and precise welding process that is increasingly used in industry to join 

plastic parts together [1,5,6].  Compared to CO2 and Nd:YAG lasers, high-power diode lasers are 

becoming the primary choice for LTW because of their high energy efficiency, compactness and 

relatively low cost per watt of photon energy. 

1.1.2 Laser-Energy-Delivery Techniques 

LTW of plastics can be further categorized into simultaneous, quasi-simultaneous, and 

contour welding techniques (Figure 1-2) [1,5,6]. In simultaneous welding, the entire weld 

interface is irradiated with laser energy for the duration of welding cycle [7,8].  This allows 
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collapse or meltdown of the two parts to occur.  Meltdown permits small gaps at the interface to 

be bridged.  However, the cost associated with the laser and fixturing may make simultaneous 

welding prohibitive for large parts such as air intake manifolds and headlamps.  In quasi-

simultaneous welding, mirrors are used to move the beam rapidly and repeatedly over the weld 

interface and create meltdown.  This LTW technique works well for small parts (a few 

centimetres in size).  In contour welding, a single laser beam moves along the weld line.  This 

provides flexibility for complex weld seam design.  A contour welding system can also be 

configured relatively easily for welding medium- to large-scale plastic parts.  Thus, contour 

welding is one of the most promising technique for laser transmission welding of medium- to 

large-scale automotive plastic parts.  However, in contour welding, as only short segments along 

the weld line are molten at any given instant, collapse or meltdown at the weld line interface does 

not normally occur as it does for vibration, ultrasonic, or hot plate welding.   

 
Figure 1-2 Three strategies to deliver laser beam in laser transmission welding: (a) Contour 

welding, (b) Simultaneous welding, (c) quasi-simultaneous welding [6] 

1.2 Gap Bridging in Laser Transmission Welding 

In order to weld large and complicated geometric shapes such as those used in the 

automotive industry to make manifolds and lights, one is almost obliged to use a contour welding 

technique [9].  The major obstacles to overcome are small gaps between the parts at the weld 

interface.  Gaps may cause leakage, weak or no joints locally in the weldline.  Gaps can be caused 

by warpage and sink marks of injection-moulded parts, as well as injection mould and weld 
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fixture tolerances.  If any gaps exceeding critical dimensions exist at the interface, there is a 

possibility of weld defects; however, as summarized in Section 3.3 of the literature review, there 

is limited research available on gap bridging [10]. 

Gap bridging is crucial in the design of polymer assemblies.  A clever weld fixture design 

can also reduce or even eliminate gaps in the weld interface when welding.  Laser energy delivery 

methods such as (quasi-) simultaneous welding allow collapse to occur and should be considered 

where applicable.  Optimizing material and process parameters in welding is another important 

way to solve the gap problem.  Moulding settings and process improvement, as well as injection 

mould adjustment can reduce warp of moulded components and thus reduce gaps at the weld 

interface.  In this thesis, a comprehensive study was conducted on material and laser-process 

parameter optimization for gap bridging. 

1.3 Objectives of Thesis 

A comprehensive investigation into gap bridging was performed using experiments, thermal-

mechanical coupled FE modeling, and analytical analysis of the contour laser transmission 

welding process for polycarbonate, polyamide 6, and glass fibres reinforced polyamide 6.  The 

effects of material properties (carbon black level, glass fibres and crystallinity), process 

parameters (laser scan power, scan speed) and weld gap thickness on weld shear strength were 

assessed.   

1.3.1 Conducted Work  

The study on contour LTW for gap bridging was conducted using the following approach: 

Experimental analysis of Contour LTW for Gap Bridging (Chapter 4):  The effects of 

laser (power, scan speed), material (amorphous and semi-crystalline polymers, carbon black level) 

and geometry (gap thickness) on lap-shear strength were examined using laboratory lap-joint 

specimens.  In addition, selected welds were analyzed for morphology and microstructrue.  The 
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materials studied included an amorphous polymer – Polycarbonate (PC), and two semi-crystalline 

polymers that exhibit light scattering (unreinforced Nylon 6 (PA6) and Nylon 6 reinforced with 

30 weight % glass fibre (PA6GF).  This work required the development of a new test method for 

assessing weld strengths as well as an experimental measurement of the distribution of power 

within the laser beam.  An experimental method was also developed to speed up the process 

window search in gap bridging evaluation. 

Modeling of Contour LTW for Gap Bridging:  The modeling was divided into four parts.  

The model inputs such as polymer thermal, mechanical and optical properties, as well as a 

description of laser light scattering were described.  The methods of determining the laser 

absorption coefficient were also explained.  The thermal behavior of polymers in contour LTW 

was analyzed by a three dimensional (3-D) quasi-static thermal FE models.  A two dimensional 

(2-D) thermal-mechanical coupled finite element method (FEM) was used to model the thermally-

induced expansion of polymers in a LTW process with gaps for PC, PA6 and PA6GF.  In addition 

to these numerical methods, a simple analytical model was developed to assist engineers in design 

and problem solving of LTW for amorphous polymers.  This simplified analytical model can also 

help with parameter selection in experimental research and FE modeling.  Experimental results 

such as the process conditions required for melting or for the given weld widths and melt pools 

have been used to validate the numerical and analytical models.   

1.3.2 Contributions 

The following contributions have been made in the course of this research: 

• Determined the relationship between temperature rise, gap bridging, and material welding 

parameters for PC, PA6 and PA6GF.  Only one semi-crystalline polymer – Polypropylene 

(PP) had been studied in depth for gap bridging in contour LTW [10].   

• Used a 2-D transient, and 3-D quasi-static finite element method to predict the 

temperature distribution and thermal expansion into the gap.  Although other researchers 
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have used the 2-D numerical model [11], the range of materials used to validate the 

model, the application of 3-D quasi-static model to solve transient heat-transfer problem 

in contour LTW, and the 2-D, 3-D thermal expansions into the gap in contour LTW are 

novel. 

• Developed a mathematical function to describe laser light travel in scattering polymers by 

introducing light scattering ratio and scattering standard deviation.  No report has been 

found in public domain about such a model.   

• Developed a simple explicit analytical model to estimate processing parameters for use in 

laser welding.  The novelty of this development was acknowledged by a best paper award 

at the Annual Technical Conference of the Society of Plastic Engineers (ANTEC) in 

2008. 

• Performed creative studies on the surface damage of polymers and the limitation of 

surface damage on gap bridging. 

• Developed new techniques to assess: the lap-joint shear strength, the laser absorption 

coefficient (reduced-power transmission method and the direct-scan method), the start-up 

parameters in LTW (non-contact test method). 

The knowledge obtained through this research will assist Tier 1 Automotive suppliers and 

other users to develop cost effective applications of this technology.  For example, the use of 

LTW in the manufacture of automotive headlamps made of PC may eliminate the need for 

adhesives at a significant cost saving.  For air-intake manifolds made of PA6GF, it would increase 

the design flexibility over that currently available using vibration welding technology.  This 

flexibility is currently available using lost-core technology but at a significant cost premium.  

That is why the collaborating industrial partners, Mahle Filter Systems (formerly Siemens-

VDO) and Decoma International Inc., are expected to exploit this technology in their 

automotive parts production. 
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Chapter 2 

Fundamentals of Laser Light Transmission in Polymers 

This chapter explains principles behind laser light transmission and absorption in LTW 

which include the light transmittance, reflectance and absorbance in polymers (Section 2.1), 

further analysis on the surface reflectance (Section 2.2), the Bouguer-Lambert law describing 

light attenuation in polymers (Section 2.3), and the light scattering in polymers (Section 2.4).  

This background is required for a better understanding of the LTW process and gap bridging. 

2.1 Transmittance, Reflectance and Absorbance 

Total transmittance, total reflectance and total absorbance are three important parameters 

describing light energy transmission in polymer parts (Figure 2-1).  Total transmittance TT  is 

defined as the ratio of the total energy passing through a polymer part to the total input energy 

reaching the part’s incident surface.  Subscript T  denotes the total value of the parameter.  The 

total reflectance TR  is defined as the ratio of the total energy reflected from the part surface and 

within the part volume to the total input energy reaching the part’s incident surface.  The total 

absorbance TA  is defined as the ratio of the total energy absorbed in the part to the input energy 

reaching  the part’s incident surface, which can be calculated as: 

 TTT TRA −−= 1  Equation 2-1 

A polymer is called non-scattering if the light travels in a straight line in the polymer part.  

Otherwise, it is referred to as light-scattering if some or all of the light is scattered as it travels in 

the polymer part.  For this case, the transmitted light energy includes the light energy passing 

through the part directly and that passing through after scattering. 
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Figure 2-1 Light transmission in polymer part 

Unreinforced and unfilled amorphous polymers such as PC exhibit minimal light scattering 

and absorption.  Light either goes through the material or is reflected at either the upper or lower 

surfaces.  Semi-crystalline polymers such as PA6 and PA6GF, however, exhibit light scattering.  

Light scattering in polymers is caused by multiple phases (crystalline polymer, amorphous 

polymer, reinforcements…) each having different indices of refraction.  This light scattering 

happens randomly through single or multiple reflections and refractions as well as diffraction in 

polymer.   Light scattering in polymers causes significantly more energy loss due to scattering and 

absorption.  

2.2 Surface Reflectance 

In theory, the ideal (specular) surface reflectance iη  of polymers can be calculated based 

on the measured refractive indices [12]: 
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iη  Equation 2-2 

where iη  is the ideal (specular) surface reflectance; 0n  is the refractive index of air; 1n  is the 

refractive index of polymers. 
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1n  for natural PC (Makrolon AL2647 from Bayer) is 1.586 [13], for glass is 1.5 – 1.7 [12], 

and for natural PA6 (unreinforced PA6) is 1.53 [14].  So, in theory, iη  for natural PC is 5.2%, for 

glass is around 4.7%, and, for natural PA6, it is 4.4%.  We can consider PA6GF and PA6 to have 

similar values of iη  because the surface of moulded PA6GF parts is generally covered by the 

PA6 matrix.   

The calculated ideal surface reflectances of PC, PA6 and PA6GF are comparable and all 

quite low.  However, the measured surface reflectance η  in experiments may be different because 

of diffuse reflection of light from the rough surface.  Additional reflection also occurs inside the 

light-scattering materials as light is back scattered through reflection and refraction from 

interfaces between polymer-reinforcement and crystalline-amorphous phases. 

2.3 Transmission 

This section explains the Bouguer-Lambert law for describing laser energy transmission in 

polymers (2.3.1), the physical meaning of parameters in the law (Section 2.3.2), and the 

calculation of the laser heat source by the Bouguer-Lambert law (Section2.3.3).  

2.3.1 Bouguer-Lambert Law 

A thermoplastic part may be made of non-scattering polymers such as natural PC, or light-

scattering polymers such as PA6 and PA6GF.  A single-scattering material is defined as a material 

in which a light beam may be scattered statistically only once along its original entry direction 

[12].  No light energy will be further scattered back (return) to its original entry direction once it 

is scattered.  This means the concentration of randomly-distributed scattering particles in the 

material is small. 
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For polymers exhibiting both absorption and single-scattering, a laser beam intensity 

distribution along the beam’s direct forward path can be calculated using Boguer-Lambert law 

(Figure 2-2) [12]: 

 KyKy
L ePePyP −− ′′=′′−=′′ )0()1()( η  Equation 2-3 

where )(yP ′′  is the laser light intensity at the depth y ; η  is the surface reflectance of polymer; 

LP ′′  is the intensity of normally incident light from laser head; K  is the extinction coefficient of 

polymer (units 1/mm); )0(P ′′  is the laser light intensity at )0( =y  after the surface reflection 

(η ). 

 
Figure 2-2 Laser light intensity distribution within polymer part 

 
The extinction coefficient K  consists of two parts: 

 SAK +=  Equation 2-4 

where A  is the laser absorption coefficient; S  is the laser scattering coefficient.   

For a non-scattering polymer, 0=S ; for a non-absorbing, single-scattering material, 

0=A .  When absorption is much larger than scattering ( SA >> ), the scattering influence in 

material can be ignored and AK ≈  can be applied [15]. 
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2.3.2 Parameters in Bouguer-Lambert Law 

For light traveling in a polymer, its optical penetration depth or mean penetration depth, 

pD , is defined as [12] 

 
K

Dp
1

=  Equation 2-5 

Applying pDy =  in Equation 2-3, we have 

 
e

PDP p
)0()(

′′
=′′  

This equation indicates that pD  represents distance that a light travels after which the light drops 

to e1  of its original value. 

For a laser-absorbent but non-scattering polymer ( 0=S ), we have 

 
A

Dp
1

=  Equation 2-6 

The value of the laser absorption or scattering coefficient depends on the size and amount 

of the randomly distributed light-absorbing or scattering particles in a material.  A laser 

absorption coefficient can be calculated as [12] 

 ∑
∞

=

Δ=
0R

RR NSA  Equation 2-7 

where RNΔ  is the number of light absorbing particles per unit volume in the radius range from 

R  to RR Δ+ ; RΔ  is the increment of R ; RS  is the absorption cross section for a particle of 

radius R .   

Replacing the laser absorbent particles with the laser scattering particles, Equation 2-7 can 

also be used to calculate the laser scattering coefficient S  [12]. 
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2.3.3 Laser Heat Source 

In light scattering polymers, both A  and S  result laser energy loss along the beam’s direct 

forward path y , but only A  contributes to heat generation along that path. 

The laser energy loss along the light path in a unit volume of polymer can be calculated as 

[12] 

 )()()()1()( yPSyPAyPKeKP
dy

yPd Ky
L ′′+′′=′′=′′−=

′′ −η  Equation 2-8 

The term )(yPA ′′  and )(yPS ′′  in Equation 2-8 reflect, respectively, the laser energy absorbed 

and scattered by that local volume of material.  The absorbed light energy becomes the heat 

source Q  causing polymer temperature rise: 

 )(yPAQ ′′=  Equation 2-9 

where Q  is the heat source or light energy absorbed per unit volume of polymer.  Equation 2-9 

indicates that the laser heat source at any given point in polymer is proportional to the light 

intensity. 

2.4 Light Scattering in Polymers 

From references [16,17] it can be seen that, for semi-crystalline polymers, the diameter of a 

spherulite is usually 5 to 1000 nm.  This range includes the wavelengths of visible and near-

inferred (NIR) light (about 400 to 1000 nm).  The light traveling through even thin semi-

crystalline materials is therefore scattered by reflection and refraction due to spherulites.  This is 

the reason for the white, milky appearance of crystalline polymers.  Filled and reinforced 

polymers containing particles such as glass fibres can cause strong light scattering. 

For a material exhibiting light scattering, it can be a single-scattering material or a multi-

scattering one depending on the part thickness.  For example, for any given particle concentration 

in a material, one can always measure the material’s scattering coefficient S  using a specimen 
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thin enough to make sure that, statistically, only single-scattering happens.  However, if we apply 

this measured scattering coefficient in a situation where the part thickness is much higher, the 

calculated light transmission may be questionable because the light may be scattered more than 

once along its greater path length. 

A laser-transparent part made of semi-crystalline polymers or/and containing 

filler/reinforcements should be considered to be a multi-scattering if the part thickness is in the 

scale of millimeters.  It will therefore be problematic to apply Bouguer-Lambert law to describe 

light intensity distribution in these multi-scattering polymers.  Based on the author’s knowledge, 

no analytical equation is available to describe the light distribution in multi-scattering polymers. 

Even though laser beam absorbance is very low along the unit laser radiation length in 

natural semi-crystalline polymers, relatively higher power is required for laser transmission 

welding as the light energy lost to scattering may still be absorbed by the polymer due to its 

increased path length.  Another reason for much higher power is that the laser beam profile at the 

weld interface is widened, so the light intensity is reduced significantly because of scattering. 

In spite of these short-comings, the Bouguer-Lambert law is used in a large number of LTW 

simulations involving scattering materials as will be discussed in Section 3.5.  An attempt to 

account for scattering using a modified Bouguer-Lambert law will be developed in Chapter 5. 
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Chapter 3 

LTW Literature Review 

The literature review of the LTW process and gap bridging mainly deals with following 

aspects: laser beam transmission and absorption (Section 3.1), effect of primary process 

parameters (Section 3.2), gap bridging (Section 3.3), test specimen design for LTW evaluation 

(Section 3.4), and modeling of the LTW process (Section 3.5). 

3.1 Laser Beam Transmission and Absorption in LTW 

In LTW, it is important for the laser beam to pass through the laser-transparent part without 

significant energy loss, and to be absorbed in the laser-absorbent part causing a temperature rise.  

This leads to the analysis of the laser energy transmission and absorption in polymers, especially 

those that are either semi-crystalline or reinforced with glass fibres.  The reported influence of 

part thickness on transmittance for the laser-transparent parts is explained in Section 3.1.1.  

Previous work on measurement and modeling of the laser light intensity distribution after the 

laser-transparent parts is described briefly in Section 3.1.2.  Section 3.1.3 summarizes the studies 

on the laser-absorbing pigment and its influence on laser energy absorption in LTW. 

3.1.1 Transmittance vs. Part Thickness of Laser-transparent Part 

For laser-transparent parts made of amorphous polymers such as PC, the part thickness 

usually has little influence on transmittance.  A high transmittance of 0.90 for a diode laser input 

(wavelength 810 nm) was measured by Rhew [ 18 ] using a power meter for PC for part 

thicknesses from 0.37 to 12.2 mm.  Similarly, a transmittance of 0.85 for 940 nm diode laser has 

been obtained for PC by Chen [19]. 
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For light-scattering polymers, however, much lower transmittance is expected.  For 

example, for the same diode laser input as [18], a 1.52 mm thick high-density polyethylene 

(HDPE) part only has a transmittance of 0.48.  Kagan et al in 2000 [20] have shown, using a 

detector to measure laser power input/output, that increasing the short glass fibre content from 0 

to 63wt.% in a 3.2 mm thick PA6 specimen reduces transmittance of Nd:YAG lasers from around 

0.67 to 0.21.   

To achieve sufficient laser power at the weld interface, a much higher laser power is 

required for light-scattering polymers relative to the non-scattering polymers.  This required laser 

power is a function of crystallinity, the presence of light-scattering additives, and also the 

thickness of the laser-transparent part.  Based on the references collected, a relationship between 

the measured transmittance and the part thickness of light-scattering polymers may be linear [21], 

exponential [22,23,24], or in some other form [25].  No universal equation was found describing 

the transmittance as a function of part thickness for light-scattering materials. 

Reflectance of the laser-scattering polymers is also a function of part thickness.  For 

example, Haferkamp [22] found experimentally using a CCD camera that reflectance of PBT 

increase with the increase of the part thickness, especially for the thickness range under 1.5 mm. 

3.1.2 Laser Intensity Distribution after the Laser-transparent Part 

The laser power intensity distribution at the weld interface affects the heating rate and 

temperature uniformity of the heated area.  The light intensity distribution at the weld interface 

depends on not only the incident laser beam profile at the top surface of the laser-transparent part, 

but also the optical properties of the laser-transparent part.   

The incident laser beam profile at the top surface of the laser-transparent part depends on 

the type of laser and its optics.  Continuous wave Nd:YAG (1064 nm) and diode lasers (800-1000 

nm) are the common heating tools in LTW.  The Nd:YAG laser usually has a Gaussian beam 

profile or a multi-mode beam profile for the power range of 10s to 100s of watts [26].  Diode 
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lasers for LTW applications have different laser beam profiles depending on the construction of 

the laser head and the energy delivery method (lens or optical glass fibre(s)) [27].  Rhew [18], 

Mayboudi [28], and Vegte [29] measured this power distribution using a variety of methods 

including the pinhole, the knife-edge, and CCD camera. 

Light travels in a straight line through non-scattering materials such as amorphous 

polymers.  Thus, it is not difficult to obtain the laser light intensity distribution at the weld 

interface for the non-scattering polymers if the laser beam profile in the air is known.  Caldwell 

and Grewell [30] showed experimentally and using FE models that, for the given laser power and 

heating time in spot welding and contour welding, both Gaussian and Top Hat (uniform) laser 

beam intensity distribution profiles can create non-uniform temperature profiles in a lap-shear 

weld configuration for PC.  This promotes void formation in the centre of the welds.  Corrected 

inverted Quasi-Parabolic beam intensity distributions were proposed to prevent void formation in 

the welds.   

Some research has also been performed to assess both directly and indirectly the power 

distribution at the weld interface in semi-crystalline materials.  Haberstroh and Lutzeler [31] 

observed lens-shaped melt zones in contour welding of semi-crystalline polymers polypropylene 

(PP) and polyacetal (POM) on the cross section of the weld due to the Gaussian intensity 

distribution of the diode laser beam.  This may cause incomplete bonding of welded parts at the 

edge of weld line.  Prabhakaran [32] obtained similarly the lens-shaped result in contour welding 

of PA6.   

Kagan [33] and Grewell [34] studied the influence of glass fibres on the weld width of PA6 

parts after a diode laser scan (wavelength 808 nm).  The experiment indicated that the glass fibres 

in the laser-transparent parts introduced further scattering and increased weldline width. 

Haberstroh [35] measured the effect of crystallinity and glass fibre content on scattering by 

recording the temperature distribution on a PA6 plate immediately after laser irradiation using an 

infrared camera.  Similarly, increased light scattering was observed with the increase of 
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crystallinity and glass fibre content.  It was also shown that glass fibre can partly reflect laser 

energy back to the incident side of the 2 mm thick specimen.  

The measurements of Nd:YAG and He-Ne (wavelength 632.8 nm) laser light intensity 

distributions after passing through scattering polymers PA6, PP, PA46, PBT, PA6GF were 

reported by Potente [36], Becker [37], and Vegte [29].  A pinhole method and CCD camera were 

used to record the power intensity distribution.  A polynomial of the fourth order [36], 

exponential [37] and Gaussian [29] functions were used to approximate these measured intensity 

distributions.   

A CCD camera was used by Haferkamp [22] to measure the laser beam radius expansion 

after passing through 0 – 2.0 mm thick PBT plates.  A linear relationship between the expanded 

beam radius and the part thickness was observed in the experiment.   

It should be pointed out that a CCD camera cannot record the total light intensity on a part 

surface, but a fraction of the intensity normal to the part surface if the camera is set normal to the 

surface of the part but at a certain distance away from the part. 

Understanding the laser beam intensity distribution in scattering polymers will help to 

identify the laser beam power profile at the weld interface.  Ilie [38] studied the scattering 

phenomena of a Gaussian beam (wavelength 808 nm) in semi-transparent polymers using hybrid 

code which combines the Mie theory and the Monte Carlo method.  The numerical computations 

predicted the laser beam distribution both inside and at the exit of the slab filled with different 

size particles (Figure 3-1).  It can be seen from Figure 3-1 that the beam radius expands 

nonlinearly along the slab thickness and starts to level off at the exit of the slab.  The measured 

laser beam distributions for amorphous polymer – PMMA samples filled with two different size 

(5.5, 7 µm) and concentration silica particles confirmed the modeling results. 

There are still many questions to answer on how to describe the laser light intensity 

distribution at the weld interface for different crystalline structures, scattering additives, and 
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thickness of the light-scattering polymers.  The presence of laser-absorbing pigment in the laser-

transparent polymers will complicate matters further. 

 

 
Figure 3-1 Simulated laser beam radius from a Gaussian beam input for scattering particle 

diameters of 0.25, 0.5 and 3 µm: e/1  beam radius vs. slab thickness [38] 

3.1.3 Laser Energy Absorption in Laser-absorbent Part 

Laser-absorbing pigments are required in laser-absorbent parts to transform the 

electromagnetic laser energy into heat.  The most widely used laser-absorbing pigment is carbon 

black (CB); it absorbs light energy in any wavelength.  CB is usually mixed with the plastic at 

concentrations of 0.01 to 1 wt % [10].  

For light-scattering materials, it is considered that, when absorption is much larger than 

scattering ( SAK >>≈ ), the scattering influence can be ignored or included in K  or A  and the 

Bouguer-Lambert law can be applied [15].  This treatment for light transmission and absorption in 

light-scattering and absorbing materials has been used in the modeling of laser energy absorption 

in the laser-absorbent parts made of light-scattering polymers regardless of the multi-scattering 

[6,37,39,40,41,42 43,44,45].   
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Richter [10] and Russek [5] measured the optimal line energy from a diode laser (coupled 

wavelengths 808, 930, 970 nm) in contour welding of PP with different CB contents (0.01-1.0 

wt.%).  In contour laser transmission welding, the laser line energy (LE) is defined as 

 
v
PLE =  Equation 3-1 

where P  is the laser scan power; and v  is the laser scan speed. 

The experiments indicate that, for CB level ≤ 0.1 wt.%, the lower the CB level is, the higher 

the line energy is required for high quality welding.  It was also found that the optimal line energy 

for high quality welding remains almost the same for high CB levels of 0.1 wt.% and above.  This 

result indicates that surface absorption of laser energy dominates in contour LTW of PP where 

CB level is ≥ 0.1 wt.%.  Richter [10] also found that the weld strength is higher for lower CB 

content.  Lower CB content caused higher melt depths, although more line energy was needed to 

obtain high strength welds. 

The effect of CB particle size on weld strength has been studied by Schulz [46] and 

Haberstroh [31].  Both of them found that, under the same laser power irradiation, smaller CB 

particle sizes result in higher butt joint weld strengths.  For reference, the primary sizes of CB 

used in [46] and [31] were 20 nm and 60 nm.  They also mentioned that the dimensions of the CB 

aggregates can reach several hundreds of nanometers.  Shultz and Haberstroh [46] welded PMMA 

to ABS at a CB level of 0.5 wt.%.  Haberstroh and Lutzeler [31] explained that smaller particle 

size of CB could absorb more light energy and transform it into heat for the same amount of 

irradiated laser power.  It would have been more informative if the dimensions of the CB 

aggregates in the polymers, as well as the laser absorption coefficient of the polymers were 

measured and reported at the same time.  

Wang [47] presented a technique for quantifying the carbon black morphology in laser 

welding applications.  The microstructures of the CB in PA6 and PC were observed by 

transmission electron microscopy (TEM) of the injection moulded test specimens.  The TEM 
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photomicrographs of CB were quantitatively analyzed using an image processing technique.  The 

results show that number average aggregate diameter was 40 to 100 nm for the materials tested.  

The number average diameter of the particles making up the aggregates was in the range of 10-30 

nm. 

In order to create a LTW weld between two optically transparent parts, it is possible to 

introduce into the weld interface chemicals that are invisible to human eye but that absorb NIR 

light and thus transform it into heat.  ClearweldTM [48,49] is a commercial example of this. 

3.2 Effect of Primary Process Parameters on LTW 

Laser welding process parameters such as laser power and laser scan speed, as well as their 

combination – laser line energy – have a strong influence on weld quality and production rate.  

The previous research on this is summarized in Section 3.2.1.  In addition, as summarized in 

Section 3.2.2, the temperature related healing time for different polymers has also a strong impact 

on the weld quality. 

3.2.1 Effect of Process Parameters on Weld Strength 

For any given laser scan speed in contour welding, low laser scan power may not generate 

enough thermal energy for polymer at the weld interface to soften/melt for diffusion bounding; 

Excessive power may cause polymer degradation and thus reduce the weld strength 

[6,10,50,51,52,53]. 

Richter [10], Prabhakaran [50] and Bates [23] showed that, in contour welding, polymer 

weld strength mainly depends on line energy, provided the laser scan speed is high enough.  The 

laser scan speeds used were 8.3-33.3 mm/s for PP [10], 7.5-25 mm/s for 30% glass fibre 

reinforced nylon 6 [50], and 50-100 mm/s for 50% glass fibre reinforced PA mXD6 [23].  For 

high speed laser scanning, the laser transmitted thermal energy has less time to be conducted to 
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the surroundings due to the very short irradiation time.  This causes greater temperature rise of the 

irradiated material. 

In spite of the scattered energy loss, Kagan et al [25,33,54] showed that the tensile strengths 

of laser welded PA6 with GF reinforcements are equal or close to the strength of PA6 matrix, 

similar to the results obtained for vibration or hot plate welded joints. 

3.2.2 Effect of Healing Time on Weld Strength 

Polymer weld strength is a function of material properties, heating temperature, time and 

pressure.  Grewell [55] measured the weld strength as a function of healing time and heating 

temperature at the weld interface for polystyrene (PS) and PC (Figure 3-2) in impulse welding.  It 

can be seen from Figure 3-2 that less time is needed to reach maximum strength as the 

temperature goes above PC’s gT  of 145 °C.  It is almost impossible to obtain a high strength weld 

for a joint temperature of less than 150 ºC.  This research result demonstrates that, for a welding 

process exhibiting a high-heating/cooling rate such as high speed contour laser welding of 

polymers with a high CB content, both healing time and the heating temperature are important 

parameters when interpreting the welding results. 
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Figure 3-2 Weld strength vs. healing time for different temperature settings at weld 

interface for PC ( )(∞t  – time for joint to reach to its full strength) [55] 

3.3 Gap Bridging in Laser Transmission Welding 

Gaps become an issue when welding large and complicated thermoplastic parts by contour 

welding (Section 3.3.1).  Gap bridging can be improved through a good joint structure and weld 

fixture design (Section 3.3.2), and the improvement of material properties and process parameters 

(Section 3.3.3).   

3.3.1 Gap Issue 

Until recently, LTW research and applications have mainly focused on parts of small 

dimensions.  For welding such small parts, meltdown is often not a problem because the contact 

in the weld seam is usually good, and the (quasi-) simultaneous welding can be used.  

Simultaneous and quasi-simultaneous welding are much less sensitive to the presence of the gaps, 

as collapse can happen in the whole weldline when the weld seam is heated simultaneously.  This 

has been shown by Grewell [17], Rooney [7], Jansson [56] and Kirkland  [57].  Gaps become an 
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issue when welding large-scale plastic parts by contour welding as discussed previously in 

Section 1.2. 

3.3.2 Design for Gap Bridging 

Gap friendly or gap-free joint structure design in laser welded polymer components, and 

clever fixture design in laser welding, are the two important ways to overcome gap obstacles in 

laser welding of large-scale plastic parts.  Kirkland [57] discussed laser joint design for gap 

bridging purposes; and proposed a number of wedge-type tongue and groove joints that ensure the 

weld interfaces remain in intimate contact.  Grewell [58] developed a transparent pressure bladder 

to apply uniform pressure to parts being welded to insure proper contact at the weld interface 

during laser welding.  A weld tool, called Globo weld [59], has also been developed to overcome 

the gap obstacle by delivering the laser beam through a rotating glass sphere onto the laser-

transparent part.  Moving together with the laser head, the glass sphere also serves as a clamping 

fixture rolling over the laser-transparent part along the weld path and applying compressive force 

to close the weld gaps. 

3.3.3 Material and Process Improvement for Gap Bridging 

Richter [10] proved experimentally that low CB content in PP can improve gap bridging 

capability in contour welding, but much higher line energy is required.  The research also 

demonstrated that a longer beam can result in better gap bridging, provided that much more line 

energy is supplied.  Two beam shapes from a diode laser – 2 mm circular and 16 x1.7 mm2 

rectangular – were compared to determine their influence on weld strength.  A lap-shear strength 

test was used to evaluate the weld quality of specimens made from 2 mm thick plaques.  For the 

rectangular beam welding, the beam was directed along the 16mm axis in order to increase the 

length of time the weld area was heated and therefore increase the total melt pool length in the 

weld.  It may be difficult to weld a sharp corner using this kind of long beam. 
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Bachmann [27] and Russek [5] qualitatively analyzed light delivery and heat transfer in 

LTW.  It was suggested that optimized clamping fixture design can improve gap-bridging 

performance of the joint.  They also suggested that low laser absorbent content is favourable to 

increasing melt volume and consequently increasing thermal expansion of polymers at the weld 

interface. 

Kihara [60] studied contour welding together two parts which are both made of laser-

absorbent polymer – PA66 or PA6GF using a diode laser (wavelength 940 nm).  Because of the 

controlled and very low absorbance in polymers, a melt pool can be created through the top part 

and reach to the bottom part.  Gap bridging can be improved from 0.05 mm to 0.25 mm because 

of the increased thermal expansion and deformation from the melt material in the top part.  High 

laser scan power is required for this welding strategy. 

Ven [61] simulated gap bridging of a T-joint in contour LTW using a 2-D numerical model.  

A contact heat conduction model was introduced in the simulation based on microscopic elastic 

deformation.  Two very small gap values of 12.7 µm and 25.4 µm were simulated in the model 

for PVC.  The simulated weld widths of a T-joint with gaps were compared with the experiment, 

and a good agreement was reported for this contour welding by a diode laser (wavelength 808 nm) 

under a very low speed scan of 2.5 and 1.0 mm/s.  However, one may question the accuracy of 

these simulation results, given that the conductive heat loss along the weld path was ignored for 

this very low scan speed.   

3.4 Test Specimen Design for LTW Evaluation 

Various strength test methods have been used to evaluate the LTW process (Table 3-1).  All 

the test methods for measuring the weld strength have some drawbacks as listed in the table.  For 

example in the butt-joint method, the laser beam irradiates the weld seam at a certain angle from 

side surface of the part.  This makes it hard to apply to the LTW process.  The overlap joint shear 

strength test method, also called lap-joint shear test method, seems most suitable for weld quality 
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evaluation in LTW.  The experimental study by Chen [51] indicated that the lap-joint method with 

a weld line parallel to the pull test orientation is suitable for evaluating the welds strengths in 

assemblies containing gaps.  Section 4.2.2 gives the details of this technique.  

Table 3-1 Test sample design for weld strength test in LTW 

Test specimen structure Comments 

Butt-joint [31] 

Tensile strength test: 

Not suitable for LTW. 

AWS test [17, 62] 

Tensile strength test: 

Long laser penetration distance may exist; 

Laser may pass through sink mark and 
voids appearing at the T-structure end of 
the laser transparent part; 

Stress concentration may exist in the weld 
line. 

T-type butt-joint [33]

Tensile strength test: 

Same comments as for AWS test 

  Burst test [5, 63, 64] 

Composite strength test: 

Difficult to separate different stress 
components. 

   
                     Overlap joint [5, 10, 17, 51, 64] 

Shear strength test: 

Difficult to control the weld line width. 
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3.5 Modeling of Laser Transmission Welding Process 

As summarized below, analytical (Section 3.5), finite difference (Section 3.5.2) and finite 

element models (Section 3.5.3) have been used to simulate the temperature and deformation 

distribution in LTW.   

3.5.1 Analytical Modeling of Laser Transmission Welding 

Potente [36] obtained a mathematical solution of the 1-D transient temperature distribution 

along part thickness for contour LTW of PA6 with an Nd:YAG laser.  In their model, it is 

assumed that conductive heat transfer along weld seam and perpendicular to the seam width are 

negligible.  The laser-absorbent part has a "high" laser absorbent content.  This implies that the 

input radiant energy is completely absorbed and converted into thermal energy at the weld 

interface.  The energy is simultaneously transferred to surrounding material through heat 

conduction.  It was pointed out that the laser absorbent content can be considered as "high" once 

the CB content reaches 1 wt% for PA6.  For cases where the CB level is low, a correction 

coefficient was introduced without further statement in the calculation.  Based on the averaged 

laser beam intensity distribution at the over-lap weld interface, the melt layer thickness predicted 

with analytical equations in a laser-transparent part and a laser-absorbent part agreed well with 

that measured experimentally. 

In 2003, Grewell [65] compared two theoretical models, (1) Rosenthal's point heat source, 

and (2) Gaussian-distributed heat source, for a 3-D transient temperature field calculation in 

contour LTW.  These two analyses were based on the assumption that light energy is absorbed on 

the weld interface.  A 1000 mW, 828 nm Coherent single diode laser with focus spot sizes of 50 

and 25 μm was used for the over-lap welding of PC and PS.  Both heat source models predicted 

weld width reasonably well with both spot sizes.  In 2006, Grewell [66] introduced in the model 

the temperature-dependent activation energy and the temperature history for predicting the degree 
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of healing of the weld.  A superior prediction of the weld quality was obtained with this improved 

model. 

It can be seen from the analytical models listed above that it is difficult to calculate the 

temperature field in LTW for laser-absorbent polymers with low laser-absorption content, where 

the laser energy penetrates into the laser-absorbent parts for a volume absorption. 

3.5.2 Finite-difference Modeling of Laser Transmission Welding 

Kurosaki [39,67,68] used a 1-D finite-difference methods to solve the transient heat transfer 

problems for contour LTW of low density LDPE films (total films thickness of 0.3-1.0 mm) and 

PS, PMMA and PC films (total films thickness of 0.5-1.5 mm) using a CO2 laser.  The films had 

different laser absorption coefficients in both the laser-transparent and the laser-absorbent parts.  

The experiments for LTW of LDPE by CO2 laser agreed well with the 1-D finite-difference 

analysis predictions using a laser-absorption coefficient of 1.1 1/mm. 

Prabhakaran [40, 69 ] used a 1-D finite-difference method to calculate the transient 

temperature distributions in contour LTW of an over-lap weld made of PA6GF using a 940 nm 

wavelength diode laser.  The result showed that this one dimensional transient heat conduction 

model with a laser-absorption coefficient fitting parameter was able to adequately predict the heat 

affected zone thickness as well as the minimum required energy for meltdown to occur. 

Ven [11,61] simulated the transient heat transfer and gap bridging at the weld interface 

during the contour LTW of the T-joint made of polyvivyl chloride (PVC) using a 2-D numerical 

model.  The construction of the numerical model is based on energy balance method and built on 

the MATLAB software platform.  The model introduced contact conductance at the weld 

interface reflecting the influence of contact pressure, surface roughness, and elastic modulus.  

Contact pressure and gap bridging at the weld interface were calculated based on a simplified 1-D 

thermal expansion of polymers along the part thickness.  Heat transfer along the weld path was 

ignored in the model for both the “high” speed scan of 2.5 mm/s and the low speed scan of 1.0 



 

28 

mm/s.  Only one measured laser absorption coefficient of 25.5 1/mm was used in this study.  The 

gap bridging was simulated in the model for two very small gap values of 12.7 µm under 2.5 

mm/s, and 25.4 µm under a low scan speed of 1.0 mm/s. The weld widths from the simulation and 

the experiment with a diode laser (wavelength 808 nm) agreed well for both the contact welding 

and the gap bridging cases. 

3.5.3 FEM Modeling of Laser Transmission Welding 

Becker [37] simulated the temperature field in contour welding of PP using a 2-D transient 

thermal model.  The Bouguer-Lambert law was used to describe the heat source in the laser-

absorbent part.  ABAQUS FEM software was applied in this analysis.  The pinhole method 

measured laser-irradiation intensity distribution of an Nd:YAG laser after the laser-transparent 

part was used for the heat input calculation.  A fitted temperature-dependent laser-absorption 

coefficient was used to predict the melt layer thickness.  Measured and model values agreed quite 

well.  Light absorption in the laser-transparent part was not considered in the model. 

Potente, Wilke et al [41,43,70,71,72] simulated the temperature and deformation of both 

the quasi-simultaneous and the simultaneous welding processes of PC and PA6 using the 2-D 

transient thermal-mechanical coupled model built on the ABAQUS software.  Polymer melt flow 

was simulated as thermo-elastic and plastic deformations.  The heat inputs from an Nd:YAG laser 

and a diode laser (wavelength 940 nm) for the 2-D models came from the measured power 

intensity distributions after the laser-transparent parts.  These measurements were made using a 

pinhole and a detecting camera methods.  Bouguer-Lambert law was assumed to be applicable for 

both the non-scattering PC polymer and the light-scattering PA6 polymer.  The models used fitted 

laser-absorption coefficients based on the measured temperature profile of PC, the measured 

transmittance and reflectance of the laser-transparent part of PA6, and the measured melt layer 

thickness of the laser-absorbent part of PA6.  The simulated melt flow of the PA6 part was 

validated by the measured melt displacement.  The melt flow as a function of clamping pressure 
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was obtained in the model.  In these models, the laser beam was assumed to pass straight through 

the laser-transparent parts even for the 6 mm thick light-scattering PA6 polymer.   

Lu [42] studied a laser/IR-assisted micro-embossing process by experiment and FEM 

simulation.  The materials included PMMA and high density HDPE with and without carbon 

black.  The model simulated the laser beam delivery through an optical fibre bundle.  The 

software DEFORM-3D V4.10 and DEFORM-2D V7.2 were used to simulate the polymer flow.  

The incident laser intensity changed along the penetrating depth for both polymer materials and 

was described by Bouguer-Lambert law.  The laser absorption coefficients in the model were 

calculated based on the measured laser transmittance data from samples of various thickness 

prepared with a microtome.  Displacement vs. time results from both simulation and experiment 

showed a good quantitative agreement. 

Mayboudi simulated transient heat transfer of contour LTW of PA6 with diode lasers in 

both a 2-D FEM Model in 2005 [44] and a 3-D FEM model in 2007 [45] using ANSYS code.  

The Bouguer-Lambert law was applied in the models to calculate laser beam absorption when 

passing through the laser-transparent and the laser-absorbent polymers.  In the 2-D model, no 

scattering of the laser beam was assumed in the transparent polymer.  Two laser absorption 

coefficients of the laser-absorbent part were applied in the 2-D model.  They were based on (a) a 

fitted value from the 1-D model, and (b) a theoretical estimation.  Simulation results using the 

theoretical estimation of the absorption coefficient improved the prediction accuracy of the melt 

layer thickness.  In the 3-D model, the heat input was described by moving a laser source over a 

lap joint of PA6.  Scattering of the laser light through the laser-transparent part was treated by a 

linear widening of the beam.  The laser absorption coefficient of the laser-absorbent part came 

from the analytical model developed by Mayboudi et al.  The temperature field from the 3-D 

simulation was validated by the measured weld width. 

It can be seen from the above FE simulations that, except in [45], scattering of the laser 

beam in the transparent part has been neglected.  In [45], laser beam scattering in the laser-
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transparent PA6 was approximated as expanding linearly.  The Bouguer-Lambert law was used to 

calculate the laser energy absorption in polymers.  There are no solid experimental and theoretical 

backgrounds to support these treatments of light transmission and absorption in multi-scattering 

polymers.  It can also be seen from above that the laser-absorption coefficient is a key parameter 

for successful simulation.  However, most of the papers listed here except [42] used a fitted or 

theoretical prediction rather than measured values. 
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Chapter 4 

Experimental Investigation of Gap Bridging 

in Contour LTW 

The experimental study of gap bridging in contour LTW investigated the influence of 

material properties (polymer type, reinforcement level, CB level) and process parameters (laser 

power, speed, gap thickness) on the weld strength.  The materials investigated were: (i) 

amorphous polymer – polycarbonate (PC), (ii) semi-crystalline polymers – unreinforced 

polyamide 6 (PA6), and (iii) 30% by weight glass-fibre reinforced polyamide 6 (PA6GF).  This 

chapter will first introduce the laser welder (Section 4.1), the test materials and specimen 

(Section 4.2), and then explain the non-contact method used to define the approximate test 

window (Section 4.3).  The gap bridging results will be explored in detail thereafter (Section 4.4).  

Finally, the investigation results of gap bridging are summarized in Section 4.5. 

4.1 Laser Welder and Laser Beam Characterization 

Welding experiments have been performed using a Rofin-Sinar DLx16 continuous wave 

160W diode laser (wavelength 940nm) and UW200 workstation (Figure 4-1).  The workstation 

contains a three-axis (18”x ×18”z × 12”y) linear motion system with a maximum travel speed of 

150 mm/s.  The coordinate system used for the motion system is consistent with those in 

subsequent FEM analysis.  The laser head is attached to the vertical (y-axis) motion stage above 

the fixture.  The laser beam is delivered by lens and focused to a working distance of 82.5 mm at 

the weld interface.  The working distance is defined as the distance between the low end of the 

laser optics and the plane of interest as indicated in Figure 4-2. 
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Figure 4-1 Rofin-Sinar DLx16 HP diode laser and welding fixture in UW200 Workstation 

The laser beam for the DLx16 laser is made up from 100 separate laser diodes in the laser 

head and is combined to form a single focused spot using complex internal optics.  The laser 

beam intensity profile has been characterized by the author using a knife-edge method with a 

100W power meter from Coherent Inc (Figure 4-2).  The results describe the laser beam intensity 

profiles for a series of distances from the lens.  A sample 1-D beam profile along the x- and z-axis 

at a distance of 82.5 mm is shown in Figure 4-3.  Here, the area under the normalized 1-D beam 

profiles in Figure 4-3 is unity, which represents a unit laser power or energy input.  The measured 

1-D laser beam profiles for a working distance range of 78.5-86.5 mm are given in Appendix A.  

Further information about the beam profile measurement can be found in references [28,73]. 

 
Figure 4-2 Knife-edge method for 1-D beam profile measurement 
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Figure 4-3 Typical 1-D beam profile at a working distance of 82.5 mm for DLx16 diode laser 

In order to obtain an evenly distributed heating area across weldline, the laser head moved 

over specimens along z-axis with a distance of 82.5 mm separating the laser optics and the 

interface between the transparent and absorbent parts.  This created the widest possible weld seam 

and allowed the power distribution to be as uniform as possible.   

4.2 Test Materials and Specimens 

The polymers used in the gap bridging test are described in Section 4.2.1.  The specimens’ 

preparation for the process window search and the weld quality evaluation are described in 

Section 4.2.2.  Weld quality evaluation methods are explained in Section 4.2.3. 

4.2.1 Polymers Tested 

PC is widely used in automotive industry for making lenses and lamp housings because of 

its excellent optical properties, impact strength, ductility, and dimensional stability as well as its 

broad service temperature range [74].  PA6 is widely used in engineering because of its high 

strength, good toughness, good abrasion and chemical resistance [75].  Glass-fibre reinforced 

PA6 is stronger, stiffer, and has a wider working temperature range and greater dimensional 



 

34 

stability compared to unreinforced PA6.  All of the materials used in the experimental study came 

in granular form before injection moulding.  Further information on each material is provided 

below: 

PC (Polycarbonate): Makrolon AL2647-551070 (natural) and Makrolon 2605-901510 

(0.2 wt.% carbon black) from Bayer Inc. have been used in this research.  They were 

recommended to us by Decoma International – one of the industrial sponsors of this research.  

AL2647 was used to injection mould laser-transparent parts.  2605 was used to make laser-

absorbent parts.  AL2647 (0 wt% CB) were mixed with 2605 (0.2 wt% CB) before injection 

moulding to adjust the carbon black content to the desired values in the laser-absorbent parts.  The 

tensile strength of PC is 67 MPa, the flexural strength of PC is 98 MPa [76]. 

PA6 (unreinforced polyamide 6): AKULON F223-DH NATL (natural, unreinforced) and 

AKULON F223-D BK223 (0.2 wt.% carbon black, unreinforced) from DSM were selected as the 

semicrystalline polymer based on the recommendation from MAHLE Filter Systems (the second 

industrial sponsor of this research).  F223-DH NATL was used for laser-transparent parts and 

F223-D BK223 was used for laser-absorbent parts in LTW.  F223-DH was dry blended with 

F223-D BK223 before injection moulding to adjust the carbon black content of the laser-

absorbent parts.  The tensile yield strength of PA6 at a dry as moulded condition (DAM) is 85 

MPa [77]. 

PA6GF (30 wt.% glass-fibre reinforced PA6): AKULON K224-HG6 NATL (natural, 30% 

glass fibre reinforcement), and AKULON K224-HG6 BK223 (0.2 wt..% carbon black, 30% glass 

fibre reinforcement) from DSM were selected as glass-fibre-reinforced PA6 based on the 

recommendation by MAHLE Filter Systems.  K224-HG6 NATL served as the laser-transparent 

material.  K224-HG6 BK223 was the laser-absorbent material.  K224-HG6 NATL was mixed 

with K224-HG6 BK223 before injection moulding to adjust carbon black content of the laser-

absorbent parts.  The tensile strength of PA6GF at DAM is 180 MPa [77]. 
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Carbon black was used as the laser-absorbing additive in all the laser-absorbent parts made 

of PC, PA6 and PA6GF.  To obtain information on the influence of CB level on gap bridging, it is 

important to select the proper levels of carbon black.   

Carbon black levels of 0.2 (PA6 and PA6GF only), 0.1, 0.05, 0.025, 0.0167 and 0.0125 

wt% (all materials) were used in this research.  They were selected in order to provide a uniform 

range of experimental penetration depths ( pD ).  From Equation 2-6 and Equation 2-7, it can be 

shown that 0.1 wt% will have twice the value of pD  than that of 0.2 wt%.  Further reductions in 

CB level increase pD  even more. 

Some of the polymer properties are listed in Table 4-1.  Further information about the 

material thermal, mechanical and optical properties is given in Chapter 5 and summarized 

in Table 5-3 for PC and Table 5-4 for PA6 and PA6GF in Section 5.6. 

Table 4-1 Nominal material properties 

Properties 
PC 

Makrolon® AL2647 
[76] 

PA6 
Akulon® F223-D 

[77] 

PA6GF 
Akulon® K224-HG6 

[77] 

Tensile modulus, 
MPa 2400 3200 (DAM) 9500 (DAM) 

Tensile strength, 
MPa 67 85 180 

Softening 
temperature, °C 145 n/a n/a 

Melt temperature, 
°C n/a 220 220 

Density, kg/m3 1200 1130 1350 
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4.2.2 Specimen Preparation  

In order to transform polymer materials in granular form into plaques for subsequent testing, 

an Engel 55 ton injection moulding machine and a plaque-mould available from RMC were used.  

Moulding conditions recommended by the polymer suppliers were used in all cases [75,76].  The 

film-gated plaques were 100 mm x 100 mm x 3.2 mm.  The mould was polished in order to create 

three different surface finishes on the plaques.  The welding study work reported here only 

involves areas of the plaques that had the lowest surface roughness.  The average rugosity varied 

slightly with the material but was in the range of 0.1-0.2 μm.   

PA6 is a moisture sensitive material.  In order to keep PA6 and PA6GF plaques and 

machined strips in the dry as moulded (DAM) condition for laser processing, all the PA materials 

were sealed in aluminum-lined bags immediately after every processing such as moulding and 

cutting. 

The plaques were used directly in the non-contact tests explained in Section 4.3.  In order to 

prepare specimens for welding, a bandsaw cut 25.4 mm wide strips from plaques.  A total of three 

strips were cut from the centre portion of each plaque.  The cut edges were polished with sand-

belt grinding machine to further reduce the influence of stress concentrations on weld strength test 

from the cut rough edges.  In order to maintain the surface condition of the strips as close as 

possible to that found in production, no further surface treatment was applied.  The strips were 

then laser welded to form assemblies (or specimens) that were used for weld-strength tests.  Some 

of the weld specimens were also used for micro-structure analysis. 

The weld strength was evaluated using a tensile shear strength test (Figure 4-4).  A study 

conducted by the author [51] indicated that it was important to have the weldline parallel to the 

pull direction in order to minimize specimen bending particularly when gaps were present. 

The dimensions of the specimen are shown in Figure 4-4. 
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Figure 4-4 Dimensions of an over-lap shear strength test specimen and a schematic 

representation of weld 

A welding fixture for the specimens has been designed and assembled by the author and is 

shown schematically in Figure 4-5.  The fixture was installed on and driven by the UW200’s 

linear motion system (Figure 4-1).  Two aluminum plates with an open slot, instead of glass 

window, were used to hold the parts in the fixture.  A pneumatic cylinder under the middle 

moving-plate applied a 1.1 kN clamping force to hold parts together for welding.   

 
Figure 4-5 Setup for welding overlap shear strength test specimens 

Accurately controlled artificial gaps were created using metal shims placed parallel to the 

mechanical test direction as indicated in Figure 4-4, Figure 4-5 and Figure 4-6.  After welding, the 

shims were removed from the assembly. 
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Figure 4-6 Weld specimen with shims (a) and after removing the shims (b) 

4.2.3 Weld Quality Evaluation 

Weld quality evaluation was conducted in two parts: (i) weld shear strength and (ii) weld 

microstructure.   

The force at break of the lap welds was assessed on the INSTRON Model 4206 Universal 

testing machine at a cross-head speed of 5 mm/min.  The force at break was normalized by the 

weld area (weld width × weld length) to calculate an apparent shear strength.  The force at break 

reflects the total load carry capability.  The over-lap shear strength reflects the impact of weld 

defects such as voids and thermal decomposition on the weld quality. 

Weld fracture surfaces and weld cross-sections were also analyzed under microscope using 

reflected polarized light to qualitatively assess the weld quality including the weld area, heat 

affect zone (HAZ) and voids in the weld.  In addition, the weld cross-sections were polished after 

cutting using ISOMET™ 1000 precision saw from Buehler.   

4.3 Non-contact Method for Estimating Processing Window 

A non-contact method has been developed in this study to define an approximate starting 

point for LTW process optimization.  The non-contact method will be explained in Section 4.3.1.  

The power-speed combination required to damage the surface of the laser-transparent part, to 

cause melting or degradation on the surface of the laser-absorbent part are presented in 
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Section 4.3.2.  The usefulness of this technique for estimating the processing window is described 

in Section 4.3.3 and Section 4.3.4.  Parts of this study have been published in ANTEC 2007 [78] 

and in the Welding in the World in 2008 [79]. 

4.3.1 Non-contact Method 

In the non-contact method, a laser-transparent and laser-absorbent parts are separated by 

spacers.  The spacers (0.5 mm thick shims selected after several trials) are placed between the two 

parts to prevent them from actually contacting each other during scanning.  This facilitates visual 

examination of both parts after the test.  A series of laser scans are made at increasing power 

levels while holding the speed constant (Figure 4-7).  After scanning, three kinds of surface 

morphologies can be visually identified by the unaided eye: (a) surface damage of the laser-

transparent part (surface burn marks, bubbles); (b) surface melting of the laser-absorbent part 

(surface finish difference); and (c) surface degradation of the laser-absorbent part (surface burn 

marks, bubbles, or vapor condensation on the bottom surface of the laser-transparent part).  The 

laser powers and scan speeds corresponding to these surface morphologies can be used to define 

an approximate process window.   

4.3.2 Non-contact Results 

Figure 4-8 shows a picture of the surface of the laser-absorbent part after a series of laser 

scans for PC containing 0.05 wt.% CB and a scan speed of 50 mm/s.  From this picture, it can be 

seen that the laser power for the onset of softening ( mP ) appears to be 2.5-4.5 W, and that for the 

degradation ( dP ) is 20-24 W.   
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Figure 4-7 Schematic representation of the non-contact scanning experimental set-up 

 
Figure 4-8 Surface appearance of the laser-absorbent part after a series of laser scans in 

non-contact method for PC (0.05 wt.% CB, Speed 50 mm/s) 

Figure 4-9 shows a picture of surface burning of the laser-transparent PC part after a 100 W 

laser scan at a speed of 100 mm/s.  The surface burning of PC was accompanied by some flames 

and smoke during the irradiation period.  Once initiated, the surface burn would continue until the 

end of the individual scan line.  The continuation of the burn after its initiation may be the result 

of carbon from degraded PC which absorbs laser energy and causes further heating and burning 

along the scan path.  The onset of surface damage on PC parts at high powers was not sharp and 

was statistical in nature, which agrees with the statement in [80] that the surface damage threshold 

may exhibit statistical fluctuations even for nominally identical conditions.  This statistical feature 
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is apparent for PC but is less so for PA6 and PA6GF.  The  measured dP  for natural PA6 and 

PA6GF is much sharper.  More work is required to understand this phenomenon. 

 
Figure 4-9 Surface burn after a high power diode laser beam passing over the laser-

transparent part of PC (power 100 W, speed 100 mm/s) 

Figure 4-10 is a typical plot of the measured SP , mP , and dP  as a function of laser scan 

speed using this non-contact method for natural PC and that containing a CB level of 0.05 wt.%.  

For any laser scan speed Figure 4-10 shows that, as the power is increased, the absorbent material 

first melts and then ultimately degrades.  At higher powers, the surface of the laser-transparent 

part can also be burned.   

For PC, the onset of surface burning of the laser-transparent part is presented in two ways.  

The lowest dashed line shows the power level at which at least one out of the fifteen scans at that 

power level caused burning on the laser-transparent part.  The top dashed line shows the power at 

which >20% of the scans cause the surface the laser-transparent part to burn (i.e. > 3/15 scans).  

This figure also shows that the powers required for melting, degradation of the absorbent and 

transparent parts increase with the laser scan speed.  Similar figures have also been drawn for PC, 

PA6 and PA6GF with different CB levels and are found in Appendix B.1 Figure B-1 to Figure 

B-13.   
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Figure 4-10 Non-contact method measured SP , dP  and mP  as a function of laser scan speed 
for natural PC and PC with 0.05 wt.% CB  

The data in Figure 4-10 can be reported as laser scan line energy (LE = power/speed) 

causing melting, degradation of the laser-absorbent part, and damage of the laser-transparent part 

as a function of laser scan speed as shown in Figure 4-11.  This figure indicates that LE of 0.1 and 

0.5 J/mm are required to cause melting and degradation of the absorbent material.  This value is 

independent of scan speed because, at high speeds, the loss of thermal energy from the heated 

volume of polymer is small within the very short laser irradiation time.  The same LE will 

therefore create almost the same temperature rise in the material and thus result in the same 

morphological change.  However, this is not observed for surface damage of the laser-transparent 

part.  At the low end of the laser scan speed range, the LE causing surface damage of the laser-

transparent part increases rapidly with decreasing speed.  This may be because the surface 

damage of the laser-transparent part happens within the very thin top skin.  This very thin skin has 

less thermal inertia and is therefore more sensitive to heat loss by conduction and therefore speed. 

0

20

40

60

80

100

120

140

160

0 20 40 60 80 100 120

Laser speed, mm/s

La
se

r p
ow

er
, W

Nothing
Melt of laser-absorbent part
Degradation of laser-absorbent part
1/15 chance damage on laser-transparent part
>3/15 chance damage on laser-transparent part



 

43 

   
Figure 4-11 Non-contact method measured LE causing surface damage to laser-transparent 

parts, degradation and melting to laser-absorbent parts for PC with 0.05 wt.% CB 

4.3.3 Test Window Determination 

For the purpose of locating a process window, the line energies at which degradation of the 

absorbent and transparent materials start can be plotted as a function of laser speed.  Figure 

4-12, Figure 4-13 and Figure 4-14 present this data for PC, PA6 and PA6GF respectively.  Each 

figure contains data for more than one CB level. 

It can be seen from these three figures that the LE causing damage to the surface of the 

laser-transparent part generally forms one of the upper bound of welding conditions that can be 

used – that is to say one can not pass more LE through the transparent part than these 

experimental maximums without irreversibly damaging the transparent surface.  These LE’s are 

also observed to be material dependent.  The LE for surface damage of PC is less than that for 

PA6GF which is less than that of PA6.   
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Figure 4-12 Non-contact method measured LE causing surface damage to laser-transparent 

parts and laser-absorbent parts as a function of laser scan speed for PC 

  
Figure 4-13 Non-contact method measured LE causing surface damage to laser-transparent 

parts and laser-absorbent parts as a function of laser scan speed for PA6 
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Figure 4-14 Non-contact method measured LE causing surface damage to laser-transparent 

parts and laser-absorbent parts as a function of laser scan speed for PA6GF 

It can also be seen in these figures that the LE required for degradation in the absorbent 

material is strongly related to the level of CB.  The LE required to initiate degradation decreases 

as the CB level increases.  As indicated by Equation 2-7 and Equation 2-9, for a same volume of 

polymer, higher CB levels causes more laser energy to be absorbed.  Less laser energy is therefore 

required to heat this same volme to temperatures resulting in polymer degradation.   

It can also be observed that, for PA6 and PA6GF, the LE for degradation in the laser-

absorbent part increases at low scan speeds.  Similar to the discussion presented earlier, as the 

speed is decreased, a greater fraction of the irradiated energy is lost by conduction into the bulk.  

This is more visible in PA6GF because of the significantly increased heating time by the strongly 

scattered laser beam at the weld interface.  The higher thermal conductivity of PA6GF and PA6 

relative to PC (Table 5-3 and Table 5-4 in Chapter 5) make this phenomenon easier to see with 

the two nylons. 
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Theoretically, degradation of the laser-absorbent part can also represent an upper limit on 

LE.  This is particularly true for cases where large gaps are present.  Practically, when the two 

parts are in contact, the local temperature at the weld interface would be lower due to thermal 

conduction of heat on both sides of the weld.  Under these conditions, it should be possible to 

weld at conditions for which degradation at the absorbent part was observed in this non-contact 

test. 

The measured LE vs. scan speed and CB level curves in Figure 4-12, Figure 4-13 

and Figure 4-14 have been used to define the test window for subsequent studies.  The 

experiments on the effects of power and CB level were performed at a constant speed of 25 mm/s.  

This is represented by the vertical dashed line in Figure 4-12 to Figure 4-14.  The experiments to 

observe the effects of laser speed and CB level were conducted at a constant material-dependent 

LE shown by the horizontal dashed line in each of the above three figures.   

4.3.4 Process Settings 

The experimental study on gap bridging was conducted in two parts: (i) CB level and laser 

power influence, and (ii) laser scan speed influence.  Based on the non-contact method results in 

Section 4.3.3, the materials and process parameters used in the study were defined and are listed 

in Table 4-1 and Table 4-2 respectively.  The gap thickness was controlled by the shim thickness, 

starting from 0.002 inch and using an increment of 0.001 inch or, in metric units, staring from 

0.051 mm and using an increment of 0.025 mm. 

Table 4-2 Parameters for CB level and laser power influence on gap bridging study 

Material PC PA6 (DAM) PA6GF (DAM) 
CB level, wt.% 0.025, 0.05, 0.1 0.025, 0.05, 0.1 0.05, 0.1, 0.2 
Laser scan power, W 3.5 - 35 18 - 160 22 - 140 
Laser scan speed, mm/s 25 
Gap thickness, mm 0 - 0.25 0 - 0.40 0 - 0.25 
Replicates 5 
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Table 4-3 Parameters for laser scan speed influence on gap bridging study 

Material PC PA6 (DAM) PA6GF (DAM) 

CB level, wt.% 0.05 0.1 0.2 

Laser scan speed, mm/s 25, 50, 100, 150 25, 50, 91.7 25, 50, 100 

LE (=Power/Speed), J/mm 0.48 1.76 1.60 

Gap thickness, mm 0 - 0.25 0 - 0.40 0 - 0.25 

Replicates 5 

 

4.4 Welding Results and Analysis 

The effects of laser power and CB level on the strength of welds in PC, PA6 and PA6GF 

with and without gaps are described in Section 4.4.1.  The effects of laser scan speed on weld 

strength of the three materials with and without gaps are discussed in Section 4.4.2.  The 

microstructure of these welds is presented in Section 4.4.3 for PC, Section 4.4.4 for PA6 and 

Section 4.4.5 for PA6GF.   

4.4.1 Effect of Laser Power and CB Level 

Maximum Load vs. Laser Scan Power 

Figure 4-15 shows the force at break as a function of power and gap thickness for PC at a 

CB level of 0.05 wt.%.  It is observed that, for all gap thicknesses, the load-at-break increases 

with power at low powers.  These changes in maximum load with power are caused by higher 

temperatures and wider heated zone at the weld seam.  At low power settings this leads to greater 

thermal expansion, improved molecular diffusion, and wider weld widths.  For the applied laser 

scan power range, the load approaches a maximum and then starts to levels off or decrease as 

power is increased further.  This is probably due to polymer degradation at the weld because of 

too high temperature caused by high laser power.  For some of the high power cases, weld 

interface burning was observed for big gaps.  This may be caused by poor heat transfer between 
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the two parts for the large gap condition.  For any given CB level, polymer damage at the weld 

interface prevents the laser power from being increased further.  

The load-at-break decreases with increasing gap thickness.  It is believed that large gaps 

result in many large voids at the weld after cooling and shrinkage.  This reduces the load bearing 

capacity of the assembly. 

The minimum power required for welding is observed to increase with increasing gap size.  

This is probably caused by the need for a larger volume thermal expansion of polymer to bring 

the laser-transparent and laser-absorbent parts together.  This expansion is related to the higher 

temperatures associated with higher powers. 

 
Figure 4-15 The maximum load as a function of laser power and gap thickness for PC (0.05 

wt.% CB, 25 mm/s, error bars represent one standard deviation) 

Figure 4-16 and Figure 4-17 show the force at break as a function of power and gap 

thickness for the two nylon compounds (all at 0.05 wt.% CB).  For PA6, some high power points 

were missing because of bulk break in the pulling test.  The bulk break is likely the result of stress 

concentrations caused by polymer degradation at the high power settings.  The general trends 
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described above are also visible for these materials.  There are however some differences that 

merit further discussion.  The power required to weld PA6 and PA6GF is generally significantly 

higher than that for PC.  This is mainly due to the reduced transmittance and widened laser beam 

profile at the weld interface for light scattering polymers.  Another reason is that additional latent 

heat energy is needed to melt the crystalline phase of nylon.  PA6 and PA6GF therefore require a 

higher laser power input for welding.   

It is interesting to compare the power required for softening/melting ( mP ) with that required 

for welding at the same speed.  For PC with 0.05 wt.% CB, a minimum laser power of 

approximately 5 W is required for the two parts to bond together without any gap.  This is a much 

higher power than that required to soften the PC weld interface in the non-contact test (about 2 

W, Figure 4-10).  One reason is that a higher temperature is required to join amorphous polymer 

together than to just soften them.  However, for PA6 and PA6GF with 0.05 wt.% CB, the 

minimum laser power required for welding of about 28 and 44 W respectively are almost the 

same as the powers required for melt to appear at the weld interface in the non-contact test 

(Figure B-7, Figure B-12).  This may be due to the crystallite nature of the nylon materials.  Once 

the crystalline melting temperature is reached, the molten material is able to diffuse and form a 

weld.  The heat transfer resistance at the weld interface may also delay the conductive heat 

transfer at the interface on a micro level during the very short laser heating period.  This may 

result in a high temperature locally in the laser-absorbent part so promote diffusion welding.  

There are also interesting material-related differences in the maximum gap that can be 

bridged.  At the same CB level of 0.05 wt.%, PA6 can bridge a bigger gap of 0.3 mm than PC of 

0.2-0.25 mm because of the increased thermal expansion caused by melting and subsequent 

volume change of the crystalline phase in the nylon polymer.  The maximum gap bridged in PA6 

is higher than that of PA6GF.  PA6 has a higher coefficient of thermal expansion due to the 

absence of glass fibres.  The reduced light penetration depth in PA6GF also prevents further 

volume thermal expansion of the polymer for gap bridging. 
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Figure 4-16 The maximum load as a function of laser power and gap thickness for PA6, 
(0.05 wt.% CB, 25 mm/s, error bar represents one standard deviation) 
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Figure 4-17 The maximum load as a function of laser power and gap thickness for 

PA6GF,(0.05 wt.% CB, 25 mm/s, error bar represents one standard deviation) 
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Similar observations can be made for PC with 0.025 and 0.1 wt.% CB, PA6 with 0.025 and 

0.1 wt.% CB, and PA6GF with 0.1 and 0.2 wt.% CB.  These data are found in 

Appendix B.2 Figure B-14 to Figure B-19.   

Weld Width Measurement and Analysis 

It is also insightful to measure the weld widths on the specimens after fracture.  This 

provides some information on light scattering and also allows the calculation of the apparent shear 

strength.  The weld width is calculated as the distance between two outer bounds of the joint line 

at its midpoint.  Figure 4-18 shows the fracture surfaces (transparent and absorbent parts) of a PC 

assembly for weld width measurement.   

 
Figure 4-18 Weld fracture surfaces after pulling test and weld width measurement for PC 

(0.05 wt.% CB, power 12 W, speed 25 mm/s, contact condition) 

For both PC and PA6, the widths of the fracture surface on both transparent and absorbent 

parts were identical.  Since it is much easier to measure the weld widths on the laser-absorbent 

parts, all of the weld widths of PC and PA6 specimens were measured on the laser-absorbent parts.  

The fracture surfaces of PA6GF are shown in Figure 4-19.  The presence of glass fibres at the 

edge of the fracture surface on the absorbent part made measuring the widths difficult.  Weld 

widths of PA6GF were therefore made on the laser-transparent parts. 

Figure 4-20 shows an example of the weld width curves for PC with 0.05 wt.% CB.  In this 

figure, the weld width for no gap or small gap welding (0-0.1 mm) increases from about 0.6 to 1.2 

mm with the laser power increase from 6 to 20 W.  This weld width increase reflects the relatively 

steep side slopes of the measured 1-D beam profile shown in Figure 4-3.  The weld width became 

significantly wider for big gaps (0.15 mm and more) under high power laser scans.  One possible 

explanation may be that liquid polymer flowed transversely into the gap driven by polymer 
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thermal expansion and decomposed polymer gases.  This may have created larger widths after 

cooling. 

 

Figure 4-19 Weld width measurement from laser-transparent part for PA6GF (0.05 wt.% 
CB, power 68 W, speed 25 mm/s, gap 0.15 mm) 

 
Figure 4-20 Weld width as a function of power for PC (0.05 wt.% CB, 25 mm/s) 

Figure 4-21 and Figure 4-22 show the weld widths as a function of power and gap thickness 

for PA6 and PA6GF respectively.  These increases in weld widths with power are likely due to 
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light scattering in the laser-transparent parts.  It should be noted that the melt flow in the big gaps 

(>0.15 mm) driven by the decomposed gas created artificially wide weld at high powers as 

explained previously (Figure 4-23).   

 

Figure 4-21 Weld width as a function of power for PA6 (0.05 wt.% CB, 25 mm/s) 

 
Figure 4-22 Weld width as a function of power for PA6GF (0.05 wt.% CB, 25 mm/s) 
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Figure 4-23 Fracture surfaces show widened weld widths by gas forced liquid flow 

Similar observations can be made for PC with 0.025 and 0.1 wt.% CB, PA6 with 0.025 and 

0.1 wt.% CB, and PA6GF with 0.1 and 0.2 wt.% CB.  These results are shown in 

Appendix B.2 Figure B-20 to Figure B-25. 

Effect of CB Level and Laser Power on Weld Strength 

The apparent weld shear strength is calculated by dividing the load at break by the product 

of overlap length and weld width.  Figure 4-24 shows the apparent shear strength of PC as a 

function of power for the conditions present previously in Figure 4-15.  The same general trends 

are visible.  It is however interesting to note that the weld strength drop caused by polymer 

degradation is more significant in this figure than in the force curves at high laser powers. 

The measured maximum shear strength for no-gap weld is about 50 MPa.  This corresponds 

to approximately 75% of the tensile strength (67 MPa) of PC.  This suggests that, under these 

ideal welding conditions, the weld strength has attained the maximum shear strength of the bulk 

material [76]. 

The vertical dashed line shown in Figure 4-24 corresponds to the power dP  at which 

degradation of the absorbent material was observed during the non-contact test.  It is interesting to 

note that the power at which the largest gap was bridged was close to the laser power of dP .  This 

suggests that, although degradation exists in a non-contact test, under real welding conditions, 

contact will eventually occur between the two parts, lower the local temperature and thus prevent 

significant degradation 

Laser-absorbent part of PA6 (0.05 wt.% CB, 
power 160 W, speed 25 mm/s, gap 0.30 mm) 

Laser-transparent part of PA6GF (0.05 wt.% CB, 
power 140 W, speed 25 mm/s, gap 0.20 mm) 
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Figure 4-24 Weld shear strength as a function of laser power and gap thickness for PC (0.05 
wt.% CB, 25 mm/s. error bars represent one standard deviation) 

The apparent shear strength as a function of power and gap thickness for PC with 0.1 and 

0.025 wt.% CB are shown in Figure 4-25 and Figure 4-26 respectively.  Both these figures show 

the same general trends observed with PC containing 0.05 wt.% CB.  Again, it is interesting to 

observe that, for both of these cases, the power at which degradation of the absorbent material 

occurred ( dP ) in the non-contact test is located in the region of the maximum gaps bridged. 

There are also some important differences that merit discussion.  As the CB level in PC is 

decreased from 0.1 wt.% to 0.025 wt.%, the minimum laser power for welding to start increased 

from 3.5 W to 11 W.  The maximum gap bridged increased from about 0.15 to 0.25 mm.  The 

reduced CB level in polymer allows more laser energy to penetrate into the polymer and heat up a 

larger volume of material for thermal expansion. 
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Figure 4-25 Weld shear strength as a function of laser power and gap thickness for PC (0.1 

wt.% CB, 25 mm/s, error bars represent one standard deviation) 

 

 
Figure 4-26 Weld shear strength as a function of laser power and gap thickness for PC 

(0.025 wt.% CB, 25 mm/s’ errors bar represent one standard deviation) 
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Figure 4-27 to Figure 4-29 show the apparent shear strength as a function of power and gap 

size for PA6 containing CB  levels of 0.1, 0.05 and 0.025 wt.% respectively.  Similarly, Figure 

4-30 to Figure 4-32 show the apparent shear strength as a function of power and gap size for 

PA6GF containing CB levels of 0.2, 0.1 and 0.05 wt.% respectively.  Both sets of figures show 

similar trends to those seen with PC. 

It should be noted that the maximum apparent shear strengths of both PA6 and PA6GF for 

no gap weld are about 55 MPa.  This corresponds to approximately 64% of the tensile strength 

(86 MPa) of unreinforced PA6.  This suggests that, under these ideal welding conditions, the weld 

strength has attained the maximum shear strength of PA6 matrix [77], which is consistent to the 

welding result of PC.  For PA6GF, this strength probably represents the maximum achievable. 

Furthermore, the power at which the maximum gap bridging is observed is approximately 

that at which degradation of the absorbent material occurred ( dP ) in the non-contact test.  The 

maximum weld strength was also obtained around dP  at a zero gap.  This trend was observed for 

all materials and all CB levels.  Again, this would suggest that, relative to dP , a lower power 

creates less thermal expansion for gap bridging.  Too high a power results in degradation and thus 

weakens the joint strength.  Thus, the dP  found in the non-contact method can help locate the 

near-optimum laser power-speed parameters for high strength welding and gap bridging. 
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Figure 4-27 Weld shear strength as a function of laser power and gap thickness for PA6 (0.1 

wt.% CB, 25 mm/s, error bars represent one standard deviation) 

 
Figure 4-28 Weld shear strength as a function of laser power and gap thickness for PA6 

(0.05 wt.% CB, 25 mm/s, error bars represent one standard deviation) 
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Figure 4-29 Weld shear strength as a function of laser power and gap thickness for PA6 

(0.025 wt.% CB, 25 mm/s, error bars represent one standard deviation) 

 
Figure 4-30 Weld shear strength as a function of laser power and gap thickness for PA6GF 

(0.2 wt.% CB, 25 mm/s, error bars represent one standard deviation) 
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Figure 4-31 Weld shear strength as a function of laser power and gap thickness for PA6GF 

(0.1 wt.% CB, 25 mm/s, error bars represent one standard deviation) 

 
Figure 4-32 Weld shear strength as a function of laser power and gap thickness for PA6GF 

(0.05 wt.% CB, 25 mm/s, error bars represent one standard deviation) 
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Maximum Bridgeable Gap 

Given that the major thrust of this research project is to examine gap bridging, it is useful to 

examine the strength vs. gap thickness data in more detail.  Presenting the strength data in a 

different way than that in Figure 4-24, Figure 4-33 shows the weld strength as a function of gap 

thickness for different laser powers for PC containing 0.05 wt.% CB at a speed of 25 mm/s.  It can 

be seen from this figure that a laser scan power of 12 W can both yield a high strength weld in the 

absence of a gap and can bridge a gap of 0.2 mm.  A 14 W power can bridge a little larger gap but 

at the risk of degradation as what happened for 17 and 20 W weld.  So, it is considered that the 

maximum bridgeable gap for PC with 0.05 wt.% CB is 0.2 mm for the experimental setup shown 

in Figure 4-4.  The laser power required for this is 12 W for the scan speed of 25 mm/s. 

 
Figure 4-33 Weld shear strength as a function of gap thickness for a series of welding 

powers for PC (0.05 wt.% CB, 25 mm/s) 

The same analysis can be performed to identify the maximum bridgeable gap and the 

accompanying laser power for the other materials.  Figure 4-34, Figure 4-35 and Figure 4-36 

show the weld strength as a function of gap thickness for the power and a speed of 25 mm/s at 

which the maximum gap bridging was obtained for PC, PA6 and PA6GF for three CB contents.  
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These three figures show that a lower CB level together with a high laser power allows larger 

gaps to be bridged.  A lower CB level allows a higher laser power to penetrate into a larger 

volume of polymer and thus causes a larger thermal expansion for the same average temperature.   

It should be noted for PC that, in order to obtain a stable welding process industrially, a CB 

level of 0.05 wt.%, not 0.025 wt.%, is recommended. This would allow a gap of 0.2 mm to be 

bridged.   
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Figure 4-34 CB level related maximum bridgeable gaps for PC (speed 25 mm/s) 
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Figure 4-35 CB level related maximum bridgeable gaps for PA6 (25 mm/s) 
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Figure 4-36 CB level related maximum bridgeable gaps for PA6GF (25 mm/s) 

4.4.2 Effect of Laser Scan Speed 

The influence of gap thickness and laser scan speed on weld shear strength has been 

measured for PC with 0.05 wt.% CB, PA6 with 0.1 wt.% CB, and PA6GF with 0.2 wt.% CB 

under fixed laser scan line energies of 0.48 J/mm, 1.76 and 1.60 J/mm respectively.  These fixed 

line energies correspond to the value at which degradation of the absorbent material occurred for 

a 25 mm/s laser scan during the non-contact test.   

Ideally a lower CB level would have been used for PA6 and PA6GF.  However, the 

maximum laser power (160 W) would have limited the maximum laser scan speed at this constant 

line energy.  Higher CB levels reduce the required power as discussed earlier.   

Figure 4-37, Figure 4-38, and Figure 4-39 show the apparent shear strength as a function of 

gap for a range of speeds for PC, PA6 and PA6GF respectively.   It can be seen that, for contact 

case (0 gap) the weld strength is independent of scan speed for each of the three materials.  As the 

gap is increased, one starts to see an effect of speed particularly for PA6 and PA6GF – higher 

speeds show slightly lower strength at any given gap value.  This is most likely the result of 

degradation of the absorbent part caused by a high temperature at the weld.  Higher scan speeds 
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reduce heating time.  So there will be less heat loss by conduction but more thermal energy 

causing a temperature rise in the polymer.  The speed influence is more significant because of the 

widened laser beam at the weld interface for light scattering polymers – PA6 and PA6GF.  This 

speed effect on the weld interface temperature is also reflected in Figure 4-13 and Figure 4-14: the 

line energy for degradation to happen drops a little with the laser scan speed.  FE simulation 

results presented in Chapter 7 will help to better understand this phenomenon. 
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Figure 4-37 Gap thickness and laser scan speed influence on weld strength of PC (0.05 wt.% 

CB, line energy 0.48 J/mm, error bars represent one standard deviation) 



 

65 

  
Figure 4-38 Gap thickness and laser scan speed influence on weld strength of PA6 (0.1 wt.% 

CB, line energy 1.76 J/mm, error bars represent one standard deviation) 

 
Figure 4-39 Gap thickness and laser scan speed influence on weld strength of PA6GF (0.2 

wt.% CB, line energy 1.60 J/mm, error bars represent one standard deviation) 
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4.4.3 Weld Microstructure Analysis for PC 

It is useful to examine the microstructure of the fracture surface and weld cross-sections in 

order to better understand the welding phenomena.  Figure 4-40 shows weld fracture surfaces of 

PC (0.05 wt.% CB) after pull testing.  These welds were made at 25 mm/s for a range of powers 

and gap sizes.   

At low powers of 12-14 W and assemblies without any gaps in Figure 4-40 (b) and (c), the 

fracture surface is relatively uniform.  Towards the ends of laser scan (right side of the welds in 

the figure), there are some small voids as thermal expansion caused flow of the liquid polymer out 

of the weld region.  At a power of 17 W with no gap in Figure 4-40 (d), there are more and larger 

voids.  These voids were the combined results of thermal expansion and degradation-gas pressure 

causing material flow. 

At a power of 12 W and with a 0.1 mm gap in Figure 4-40 (e), there are a considerable 

number of voids visible on the fracture surface.  The introduction of a gap appears to further 

aggravate void creation.  For this condition, the measured Pd is 12 W.  The voids in the fracture of 

0.1 mm gap weld after 12 W laser scan may be the combined results of thermal shrinkage and 

degradation of the softened material after welding. 

Figure 4-41 shows PC weld cross-sections made (a) at a power of 12 W without a gap, (b) 

at the same power but with a 0.1 mm gap, and (c) at a power of 17 W with a 0.1 mm gap.  No 

voids are present for the low power/no gap condition.  The large size of the voids (b) for the 0.1 

mm gap suggests that they were mainly due to polymer thermal shrinkage.  The voids formed as 

the polymer started to cool from the outside.  It is also possible that the polymer degradation may 

already have started to contribute to the voids as well.  In contrast, the scattered voids in (c) are 

clearly the results of both degradation and thermal shrinkage as the voids were generated 

simultaneously in the centre area of the weld.  All of these voids will reduce the weld strength. 
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Figure 4-40 Weld fractures of laser-absorbent PC parts after pull test (0.05 wt.% CB, speed 

25 mm/s) 

 
Figure 4-41 Cross-section views of the PC welds under microscope for different power and 

gap settings; Top material is laser-transparent and bottom material is laser-absorbent. (0.05 
wt.% CB, speed 25 mm/s) 

4.4.4 Weld Microstructure Analysis for PA6  

Figure 4-42 to Figure 4-44 show the weld fracture surfaces after pull testing of PA6 

containing 0.025 wt.% CB.  The welds were made at a scan speed of 25 mm/s for a range of laser 

powers and gap sizes.  The measured dP  in the non-contact test was 110 W for the same 

conditions.  Figure 4-45 shows the cross-sections of the welds prepared with the same material 

(c) Power: 17 W, Gap: 0.1 mm 

1 mm 

Voids because of thermal 
shrinkage in the gap 

Voids because of degradation and 
thermal shrinkage in the gap  

(b) Power: 12 W, Gap: 0.1 mm (a) Power: 12 W, Gap: 0 mm 

(d) 
Power: 17 W 
Gap: 0 mm 

(c) 
Power: 14 W 
Gap: 0 mm 

(b) 
Power: 12 W 
Gap: 0 mm 

(a) 
Power: 9 W 
Gap: 0 mm 

(e) 
Power: 12 W 
Gap: 0.1 mm 

Laser scan direction 

void 



 

68 

and process parameters.  The heat affected zone (HAZ) can also be seen in these cross-section 

images.   

The effects of power and gap size on melt flow and voids generation follow trends similar 

to those observed in the microstructural analysis for PC in 4.4.3.  Figure 4-42 (a) and Figure 4-43 

(a) show that, for welding with no gap, both 77 and 92 W laser obtained a good strength weld.  

However, for welding with 0.2 mm gap, Figure 4-42 (c) shows that the 77 W laser obtained only a 

few contact spots in the weld, much less than the joint area shown in Figure 4-43 (c) obtained by 

the increased 92 W laser.  Furthermore, the weld fracture shown in Figure 4-44 (e) shows that a 

0.4 mm gap was bridged for a 110 W laser scan.  All of these indicate that the bridgeable gap 

increases with the laser scan power.   

The weld fracture surface in Figure 4-44 (a) for a weld without a gap shows that the high 

power created voids after volume shrinkage as well as possible degradation.  These voids reduce 

weld strength.  The melt that flowed out of the weld at the left end in Figure 4-44 (a) could not 

flow back to its original position in the weld during cooling.  The weld strength dropped from 57 

to 51 MPa as the power rose from 92 to 110 W indicated in Figure 4-29 for 0.025 wt. % PA6 is 

the result of this melt flow and shrinkage.  

 

Figure 4-42 Weld fractures of laser-absorbent PA6 parts after pull test (0.025 wt.% CB, 
power 77 W, speed 25 mm/s) 
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Figure 4-43 Weld fractures of laser-absorbent PA6 parts after pull test (0.025 wt.% CB, 

power 92 W, speed 25 mm/s) 

 
Figure 4-44 Weld fractures of laser-absorbent PA6 parts after pull test (0.025 wt.% CB, 

power 110 W, speed 25 mm/s) 
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semi-crystalline structure different than the bulk material.  This resulted in a different optical 

appearance between the HAZ and surrounding area when observed under polarized light.  This 

HAZ will serve as a temperature indicator for weld thermal analysis. 

Comparing Figure 4-45 (a) and (b) it can be seen that a 110 W laser created a large void in 

the weld.  The fracture surface in Figure 4-44 (a) also suggests that there were many voids in the 

weld.  It may be the combined result of the thermal expansion-shrinkage and the degradation gas 

that created these voids.  For welds with no gap in Figure 4-45 (b), the void is below the weld 

interface because the cold laser-transparent material conducted away some heat from the top 

surface of the laser-absorbent part and thus reduced the local material’s temperature rise.  

 
Figure 4-45 Cross-section views of the PA6 welds under microscope for different power and 

gap settings; Top material is laser-transparent and bottom material is laser-absorbent. 
(0.025 wt.% CB, speed 25 mm/s) 
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Figure 4-46 shows cross sectional views of welds that show the influence of CB levels, 

laser powers, and scan speeds on weld structure of PA6.  It can be seen from images (a) and (b) in 

this figure that, for a laser scan speed of 25 mm/s, a power of 92 W caused damage to the weld 

interface for PA6 with 0.1 wt.% CB but a power of 44 W did not.  This result agrees with the 

strength test results that too high a laser power reduces shear strength of the weld.  Comparing 

images (b) and (d) one can see that, when welding PA6 containing 0.025 wt.% CB at a speed of 

25 mm/s and a power of 92 W, the laser did not cause any weld damage.  It created a much deeper 

melt pool in the weld compared to a similar scan for PA6 with 0.1 wt.% CB.  This observation 

confirms that a lower CB content in laser-absorbent part allows more energy to be absorbed in a 

larger volume of polymer.  This can result in more thermal expansion and better gap bridging.  

The images (a) and (c) in Figure 4-46 indicate that, for the same material and line energy, higher 

laser scan speed may cause weld damage because of elevated temperature by the increased 

heating rate.  Similar conclusions have also been drawn from the FEM simulations of contour 

LTW for gap bridging (Section 7.2.2). 
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Figure 4-46 Cross section views of the PA6 welds with no gap and different powers, speeds, 
and CB levels; Top material is laser-transparent and bottom material is laser-absorbent. 

4.4.5 Weld Microstructure Analysis for PA6GF  

Figure 4-47 and Figure 4-48 show the effect of laser powers and gap sizes on weld fracture 
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wt.% CB.  The degradation power dP  is 80 W for this CB level material at a scan speed of 25 
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the weld in Figure 4-47 (f) is the decomposed material blown out by the degradation gas.  It can 

be seen from this figure that, because of strong light scattering in the laser-transparent parts, the 

weld width for contact (0 gap) conditions increased significantly with higher laser power.  

However, the damaged area in the centre of the weld also increases with power.  This result 

explains why the maximum force at break in Figure 4-17 increases with laser power, but the shear 

strength in Figure 4-32 drops at the too high power.  To maximize weld strength for a given weld 

width, an evenly distributed light intensity in the weld interface should be applied to heat up the 

weld interface to a same high temperature.   

Figure 4-48 shows the fracture surfaces of specimens welded at a fixed 68 W power (< dP  

of 80 W) and a gap range of 0 to 0.2 mm.  It is seen in Figure 4-48 (a) and (b) that, for small gaps 

(0-0.05 mm), no black-absorbent material is visible on the fracture surfaces of the laser-

transparent parts.  However, the black materials can be found in Figure 4-48 (c), (d) and (e) for 

the weld gaps of 0.1 mm and above.  It may be the voids in the weld that prevented these black 

materials from adhering to the bottom laser-absorbent parts.  This resulted in a failure within the 

weld that caused some of the black material to stick to the top laser-transparent parts.  It can also 

be seen in this figure that the weld width dropped with an increase in gap thickness, which is in 

agreement with the measured weld widths shown in Figure 4-20.  However, this trend was not 

visible for PC and PA6 as shown in the plots in Figure 4-21 and Figure 4-22.  One possible reason 

is that the strongly scattered and also smoothed laser beam profile at the weld interface for 

PA6GF heats up a wider area across the weldline with a reduced temperature gradient.  This 

reduced temperature gradient creates a flatter thermal expansion across the weldline (Figure 4-49 

(a)) than that (Figure 4-49 (b)) for PC and PA6.  The weld width becomes more sensitive to the 

gap thickness for this flatter thermal expansion profile.  Another reason may be the glass fibres in 

PA6GF that prevent melt flow transeversely to fill the gaps but this flow can happen for the 

unreinforced material – PC and PA6 as shown in Figure 4-45 (c) and (d). 
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Figure 4-47 Laser power influence on weld fracture of the laser-transparent parts after pull 

test for PA6GF with no gap (0.05 wt.% CB, speed 25 mm/s) 
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Figure 4-48 Effect of gap size on weld fracture of the laser-transparent parts after pull test 

for PA6GF (0.05 wt.% CB, power 68 W, speed 25 mm/s) 

 
Figure 4-49 Effects of flat (a) and sharp (b) thermal expansions on weld width as a function 

of gap thickness 
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Figure 4-50 shows the cross-sectional views of PA6GF welds containing 0.05 wt.% CB 

made at a speed 25 mm/s for two power and gap levels.  The quality of these images is not as 

good as those in Figure 4-45 for PA6 because of glass fibres.  Even so, it still can be seen that 

voids in the welds existed at high power (140 W) or/and at gaps of 0.1 mm.  These trends are 

similar to those observed for PC and PA6 as discussed in Section 4.4.3 and 4.4.4. 

 

 

Figure 4-50 Cross section views of the PA6GF welds for different powers and gap settings; 
Top material is laser-transparent and bottom material is laser-absorbent. (0.05 wt.% CB, 

speed 25 mm/s)  
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4.5 Conclusions on Experimental Welding Investigation 

An experimental study on gap bridging in contour LTW of PC, PA6 and PA6GF indicated 

that: 

• For any given laser scan speed , too low a laser power cannot generate enough heat to 

cause a sufficient temperature rise at the weld interface for diffusion bonding.  Too high a power 

will cause degradation of the polymer at the weld and reduce the joint strength.  A higher laser 

power is required for welding light-scattering polymers PA6 and PA6GF because of the reduced 

transmittance and the widened laser beam profile at the weld interface.   

• The weld width increases with laser power more significantly for light-scattering 

polymers.  Voids can be found in the weld for high power laser welding and the weld with gaps.  

These voids are caused by polymer thermal expansion or/and degradation and can reduce the weld 

strength. 

• Lower CB content and higher laser energy heat up a larger volume of polymer at the 

weld and thus create more volume thermal expansion for gap bridging.  For any given laser speed, 

surface damage of the laser-transparent part limits maximum laser power that can be delivered 

into the weld interface.  Weld interface damage also limits the power that can be applied to further 

improve gap bridging. 

• A non-contact method can be used to search for the powers causing surface damage of 

the laser-transparent parts ( sP ) and interface damage of the laser-absorbent parts ( dP ).  dP  was 

observed to be a good estimation of the power to obtain a maximum bridgeable gap over the 

range of conditions tested in this research. 

• The maximum gaps bridged in the experiment at a laser scan speed of 25 mm/s were 0.2, 

0.4 and 0.25 mm for PC with 0.05 wt.% CB, PA6 with 0.025 wt.% CB, and PA6GF with 0.05 

wt.% CB respectively.  The crystalline phase in semi-crystalline polymers expands more than the 

amorphous phase when melted and allows PA6 to bridge a wider gap than the other two materials.  
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• A higher laser scan speed reduces heat loss during the shorter laser irradiation period 

and thus causes an increase of the weld interface temperature.  At high laser scan speed, a little 

lower laser line energy can be applied to obtain the same quality weld.  PA6 and PA6GF are light 

scattering polymers and are more sensitive to laser scan speed because of the widened laser beam 

at the weld interface. 

• The overlap shear strength test method with the weld line along the pull test direction 

can be used to evaluate the weld quality even if the gap exists at the weld interface. 
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Chapter 5 

Materials Properties for Finite Element Modeling of Contour LTW 

Polymer thermal properties such as thermal conductivity are needed for heat transfer 

simulation.  In addition to thermal properties, mechanical properties such as stress-strain curves 

are also required in the thermal-mechanical coupled gap bridging analysis.  The laser beam power 

profile and polymer optical properties such as laser absorption coefficient are necessary laser 

parameters.  The thermal properties of PC, PA6 and PA6GF are introduced in Section 5.1.  

Polymer mechanical properties are described in Section 5.2.  The optical properties of the 

materials are outlined in Section 5.3.  The transmission and absorption of laser beam in scattering 

polymers are described in Section 5.4.  The laser heat source used in the model for the given laser 

beam profile is outlined in Section 5.5.  Finally, polymer optical, thermal and mechanical 

properties for modeling are summarized in Section 5.6. 

5.1 Polymer Thermal Properties 

Polymer thermal properties are described here including thermal conductivity 

(Section 5.1.1), heat capacity (Section 5.1.2), thermal expansion coefficient (Section 5.1.3), 

density (Section 5.1.4) and polymer degradation temperature (Section 5.1.5) et al.  

5.1.1 Thermal Conductivities 

PC:  Thermal conductivities of PC were measured over the temperature range of 24~103 °C 

using thermal conductivity instrument UNITHERM™ Model 2022 (Anter Corporation) at RMC 

(Figure C-1 and Table C-1).  The measurement accuracy is given as ± (3-8) % [81].  The test 

method followed ASTM E1530.  The thermal conductivities close to and above the softening 

point were not measured but were taken from literature information [82].  Based on the above 
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information, an average value of 0.228 W/(m K) was used for FE analysis of solid PC in the range 

of 23~145 °C.  A value of 0.173 W/(m K) was used for temperatures above 145 °C.   

PA6 and PA6GF:  Similar to PC, the thermal conductivities of solid PA6 and solid PA6GF 

were also measured over the temperature range of 102~181 °C using UNITHERM™ Model 2022 

(Figure C-1 and Table C-2).  Experimental values of 0.251 and 0.308 W/(m K) were used for FE 

analysis of solid PA6 and solid PA6GF in the range of23~225 °C.  The literature values of 0.135 

and 0.239 W/(m K) were used for molten PA6 and PA6GF [77]. 

5.1.2 Heat Capacities 

Heat capacity of polymers can be calculated based on the differential scanning calorimetry 

(DSC) measurement.  In this thesis, the DSC measurements for PC, PA6 and PA6GF were 

conducted using DSC Q100v9.6 Build 290 (TA Instruments) located at the Royal Military 

College (RMC).  A heating rate of 20 ºC/min was used.  

For any given heating rate, the temperature-dependent heat capacity of PC, c , can be 

calculated using equation 

 
rateheating

flowheatc =  Equation 5-1 

PC:  The heat capacity of PC is described by Equation 5-2.  It is based on the DSC data 

presented in Figure C-2.  The temperature range used in the measurement was -17~384 °C at a 

heating rate of 20 ºC/min.  
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147))/((77.11538
147138))/((3.322955

138))/((48.31019
 Equation 5-2 

where T is the polymer temperature, ºC. 

Equation 5-2 has been used to describe the heat capacity of PC in FE analysis.  Because of the 

risk of thermal degradation, the DSC measurement could only go up to about 400 ºC.  For the 
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simulation, the c  used in the modeling was extrapolated linearly beyond 400 °C using Equation 

5-2.  Figure 5-1 is a graphical representation of Equation 5-2.  For reference, the heat capacities 

from the literature for PC are 1200 J/(kg K) [83] at ambient temperature, and 1700 J/(kg K) above 

softening point [82].  The literatrue data agrees with the measured values shown in Figure 5-1.   

  
Figure 5-1 Heat capacity – temperature relationship for PC 

PA6 and PA6GF:  Similar to PC, the DSC was used for PA6 and PA6GF to measure the 

heat capacity in the temperature range of -18~350 °C at a heating rate of 20 ºC/min (Figure C-3 

and Figure C-4).  Figure 5-2 and Figure 5-3 show the calculated heat capacities as a function of 

temperature based on these DSC data.    

During initial trials with the FE software, it was found that the heat capacities described 

according to the original curves in Figure 5-2 and Figure 5-3 change too rapidly with temperature 

near the melt point.  This made the FE software hard to converge.  Therefore, the “smoothed” heat 

capacities drawn in Figure 5-2 and Figure 5-3 were applied instead.  The smoothed curves have 

the same latent heat area as the original ones around the melt temperature but the melting 

temperature ranges have been doubled.  These smoothed heat capacity-temperature relationships 

are shown in Equation 5-3 and Equation 5-4 for the simulation: 
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For PA6 : 
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 Equation 5-3 

For PA6GF : 

 

⎪
⎪
⎩

⎪
⎪
⎨

⎧

°>+
°≤<°−
°≤<°+−

°≤+

=

CTforKkgJT
CTCforKkgJT
CTCforKkgJT

CTforKkgJT

c

4.230))/((614.11566
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 Equation 5-4 

here T is the polymer temperature, ºC. 

Because of the risk of degradation, the DSC measurements could only go up to about 350 ºC.  

For the simulation, c used in the modeling was extrapolated linearly beyond 350 °C 

using Equation 5-3 and Equation 5-4.  For reference, the heat capacities from literature [77] for 

PA6 and PA6GF are 2870 and 2250 J/(kg K) respectively for above their melt point.   
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Figure 5-2 Estimated heat capacity as a function of temperature for PA6 
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Figure 5-3 Estimated heat capacity as a function of temperature for PA6GF 

5.1.3 Thermal Expansion Coefficients 

The relationship between the linear thermal expansion coefficient of polymers and 

temperature is given by Equation 5-5.  It is based on the volume change: 

 
12112

12

)(3 TTVTT
VV th

−
=

−
−

=
εα  Equation 5-5 

where α  is the linear thermal expansion coefficient of polymer, 1/K; 1T  and 2T  are the 

temperature start- and end- points; 1V  and 2V  are material volumes at the two given temperature 

points 1T , 2T ;  thε  is the thermal strain caused by temperature increment from 1T  to 2T . 

In Equation 5-5, α  is a function of not only the change in volume and temperature, but also 

the initial volume 1V .  In other words, α  is a function of start-temperature 1T .   

PC:  Using Equation 5-5, the temperature-dependent linear thermal expansion coefficient of 

PC can be calculated based on the pvT curves from the literature (Figure C-5, [82]).  For an initial 

temperature of 23 °C, we have 
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  Equation 5-6 

Equation 5-6 was used for the FE modeling. 

PA6 and PA6GF:  The temperature-dependent linear thermal expansion coefficients of 

PA6 and PA6GF can be calculated based on literature pvT curves (Figure C-6, Figure C-7 [77]).  

In this FE modeling, the thermal expansion coefficients were considered to be constant below the 

melting temperature for both PA6 and PA6GF. 

The thermal expansion coefficients α  of PA6 and PA6GF for an initial temperature of 23 °C 

are: 

For PA6: 
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Equation 5-7 

For PA6GF: 
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Equation 5-8 

Equation 5-7 and Equation 5-8 were used in the FE modeling. 

5.1.4 Densities 

Introducing the relationship that the specific volume is an inverse of density, ρ/1=V , 

into Equation 5-5, we have 
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)(31 ref

ref

TT −+
=

α
ρ

ρ  Equation 5-9 

where ρ  is density, kg/m3.  T  and refT  are the temperature and the reference temperature 

respectively, °C.  refρ  is the polymer density at the reference temperature, kg/m3.  α  is the 

linear thermal expansion coefficient of polymer, and is a function of T  and refT , 1/K. 

PC:  Based on the measured pvT curves (Figure C-5) [82] as well as the reference point of 

refρ  = 1200 kg/m3 at refT  = 23 ºC [76] under 0.1 MPa of atmospheric pressure, we have: 
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where T  is the polymer temperature, °C. 

Equation 5-10 has been used for temperature-dependent density calculation of PC in the FE 

analysis.  Figure 5-4 shows the density–temperature relationship for PC from Equation 5-10.  It 

can be seen from Figure 5-4 that, in the FE model, the density of PC above 320 °C (the highest 

temperature in the experimental pvT measurement) was obtained by linearly extrapolating the 

fitted density model. 

PA6 and PA6GF:  The temperature-dependent densities of PA6 and PA6GF are also 

calculated based on the measured pvT curves (Figure C-6, Figure C-7) [77].  Given PA6’s specific 

volume of 0.89E-3 m3/kg at 50 ºC and PA6GF’s 0.71E-3 m3/kg at 50 ºC under the 0.1 MPa of 

atmospheric pressure,  the densities ρ of PA6 and PA6GF can be calculated as: 

For PA6: 
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For PA6GF: 
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Equation 5-11 and Equation 5-12 have been used for the temperature-related density 

calculation of PA6 and PA6GF in the FE analysis.  Figure 5-4 shows the density–temperature 

relationships of PA6 and PA6GF from Equation 5-11 and Equation 5-12.  Similar to the PC 

density model, the densities of PA6 and PA6GF above 280 °C were obtained by linear 

extrapolation. 
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Figure 5-4 Density–temperature relationships for PC, PA6 and PA6GF 

5.1.5 Degradation Temperatures from TGA Test 

Thermal Gravimetric Analysis (TGA) was performed on PC, PA6 and PA6 in order to 

determine the temperature at which material vaporization takes place.  Although this is not used 

directly in the model, it will be used to validate thermal model results.  In this test the specimen 
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was heated from 0 to 800-900 °C at a heating rate of 10 °C/min for all materials.  The temperature 

at which significant weight loss occured was noted. 

PC:  The TGA test results of PC (Figure C-8, [ 84 ]) indicated that its degradation 

temperature in an inert N2 environment is around 500~550 ºC.  The same degradation point was 

also obtained for PC purged with air.  For high speed contour welding of PC, the real degradation 

point would be expected to be higher than the value measured by TGA because of the very short 

heating period (about 0.02 s for the laser head Rofin-Sinar DLx16 and a laser scan speed of 25 

mm/s). 

PA6 and PA6GF:  The TGA test results of PA6 (Figure C-9, [84]) indicated that the 

degradation temperature of PA6 purged with N2 is around 400~480 ºC.  The same degradation 

point was also obtained for PA6 purged with air.  The same degradation temperature was 

observed for PA6GF.   

5.2 Polymer Mechanical Properties 

In addition to thermal properties, polymer mechanical properties are needed in modeling the 

thermal–mechanical coupled welding process.  The mechanical properties are temperature-

dependent stress–strain relations of PC (Section 5.2.1), PA6 and PA6GF (Section 5.2.2).   

In this FEM analysis, given that the polymers are mainly under hydrostatic pressure and 

high temperature during welding, the Von-Mises yield criterion was used for PC, PA6 and 

PA6GF [16].  The material properties are considered isotropic.  The deformation-hardening rule 

used here is an elastic-perfectly plastic model based on uniaxial tensile testing.  The influence of 

hydrostatic pressure on yield stresses is ignored. 

A solid deformation with a very low yield stress was introduced in the model to describe 

softening/melt flow of polymers at temperature ranges above the softening point of PC or the melt 

point of PA6 and PA6GF.  In this simplified mechanical model, the influence of strain rate on the 



 

88 

polymer deformation, which may reflect the effect of viscosity of the melt polymer, was not 

considered. 

5.2.1 Stress – Strain Relation of PC 

The tensile stress-strain curves for PC are shown in Figure 5-5 for a range of temperatures 

(solid curves) [76].  This data have been used as a reference to describe the elastic-plastic 

properties of PC.  An elastic-perfectly plastic model (dashed lines in Figure 5-5) was used to 

describe the mechanical behavior of PC below its glass transmission temperature ( gT ) of 145 ºC.  

gT  is also called softening temperature.  A constant elastic modulus of 1840 MPa was applied for 

the entire temperature range in order to simplify the model.  For each temperature, the yield stress 

was estimated from the horizontal section of the experimental stress-strain curve.  The yield stress 

as a function of temperature is shown in Figure 5-6.   

 
Figure 5-5 Isothermal stress-strain curves for PC used in the FE model 

≥ 145 ºC (σs is given as 1/20 of its 
value at 23 ºC) 

E = 1840 MPa 
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Figure 5-6 Temperature-dependent yield stress of PC used in the FE model  

For temperatures above the gT , there is no stress-strain data available.  For the purposes of 

solid-phase modeling, a constant yield stress of only 1/20 of the yield stress at room temperature 

(23 °C) was selected here (Figure 5-6).  For the temperature range of gTT > , a sensitivity 

analysis was conducted in order to determine the influence of yield stress on the maximum 

temperature rise and thermal expansion at weld interface.  The analysis indicated that a yield 

stress of 1/20 of the yield stress at room temperature is low enough to obtain stable temperature 

and deformation fields in the simulation (see Appendix G Figure G-5). 

5.2.2 Stress-strain relations of PA6 and PA6GF 

The mechanical properties of PA6 and PA6GF are temperature dependent.  The literature 

[87] indicates that the gT  of PA6 is 60 ºC and its crystalline melting point is 220 ºC.  However, in 

terms of mechanical properties, the dynamic shear modulus-temperature plot [77] (Figure 

C-10, Figure C-11) shows that the modulus changes over a temperature range from 45 to 82 ºC.  

The melting point is also found to be a region from 205 to 230 ºC according to the measured DSC 

curves (Figure C-3, Figure C-4).  So, there exist two transition regions (45-82 ºC and 205-230 ºC) 
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for the mechanical properties.  Certain approximations or simplifications have been applied here 

to describe the mechanical properties over this very large temperature interval. 

Figure 5-7 and Figure 5-8 show the typical tensile stress-strain curves for PA6 and PA6GF 

respectively as a function of temperature (solid curves) [77].  To simplify the FE analysis, the 

elastic-perfectly plastic curves indicated as dashed lines in these two figures have been used to 

describe the mechanical behavior of PA6 and PA6GF.   

 

Figure 5-7 Isothermal stress-strain curves for PA6 used in the FE model  

For PA6 in Figure 5-7, the drop in stress at yielding (strain-softening) at 23 ºC was ignored 

as the deformation in the low temperature region is very limited in the heating stage of LTW 
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Eg- = 1670 MPa 

Eg+ = 310 MPa 

1.73 MPa 
above 200ºC 

Note: −g
E  and +g

E  are the linear elastic moduli for temperatures below and 

above the glass transition temperature respectively. 



 

91 

process.  In Figure 5-7 and Figure 5-8, it was assumed that the purely elastic-portion of the stress-

strain relationship was identical for all temperatures above gT .  In this temperature interval, the 

purely elastic deformation occupies only a very small segment of the whole elastic-plastic 

deformation and most likely would have little influence on the large plastic deformations in LTW 

where high temperature plastic deformation and polymer melt flow dominate.  To simplify the FE 

simulations, the elastic-perfectly plastic models assumed yield stress of 1.73 MPa for PA6 and 

5.0 MPa for PA6GF for temperature above the melting point.  These two yield stresses are 1/20 of 

the values at a temperature of 82 ºC. 

 

 
Figure 5-8 Isothermal stress-strain curves for PA6GF used in the FE model  
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and above the glass transition temperature respectively. 
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Figure 5-9 shows the Young’s moduli as a function of temperature used in the elastic-

perfectly plastic model for PA6 and PA6GF.  A different temperature-independent elastic 

modulus was applied below and above the glass transition temperature.  The values of the elastic 

modulus came from the data in Figure 5-7 and Figure 5-8.  A linear interpolation was applied here 

for the glass transition region.  Because a very low yield stress was assumed to occur above the 

melting temperature, the value of elastic moduli of PA6 and PA6GF at this high temperature 

region is not critical for the FEM simulation.  It was therefore assigned the same value as that 

between the glass transition and the melting temperatures (Figure 5-9). 
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Figure 5-9 Temperature-dependent Young’s moduli of PA6 and PA6GF in the simplified 

elastic-perfectly plastic models 

Figure 5-10 shows the yield stress as a function of temperature used in the elastic-perfect 

plastic models for PA6 and PA6GF.  A constant yield stress value was used at temperature 

regions below the glass transition temperature and above the melting point.  Linear relations were 

applied here for the temperature region between the glass transition and the melting points.  The 

yield stress values shown in Figure 5-7 and Figure 5-8 worked as the control points in Figure 
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5-10.  Linear interpolation was used to draw curves for the glass transition and melt transition 

regions. 

 

Figure 5-10 Temperature-dependent yield stresses of PA6 and PA6GF in the simplified 
elastic-perfectly plastic models 

5.3 Polymer Optical Properties 

Chapter 2 presented background related to polymer optical properties such as total 

reflectance TR , total transmittance TT , surface reflectance η , laser absorption coefficient A , and 

laser extinction coefficient K .  These parameters are used to describe laser energy transmission 

and absorption in polymers.  In addition, the apparent laser absorption coefficient 1A  is an optical 

property introduced in this chapter.  It is used to describe laser energy transmission in scattering 

polymers.   
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The following sections in this chapter will explain the definition of 1A  (Section 5.3.1), test 

methods (Section 5.3.2), the estimated optical parameters (Section 5.3.3), and the discussion on 

the test methods (Section 5.3.4).   

5.3.1 Modified Bouguer-Lambert Law and Apparent Laser 

Absorption Coefficient for Light-scattering Polymers 

As explained in Sections 2.3, the laser power intensity distribution in non-scattering or 

single-scattering polymers has been described by the Bouguer-Lambert law for the part of the 

light travelling directly forward in the polymers.  References [43] and [44] have even applied the 

Bouguer-Lambert law directly for the calculation of laser beam transmission and absorption in 

multi-scattering polymer such as PA6 without considering the disturbance of laser beam 

scattering in the model.   

In this FE model, it was assumed that, in a more general situation, the total energy 

transmission in a non-scattering, single-scattering or even multi-scattering polymer also follows 

the Bouguer-Lambert law, or more precisely, follows the so-called modified Bouguer-Lambert 

law here.  The total energy includes the energy transmitted directly forward and the energy 

transmitted forward after scattering.  The total transmittance TT  can be calculated from (Figure 

5-11) 

 DA
T

in

out
T eR

P
P

T 1)1)(1( −−−== η  Equation 5-13 

where TT  is the polymer total transmittance; outP  is the total laser radiation power output after 

passing through the polymer thickness D .  outP  includes both the ‘direct-forward’ power output 

without scattering and the ‘scattered-forward’ power output after scattering by the polymer; inP  is 

the laser incident power; TR  is the polymer total reflectance from both the top laser entrance 
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surface and the bulk material underneath; η  is the polymer surface reflectance at the bottom laser 

exiting surface; 1A  is the apparent laser absorption coefficient in this modified Bouguer-Lambert 

law; D  is the thickness of laser-transparent part or laser-absorbent part.  

The apparent laser absorption coefficient 1A  in Equation 5-13 represents the ability of a 

material to absorb the light energy from an originally parallel light in a unit penetration depth and 

across the whole section perpendicular to the light’s original entry direction.  In other words, 1A  

accounts for the absorbed light energy travelling both along the light’s original entry direction and 

after scattering.  In contrast, the extinction coefficient )( SAK +=  in Equation 2-3 represents 

the ability of a material to absorb (via A ) and scatter (via S ) the light energy in a unit 

penetration depth for a parallel light travelling along its original entry direction and within the 

original unit irradiation area.   

To simplify the analysis, it is assumed in Equation 5-13 that the light always travels forward 

through the material even after scattering.  It is also assumed that the light energy reflected by the 

bulk material in TR  only happens in a very local volume close to the top entrance surface.   

 
Figure 5-11 Light transmission and absorption in scattering polymer 

From Equation 5-13, 1A  can be expressed as: 
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D
A  Equation 5-14 

The apparent laser absorption coefficient 1A  for polymers was treated as a material-

dependent constant.  For the case of non-scattering polymers ( 0=S ), we have: 

 AA =1  Equation 5-15 

5.3.2 Test Methods 

In order to estimate the surface and total reflectances (η , TR ), the total transmittance ( TT ), 

the total absorbance ( TA ), the absorption coefficient ( A  or 1A ), three test methods are 

introduced here: (a) the reduced-power transmission method, (b) the spectrophotometer method, 

and (c) the direct-scan method.  Both the reduced-power transmission method and the direct-scan 

method were developed during this research.   

Reduced-power Transmission Method: 

In the so-called ‘reduced-power transmission’ method, a laser system usually used for 

regular high-power diode laser welding of polymers may be used as a light source for η and A (or 

1A ) measurement.  By setting the test specimens far away from the laser focal point, a multitude 

of delocalized low power intensity diode laser beams can be obtained on the top surfaces of the 

polymer specimens.  This reduced power intensity prevents burning on the measured specimens.   

The Rofin-Sinar DLx16 HP 160W diode laser used in this study consists of 100 individual 

laser diodes.  By setting the specimen far away from the laser focal point as shown in Figure 5-12, 

only one diode laser beam among the 100 beams was allowed to pass the hole in the metal plate 

and reach the specimen.   

Using the experimental setup shown in Figure 5-12, laser powers before and after passing 

through the specimens can be measured for natural polymers, as well as polymers containing CB.   
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For non-scattering polymers, Equation 5-16 (based on the Bouguer-Lambert law) is used to 

estimate η and A as a function of specimen thickness D :   

 AD
inout ePP −−= 2)1( η  Equation 5-16 

 
Figure 5-12 Setup of reduced-power transmission method for laser absorption coefficient  

where outP  is the measured laser radiation power output after passing through the specimen plate 

of thickness of D , as well as the glass supports in this experiment setup (Figure 5-12); inP  is the 

measured laser incident power in the absence of the specimen plate, with only the glass supports 

present. 

Similarly, for light-scattering polymers, η  and 1A  can be calculated by Equation 5-17 based 

on the modified Bouguer-Lambert law:   

 DA
inTout ePRP 1)1)(1( −−−= η  Equation 5-17 

This reduced-power transmission method can be used to estimate A  and 1A  for both laser-

transparent and laser-absorbent parts by determining the slope of a plot of TTln  as a function of 

thickness.  For the case of a non-scattering material, it can also be used to estimate η  from the 

intercept value.  For light-scattering materials, the intercept value can usually be used to estimate 

the combined value )( η+TR .   
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For polymers containing CB, the specimens have to be very thin so that outP  is high enough 

after passing through this ‘absorbent’ material that it can still be detected by the power meter.  

This method is therefore difficult to use with materials having high values of A  or 1A . 

In this test, an air-cooled thermopile sensor (Coherent® PM10 10 W power sensor) and 

power meter were used to measure the laser power after passing through the test specimen.  The 

laser power meter has a resolution of 1 mW for a full-scale of 300 mW. 

Spectrophotometer Method: 

A spectrophotometer is an instrument used to measure the total reflectance or transmittance 

of the specimen at any given wavelength light by comparing the total input light power with the 

power reflected from or transmitted through the specimen.  Figure 5-13 and Figure 5-14 depict the 

principle of spectrophotometer which detects light energy collected by a fully reflecting sphere 

[85].  The setup in Figure 5-13 can be used to measure the total light power reflected from the 

specimen, refP .  The setup in Figure 5-14 can be used to measure the total light power passing 

through the specimen, outP . 

 

   

 

Figure 5-13 Spectrophotometer measurement of total reflectance TR  of polymer 
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Figure 5-14 Spectrophotometer measurement of total transmittance TT  of polymer 

The total reflectance TR  of light-scattering polymers can be calculated as 

 
in

ref
T P

P
R =  Equation 5-18 

Here, refP  includes the reflected light energy both from the top surface of the specimen and from 

the bulk material underneath.   

The total transmittance of the specimen can be calculated as 

 
in

out
T P

P
T =  Equation 5-19 

For the test conditions shown in Figure 5-13 and Figure 5-14, for a scattering polymer, the 

total absorbance can be calculated as 

 TTT TRA −−= 1  Equation 5-20 

The apparent laser absorption coefficient 1A  can be calculated based on the modified 

Bouguer-Lambert law (Equation 5-16, Equation 5-17) once TT , η , TR  and the specimen 

thickness D  are known.  In this test, a UV-VIS-NIR Cary 500 Spectrophotometer with 

integrating sphere located at RMC was used to perform these tests. 
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Direct-scan Method: 

A so-called direct-scan method has also been developed for the measurement of (apparent) 

laser absorption coefficient A  or 1A  for the laser-absorbent parts (Figure 5-15).   

In this method, a laser beam having evenly distributed 1-D laser beam profile scans over the 

laser-absorbent part at high speed.  For the very short irradiating time, the laser’s electro-magnetic 

energy is considered to be all accumulated in the local irradiated volume of material causing 

polymer temperature rise.  No convective or conductive heat loss occurs within this very short 

heating period.  For example, for a 0.5 mm long laser beam at a scan speed of 150 mm/s, the laser 

irradiation time is only 0.0033 s.  After a series of scans with laser power from low to high, the 

powers causing polymer surface to soften or melt, LmP , can be identified for polymers with 

different CB content.  Here, the surface appearance change (softening/melting) works as a 

temperature indicator.  Considering the energy conservation between the laser energy input and 

the polymer temperature rise on the laser incident surface of the polymer, A  or 1A  can be 

calculated by Equation 5-21 or Equation 5-22. 

 
Figure 5-15 Direct-scan method for measuring (apparent) laser-absorption coefficient  

For non-crystalline polymers: 

 )]([
)1( im

LmT

TTc
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= ρ  Equation 5-21 
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For semi-crystalline polymers: 

 ])([
)1(1 HTTc
PR

WvA im
LmT

Δ+−
−

= ρ  Equation 5-22 

where W  is the laser beam width; v is the laser scan speed; TR  is the total reflectance of laser-

absorbent polymer; LmP  is the CB level-dependent laser scan power causing top surface of the 

laser-absorbent polymer to melt; c , ρ  is the polymer specific heat and density; mT  and iT  are 

the polymer softening/melting temperature and initial temperature respectively; HΔ  is the 

polymer latent heat. 

Equation 5-21 and Equation 5-22 for laser absorption coefficients calculation came 

from Equation 8-9 in Chapter 8.  Equation 5-21 can also be used to calculate 1A  for the light-

scattering polymers without crystalline phase such as a glass fibre reinforced amorphous 

polymers. 

The direct-scan method can only measure A  and 1A  for the laser-absorbent part.  The 

reflectance either η  or TR  as well as the A  and 1A  of the laser-transparent part need to be 

obtained by other methods. 

The test was performed on injection moulded parts described in Section 4.2.  The Rofin-Sinar 

DLx16 diode was used to scan the parts at a speed of 150 mm/s for a series of powers.   

5.3.3 Test Results 

Optical Properties of PC: 

For amorphous polymer PC, since there is very little light scattering, only surface reflectance 

η  and laser-absorption coefficient A  needed to be measured.  The reduced-power transmission 

method was used for the measurement.   

Rewriting Equation 5-16 we get 
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 AD
P
P

T
in

out
T −−== 2)1ln(lnln η  Equation 5-23 

Figure 5-16 shows the measured relations between TTln  and D  for natural PC and PC 

containing CB.  The measured inP , outP  and D  are listed in Appendix D Table D-1 and Table 

D-2.  

 

Figure 5-16 TTln  vs. D  for  PC  (Error bars represent 95% confidence) 

From Figure 5-16, the natural PC (0 wt.% CB) is observed to have an intercept of -0.1677.  

From Equation 5-23 we obtain 08.0=η .  This measured value is slightly higher than the ideal 

reflection value of 0.05 by Equation 2-2.  This may be due to the surface roughness of the 

specimen used in the measurement.  In FE modeling, this η  value of 0.08 was applied to all PC 

parts.   

From Figure 5-16, A  can also be calculated from the slope of the lines.  These results are 

presented in Figure 5-17 and a linear relation between A  and CB content is observed: 
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Figure 5-17 Laser absorption coefficient as a function of carbon black level for PC [19] 

 

 )/1(82 mmCA CB⋅=  Equation 5-24 

where CCB is the CB level in PC, wt.%.  This linear relation agrees very well with the theory 

described by Equation 2-7 [12].  

Optical Properties of PA6 and PA6GF: 

All three methods have been applied to estimate the optical properties of PA6 and PA6GF 

(η , TR , TT , 1A ).  The measured results by the reduced-power transmission method will be 

presented first, then the results from the spectrophotometer and the direct-scan methods will be 

discussed.  The results of all three methods will be compared in Section 5.3.4. 

Measurement by the Reduced-power Transmission Method: 

For light scattering polymers, Equation 5-17 can be rewritten as: 

 
DAR

DART

T

TT

1

1

)1ln(
))1)(1ln((ln

−−−≈
−−−=

η
η

 Equation 5-25 
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Using the reduced-power transmission method, Figure 5-18 and Figure 5-19 show the 

measured relations between TTln  and D  for PA6 and PA6GF respectively.  The measured inP , 

outP  and D  data are listed in Appendix D Table D-3, Table D-4 and Table D-5. 

 

Figure 5-18 TTln  vs. D  for PA6 by the reduced-power transmission method 

 

Figure 5-19 TTln  vs. D  for PA6GF by the reduced-power transmission method 
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Using Equation 5-25, )( η+TR  can be estimated from the intercepts in Figure 5-18 

and Figure 5-19 for natural PA6 and PA6GF respectively.  For natural PA6 

 13.0)142.0exp(1)( =−−=+ηTR  

For natural PA6GF 

 27.0)3108.0exp(1)( =−−=+ηTR  

These combined reflectance values are much higher than the value of the ideal surface 

reflectance of 0.044 according to PA6’s refraction index of 1.53 (Section 2.2 Equation 2-2).  

These measured higher reflectivities may be attributed to higher volume reflectance TR  of nylon.  

Reflection and refraction from interfaces between crystalline and amorphous phases as well as 

polymer and fibre phases below the surface are likely responsible for this. 

Assuming )( η+TR  for natural nylon and nylon containing CB are the same, straight lines 

can be drawn passing through the same intercepts in Figure 5-18 and Figure 5-19 for the different 

CB levels.  Using Equation 5-25, 1A  as a function of CB level can be estimated from the slopes in 

these figures.   

The linear relationship between TTln  and D  in Figure 5-18 and Figure 5-19 indicate that 1A  

is independent of the sample thickness D , which serves to partially validate the modified 

Bouguer-Lambert law for light-scattering polymers. 

Figure 5-20 shows 1A  as a function of CB level for both PA6 and PA6GF.  The linear 

functions in this figure are forced to go through the measured tA1  values for natural polymers.   
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Figure 5-20 1A  vs. CB level for PA6 and PA6GF by reduced-power transmission method 

Measurement by the Spectrophotometer Method: 

Dr. Chuanyang Wang at RMC measured the total reflectance TtR  and the total transmittance 

TtT  of the 3.2 mm thick laser-transparent parts made of PA6 or PA6GF.  The subscript t  denotes 

the laser-transparent part and the subscript a  denotes the laser-absorbent part.  He found TtR  

values of 0.14 for natural PA6 and 0.12 for natural PA6GF.  The measured TtT  is 0.40 for the 3.2 

mm PA6 part, and 0.32 for the 3.2 mm PA6GF part.   

As discussed earlier, because of diffusive reflection from rough surface and volume reflection 

by crystal and glass fibre phases, the two measured TtR  values of 0.14 and 0.12 are much higher 

than the calculated ideal surface reflectance iη  of 0.044 for PA6 and PA6GF 

(Section 2.2 Equation 2-2).  The measured TtR  for PA6 is a little higher than that for PA6GF.  

This result implies that the crystal phase contributes more to the volume reflection of the light 

than the glass fibre phase does.  Another possibility may be that not all of the laser power 

reflected from the volume PA6GF entered  the integrating sphere due to scattering. 
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Using Equation 5-14, the apparent laser absorption coefficients tA1  for laser-transparent parts 

can be calculated as 0.24 1/mm for PA6 and 0.32 1/mm for PA6GF.  The differences with respect 

to the reduced-power transmission method will be discussed in Section 5.3.4. 

Measurement by the Direct-scan Method: 

The direct-scan method can be used to estimate the absorption coefficients of PA6 and 

PA6GF containing CB.  The laser scan powers causing surface melting of the laser-absorbent 

parts with different CB contents were measured.  The results are shown in Figure 5-21 for both 

materials.  The measured laser scan powers for melting are listed in Appendix D Table D-6.   
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Figure 5-21 Laser power causing surface melting as a function of CB level for PA6, PA6GF 

(Scan speed 150 mm/s, error bars came from the power increments in measurement.) 

Figure 5-21 shows that the laser scan powers drop exponentially with CB level.  This trend 

indicates that the laser beam penetration depth reduces very rapidly with the increased CB level.  

More laser energy is absorbed and converted into heat near the top surface of the polymer at high 

CB level polymers and therefore less power is required to melt the surface layer polymer.  At high 

CB levels, surface absorption of laser energy dominates.  That is why the laser powers required 

for melting are almost the same at CB levels above 0.1 wt.%.  This figure also shows that, for the 
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same CB level, a little less laser power is needed to melt PA6GF than PA6.  For the same CB 

level polymers, a relatively higher CB concentration in the nylon matrix for PA6GF may 

contribute to this result.  It may also be due to the lower resin concentration in PA6GF.  

Using Equation 5-22, the laser dimensions ( mmW 1= , Figure 4-3) and material physical 

properties listed in Table 5-1 at CTi °= 23 , it was possible to calculate 1A  as a function of CB 

level.  These results are shown in Figure 5-22.  The measured 1A  for laser-transparent parts by 

the spectrophotometer method are also drawn in this figure for the case of 0 CB. 

Table 5-1 Polymer melt temperature and latent heat 

Material 

Melt temperature Tm,  
ºC  

(Figure C-3,  
Figure C-4) 

ρc  average (23-225 ºC),  
J/(ºC m3)  

(Equation 5-3, Equation 
5-4, Equation 5-12) 

Latent heat HΔ ,  
J/m3  

(Figure C-3,  
Figure C-4) 

PA6 225 2.10×106 51.1×106 

PA6GF 225 2.18×106 42.5×106 

 

When applying Equation 5-22, it is necessary to know TR  beforehand.  Because of energy 

absorption by carbon black particles, volume reflection in laser-absorbent parts was assumed to be 

negligible for both reinforced and unreinforced CB-containing PA6.  In other words, the total 

reflectance TaR  and the surface reflectance aη  should not be different for these CB-containing 

nylon compounds.  It was also assumed that the surface reflectances η  of all nylon compounds 

were the same.  Therefore: 

 taTaR ηη =≈  Equation 5-26 

Here, tη , aη  and TaR  for PA6 and PA6GF were not measured, but the calculated theoretical 

value of 0.04 by Equation 2-2 was applied.   
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Figure 5-22 1A  vs. CB level for PA6 and PA6GF by the direct-scan method 

Figure 5-22 indicates that the measured values of 1A  are linearly dependent on the CB level.  

This result indicates that the CB content in scattering polymers has a similar linear influence on 

the laser energy absorption as it does for amorphous polymers.  Equation 5-27 and Equation 5-28 

are based on these linear relations in the figure.  The linear functions of CBCA ~1  in Equation 

5-27 and Equation 5-28 are forced to go through the measured tA1  values for 0 CB measured 

using spectrophotometer. 

 6)/1(24.00.521 PAformmCA CB +×=  Equation 5-27 

 GFPAformmCA CB 6)/1(32.05.911 +×=  Equation 5-28 

where CBC  is the carbon black level in polymer, wt.%. 

Even for the lowest CBC  value of 0.025 wt.% in the experiment for PA6, from Equation 5-27 we 

have mmA a /154.11 =  which is 6.4 times of mmA t /124.01 = .  So the CB levels used in this 

research significantly increase the absorption of laser energy relative to the natural plastics.   
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5.3.4 Discussion on Test Methods 

The results of the reduced-power transmission, spectrophotometer, and direct-scan methods 

can now be compared.  The test results of surface reflectance and laser absorption coefficient for 

PC shown in Figure 5-16 and Figure 5-17 indicate that the reduced-power transmission method 

can be used to measure the optical properties of amorphous polymers.  For light-scattering 

polymers – PA6 and PA6GF, Figure 5-23 and Figure 5-24 show the measured apparent laser 

absorption coefficient using the three different methods.  It can be seen from these two figures 

that, the measured results by the three methods are very consistent.  This results indicate that any 

of these three methods or their combination can be used to measure apparent laser absorption 

coefficient for light-scattering polymers.  Even though no research was conducted on the laser 

absorption coefficient of amorphous polymers, there is no reason to prevent the application of the 

direct-scan method for these materials. 
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Figure 5-23 Apparent laser absorption coefficient of PA6 measured by three methods (Error 

bars came from the power increments in measurement.) 
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Figure 5-24 Apparent laser absorption coefficient of PA6GF measured by three methods 

(Error bars came from the power increments in measurement.) 

Both the direct-scan method and the reduced-power transmission method can use the laser 

welder directly as a light source for the measurement.  For the reduced-power transmission 

method, difficulties were encountered in preparing thin specimens.  This also makes the reduced-

power transmission method time-consuming.  Reflectance of polymers was also measured 

indirectly in the reduced-power transmission method.  The reduced-power transmission method 

cannot separate the total and surface reflectances of the light-scattering polymers.  Light 

scattering in the reduced-power transmission method may cause some error because of the limited 

sensing area of the laser power meter.   

For direct-scan method, there are no special requirements with the exception of an evenly 

distributed 1-D beam profile in the laser used in the study.  Polymer thermal properties such as 

heat capacity, density, and latent heat are required for direct-scan method in order to calculate 

apparent laser absorption coefficient.  The direct-scan method cannot measure reflectance of 

polymers.  It can measure a wide range of apparent laser absorption coefficient, but is not suitable 

for the laser-transparent part.   
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The spectrophotometer method can be used to measure (apparent) laser absorption coefficient 

for both laser-transparent polymer and laser-absorbent polymer.  It is the only method that gives 

good reflectivity results.  Thin specimen preparation is a challenge when measuring the 

transmittance with high A  or 1A . 

It is shown in Figure 5-23 and Figure 5-24 that the 1A  measured by the reduced-power 

transmission method seems a little higher than the values measured by the spectrophotometer 

method and the direct-scan method.  The rough surfaces of the specimen prepared using 

microtome may contribute to this because of the reduced total transmittance.   

For these reasons, the values of surface reflectance (η ) and laser absorption coefficient ( A ) 

for PC measured by the reduced-power transmission method will be used in the FE model.  The 

total reflectance ( TtR ) and the apparent laser absorption coefficient ( tA1 ) for natural PA6 and 

PA6GF measured by the spectrophotometer method will be used in the FE model.  The values of 

surface reflectance (η , TaR  ( η≈TaR )) calculated by Equation 2-2 will be used in the model for 

PA6 and PA6GF containing CB.  The measured apparent laser absorption coefficient ( aA1 ) of 

PA6 and PA6GF containing CB by the direct-scan method will be applied in the FE model.   

5.4 Description of Beam Transmission in Scattering Polymers 

A technique called the direct-scattered model has been developed to describe laser beam 

transmission and absorption in light-scattering polymers.  This sub-section will first introduce the 

discretized laser point beam (Section 5.4.1); then develop the direct-scattered model describing 

the transmission and absorption of the light passing straight through the parts (Section 5.4.2) and 

that scattered forward (Section 5.4.3); the laser heat source in the polymers for the point beam is 

explained (Section 5.4.4); finally, the heat sources in polymer from multiple laser point beams of 

the laser head are integrated (Section5.4.5).   
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5.4.1 Laser Beam Discretization 

A laser beam from laser head can be discretized into a series of very small point beams 

(Figure 5-25).  In this work, the ith discretized point beam has power LiP  centered at ),,( iti zDx −  

on the top surface of the laser-transparent part.  This point beam covers a very small area of iS  

( ii WL ×= ) (Figure 5-25, Figure 5-26).  The subscript ‘L’ of LiP  denotes the laser head.  tD  is 

the thickness of the laser-transparent part.   

 
Figure 5-25 The ith laser point beam discretized from a laser beam profile for analytical 

description of laser beam transmission in polymers 

The total power )(yPi  at depth y  from the ith laser beam LiP  follows the modified Bouguer-

Lambert law (Equation 5-13).  LiP  in polymer is in two parts: one that has been scattered 

( )(yPsi ) and one that is still collimated ( )(yPdi ) (Figure 5-26).  The collimated laser beam 

)(yPdi  is called direct light.  It is absorbed or scattered gradually while passing straight through 

the polymer part.  The scattered laser beam )(yPsi  is called scattered light and it comes from the 

direct light due to reflection or/and refraction by spherulites or glass fibres.  This scattered light is 

also absorbed gradually while traveling in the polymers.  This is shown schematically in Figure 

5-26. 



 

114 

 

      
Figure 5-26 Laser point beam transmission and absorption in scattering and absorbing 

polymers 

5.4.2 Description of Direct Light 

Direct Light Calculation:  According to the Bouguer-Lambert law, the total power )(yPdi  of 

the direct light from the ith point beam can be calculated as: 
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Equation 5-29 

where )(yPdi  is the total power of direct light from the ith point beam LiP  in the x-z plane at y . 

TtR  and TaR  are the total reflectance of the laser-transparent and the laser-absorbent parts 

respectively.  The Subscript ‘T’ denotes the total value of the parameter and the subscript ‘ t ’ and 

‘ a ’ represent the laser-transparent and the laser-absorbent parts respectively.  tK  and aK  are the 
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laser extinction coefficients (recall that SAK +=  in Equation 2-4).  tD  and aD  are the 

thicknesses.  tη  is the surface reflectance of the laser-transparent part.  

Although the unwelded transparent and absorbent parts were in contact, the surface roughness 

created two air-part interfaces at which reflection could take place.  This is accounted for by the 

)1( tη−  and )1( TaR−  terms in Equation 5-29.  

Power Scattering Ratio:  The power scattering ratio )(yδ  is defined as the value of the 

scattered laser power divided by the total laser power ( )(yPi ) at a given plane (y = constant) in 

the polymer (Figure 5-26).  )(yδ  is a material dependent property, and is also a function of light 

penetration depth in the polymer: 
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In theory, assuming the total energy transmission in scattering and absorbing polymers comply 

with the modified Bouguer-Lambert law (Equation 5-13), then 
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From Equation 5-29 and Equation 5-31 we have the power scattering ratio )(yδ  as 
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It can be seen that )(yδ  is a function of )( 1 KA −  and y .   

For non-scattering polymers where 0=S  and AKA ==1  (Equation 5-15), from Equation 

5-32 we have that 
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 0)( ≡yδ  Equation 5-33 

This equation implies that non-scattering polymers can be treated as an extreme situation, 

0)( ≡yδ , in the direct-scattered model. 

For scattering polymers at the weld interface ( 0=y ), we get: 

 01)0( )( 1 =−= − yate ttt DKAδ  Equation 5-34 

where )0(δ  is the power scattering ratio at weld interface, 0=y .  This can be re-written as: 

 0))0(1ln(1
1 =−=− yat

D
KA

t
tt δ  Equation 5-35 

In Equation 5-32, replacing )( 1 tt KA −  by Equation 5-35 and using the definition of )(yδ  

in Equation 5-30, we get:  

For the laser-transparent part: 

 0))0(1(1)(
)1(

≤≤−−−=
+

yDfory t
D
y

t
tδδ  Equation 5-36 

where )(ytδ  is the laser power scattering ratio throughout the laser-transparent part. 

Similarly, for the laser-absorbent part under the laser-transparent part: 

 a
yKA

a Dyforey aa ≤<−−= − 0))0(1(1)( )( 1δδ  Equation 5-37 

where )(yaδ  is the laser power scattering ratio in the laser-absorbent part which is under the 

laser-transparent part. 

In Equation 5-37, considering aaa KAA << 1  and assuming ta SS = , we have 

 0)( 1 <−<− aat KAS  Equation 5-38 

For a polymer which does not scatter significantly, tS  is small.  Acconding to Equation 5-38 

one has aa KA ≈1 .  For a strong scattering polymer, aA1  is high.  Then the effective range of y  

is small because of the reduced light penetration depth.  So, a very small value of yKA aa )( 1 −  is 
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possible for the scattering polymers.  To simplify the analysis, Equation 5-37 can be 

approximated by 

 aa Dyfory ≤<≈ 0)0()( δδ  Equation 5-39 

Equation 5-39 implies that the laser energy stops further transmission from its straight forward 

part to the scattered-forward part during travel in the laser-absorbing polymers.  The error 

resulting from this treatment of the heat generation in the laser-absorbent polymers should be 

limited.  Validation of this equation is in Section E.3. 

Equation 5-36 and Equation 5-39 show that )(yδ  can be calculated once )0(δ is known 

assuming the modified Bouguer-Lambert law applies. 

Power Intensity for Direct Light:  Once tA1 , aA1  and )0(δ  for light-scattering polymers are 

known, one can calculate the power intensity of direct light irradiated on the area iS  in x-z plane 

from Equation 5-30 and Equation 5-31 as: 
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where ),,( zyxPdi′′  is the power intensity at point ),,( zyx  in x-z plane for the direct light from 

the ith point beam;  iS  is the cross-section area of the ith laser point beam reaching the top surface 

of the laser transparent part. 

5.4.3 Description of Scattered Light 

Power Intensity for Scattered Light:  This thesis proposes that, from a statistical point of 

view, the distribution of scattered light )(yPsi  in x-z plane from the ith laser point beam LiP  at 

),,( iti zDx −  can be described using a distribution function (Figure 5-26): 

 ))(),(()()())(),(()(),,( iiyiiiysisi zzxxpyyPzzxxpyPzyxP −−=−−=′′ δ  
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Equation 5-41 

where ),,( zyxPsi′′ is the power intensity (Power per unit area) of scattered light )(yPsi  irradiated 

at point ),,( zyx  on the x-z plane from all the directions above x-z plane.  

))(),(( iiy zzxxp −− is a function describing light intensity distribution at y in x-z plane (units 

1/m2).  

For this work, the intensity distribution is described using a 2-D Gaussian function defined as 

 )(2
)()(

2

2

22

)(2
1))(),(( y

zzxx

iiy

ii

e
y

zzxxp σ

πσ

−+−
−

=−−  Equation 5-42 

where )(yσ  is the scattering standard deviation at y in x-z plane. 

It is assumed that the scattered light )(yPsi  will only go forward penetrating through the 

laser-transparent and -absorbent parts.  With the exception of the power reflection loss ( TR  and 

η ), no further light back-scattering happens.  The distribution of )(yPsi , i.e. ),,( zyxPsi′′ , in x-z 

plane is solely controlled by )(yσ  in the Gaussian function. 

Scattering Standard Deviation:  It is necessary to determine the value of )(yσ  as a function 

of y .  A linear function is proposed as a first approximation in the direct-scattered model to 

describe )(yσ  for laser beam scattering:   

 ))0(()0()( L
tD

yy σσσσ −+=  Equation 5-43 

where )0(σ  is the scattering standard deviation of the ith laser point beam at 0=y .  Lσ  is the 

scattering standard deviation of the ith laser point beam before penetrating into the polymers at 

tDy −= .  In order to make Equation 5-42 valid at tDy −=  in the FE model, Lσ  could not be 

set equal to zero.  Instead, in this thesis, it is assumed a very small value of 0.1 mm at tDy −= . 
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It is assumed that )(yσ  followed the same rule in both the laser-transparent and the laser-

absorbent parts.   

5.4.4 Laser Heat Source in Polymer 

This section develops the equations that describe the laser heat source in light-scattering 

polymers for the case of the modified Bouguer-Lambert law.   

Similar to the Bouguer-Lambert law for light energy absorption given in Equation 2-9, it is 

assumed that the laser heat source ),,( zyxQi  (units W/m3) at point ),,( zyx  in light-scattering 

polymer is proportional to the power intensity ),,( zyxPi ′′  (units W/m2), we have the distribution 

of ),,( zyxQi  as: 

 ),,(),,( zyxPCzyxQ ii ′′⋅=  Equation 5-44 

where C  is the material related constant (units 1/m).  ),,( zyxPi ′′  is the total laser power intensity 

from the ith point beam, at point ),,( zyx  on x-z plane in polymer.  It can be calculated 

from Equation 5-40 and Equation 5-41 as: 

 ),,(),,(),,( zyxPzyxPzyxP sidii ′′+′′=′′  Equation 5-45 

Following the modified Bouguer-Lambert law, the total laser power loss per unit depth at 

depth y  in polymer can be calculated from the derivative of Equation 5-31 as: 
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Equation 5-46 
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This lost electro-magnetic power is all converted into heat in that local layer resulting in polymer 

temperature rise.  Considering the energy conservation at depth y in polymer, we have 

 
dy

ydP
dxdzzyxQ i

i
)(

),,(
~

=∫∫
+∞∞−

 Equation 5-47 

Combining Equation 5-44, Equation 5-46, and Equation 5-47 we get 

 1AC =  Equation 5-48 

So, we have the heat source distribution at depth y  as 
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This is the equation used to calculate the laser-generated heat in PA6 and PA6GF from any given 

point source.  For non-scattering polymers, Equation 5-49 is used with AA =1  and 0)( =yδ  

(i.e. Equation 2-9). 

5.4.5 Integration of Laser Point Beams 

After calculating the light intensities for direct light and scattered light from a very small laser 

point beam, the total power intensity ( ),,( zyxP ′′ ) can be obtained by combining all the point 

beams together: 

 ∑
+∞

−∞=

′′=′′
i

i zyxPzyxP ),,(),,(  Equation 5-50 

The heat source ),,( zyxQ  from the integrated laser point beams can also be calculated as an 

integration of the heat sources from every individual point beam: 

 ),,(),,(),,( 1 zyxPAzyxQzyxQ
i

i ′′== ∑
+∞

−∞=

 Equation 5-51 

Equation 5-51 has been used in the FE model to calculate the heat generated in the polymer.   



 

121 

5.5 Description of Laser Beam Input Profile 

The FEM model requires information on the laser beam input profile at the top incident 

surface of the laser-transparent parts.  This sub-section describes the input beam profiles used for 

the simulation of PC, PA6 and PA6GF. 

5.5.1 PC 

In the FE simulation of contour welding of PC, a simplified laser beam having its power 

evenly distributed over a rectangular cross-section was applied as the laser energy input (Figure 

5-27).  The dimensions of the rectangular cross-section on the top surface of the laser-transparent 

part are 5.01×=× LW  mm2.  These dimensions are based on the measured 1-D beam profile 

(Figure 4-3 along x-axis).   

 
Figure 5-27 Simplified laser beam profile for modeling of contour welding of PC 

5.5.2 PA6 and PA6GF 

In order to describe the laser beam transmission in scattering polymers made of PA6 and 

PA6GF, the laser beam from laser head was approximated by the beam profile shown in Figure 

5-28.  Along the x-axis, this approximated laser beam profile has the same power intensity 

distribution as shown in Figure 4-3; but its power intensity distribution along the 0.5 mm wide z-

axis is constant for any given x  value.  Unlike the simplified beam profile for PC in Figure 5-27, 
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this more complex beam profile was introduced after the simulation of PC was completed.  It was 

anticipated that this improved beam profile might provide more precise results.  

 
Figure 5-28 Simplified beam profile in the modeling of contour welding of PA6 and PA6GF 

5.6 Summary of Polymer Properties for Modeling 

The applicable optical properties and their relationships for FE modeling are summarized 

in Table 5-2 for non-scattering and scattering polymers.  The optical, thermal and mechanical 

properties of PC, as well as PA6 and PA6GF used in this FEM analysis are summarized in Table 

5-3 and Table 5-4. 
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Table 5-2 Polymer optical properties and their relations used for modeling  

Optical 
properties 

Non-scattering polymers Scattering polymers 

Laser-
transparent part 

Laser-absorbent 
part 

Laser-transparent 
part 

Laser-absorbent 
part 

Surface 
reflectance η  tη  )( ta ηη =  tη  )( ta ηη =  

Laser absorption 
coefficient  
A , 1/mm 

)0(=tA  aA  )0(≈tA  aA  

Laser scattering 
coefficient  
S , 1/mm 

0 0 tS  )( ta SS =  

Laser extinction 
coefficient  
K , 1/mm 

)( tt AK =  )( aa AK =  )( ttt SAK +=  )( aaa SAK +=  

Apparent laser 
absorption 
coefficient  

1A , 1/mm * 

)(1 tt AA =  )(1 aa AA =  tA1  
)( 1 ttt KAA <<  

aA1  
)( 1 aaa KAA <<  

Total reflectance  

TR  
2)1(1 tTtR η−−=

 )( aTaR η≈  )( tTtR η>  )( aTaR η≈  

Total 
transmittance  

TT  ** 
TtTt RT −= 1  

DA
a

Ta

ae

T
−−

=
2)1( η

 
DA

tTt

Tt

teR

T
1)1)(1( −−−

=

η
 

DA
aTa

Ta

aeR

T
1)1)(1( −−−

=

η

Total absorbance 

TA  0 
TaTa

Ta

TR
A

−−
=

1
 

TtTt

Tt

TR
A

−−
=

1
 

TaTa

Ta

TR
A

−−
=

1
 

Power scattering 
ratio )(yδ   0 0 )()()( yPyPy isi=δ  

Scattering 
standard 
deviation  

)(yσ , mm 
-- -- Equation 5-43 

* For scattering materials, this thesis assumes that 1A  satisfies DA
TT eRT 1)1)(1( −−−= η . 

** D – thickness of laser-transparent part or laser-absorbent part. 
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Table 5-3 Material properties of PC Makrolon® AL2647 (Note: Makrolon® 2605 is 
considered to have the same properties) 

Properties Unit Makrolon® AL2647 

M
ec

ha
ni

ca
l 

Material model  Elastic-Perfectly plastic 

Young’s modulus, E 
Pa Figure 5-5 

Yield stress, sσ  

Poisson’s ratio, ν  0.38 [86] 

Yield function  Von Mises 

Th
er

m
al

 

Soften point (glass transition point for PC) ºC 145 [76] 

Linear thermal expansion coefficient, α 1/K Equation 5-6 

Thermal 
conductivity, k 

≤ softening point, 145 ºC  
W/(m K) 

0.228 (Table C-1) 

> softening point, 145 ºC 0.173 [82] 

Heat capacity, c J/(kg K) Equation 5-2 

Surface emissivity, ε  0 (Section G.1.4) 

Surface  convection coefficient, h W/(m2 K) 5 [44] 

Flash ignition temperature (ASTM D1929) ºC 470 [76] 

Self ignition temperature (ASTM D1929) ºC 540 [76] 

TGA measured vaporization temperature 
(purged with N2 or air) ºC 500-550 [84] 

Density, ρ kg/m3 Equation 5-10 

O
pt

ic
al
 Surface reflectance, η % 8 (Section 5.3.3) 

Laser absorption coefficient, A 1/mm Equation 5-24 
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Table 5-4 Material properties of PA6 (Akulon® F223-D) and PA6GF (Akulon® K224-HG6)  

Properties Unit Akulon®  
F223-D 

Akulon®  
K224-G6 

M
ec

ha
ni

ca
l 

Material model  Elastic-Perfectly plastic 

Young’s modulus, E Pa 
Figure 5-9 Figure 5-10 

Yield stress, sσ  Pa 

Poisson’s ratio, ν  0.35 [86] 

Yield function  Von Mises 

Th
er

m
al

 

Glass transition temperature ºC 45~82 [87] 

Melt temperature ºC 205~230 [87] 

Linear thermal expansion coefficient, α  1/K Equation 5-7 Equation 5-8 

Thermal 
conductivity, k 

≤ Melt point, 225 ºC W/(m K) 0.251  
(Table C-2) 

0.308  
(Table C-2) 

> Melt point, 225 ºC W/(m K) 0.135 [77] 0.239 [77] 

Heat capacity, c J/(kg K) Equation 5-3 Equation 5-4 

Surface emissivity, ε  0 (Section G.1.4) 

Surface convection coefficient, h W/(m2 K) 5[44] 

TGA measured vaporization temperature 
(Heating rate 10 ºC/min, purged with N2 or air) ºC 400-480 [84] 

Density, ρ kg/m3 Equation 5-11 Equation 5-12 

O
pt

ic
al

 

Total reflectance 
Laser-transparent part, TtR % 13.6  

(Section 5.3.3) 
11.5  

(Section 5.3.3) 

Laser-absorbent part, TaR  % 4 (Section 5.3.3) 

Surface 
reflectance 

Laser-transparent part, tη  % 
4 (Section 5.3.3) 

Laser-absorbent part, aη  % 

Apparent laser 
absorption 
coefficient, 1A  

≤ Melt point, 225 ºC 1/mm Equation 5-27 Equation 5-28 

> Melt point, 225 ºC 1/mm (Same as solid above) 

Power scattering ratio, )0(δ   0.64 (Section E.3) 0.99 (Section E.3)

Scattering standard deviation, )0(σ  mm 0.90 (Section E.3) 1.12 (Section E.3)
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Note: In Table 5-4, the optical properties )0(δ  and )0(σ  of PA6 and PA6GF are for the 3.2 

mm thick laser-transparent specimens.  The 1-D laser power intensity distributions under the 3.2 

mm thick specimens (Figure E-3) were measured by the ‘non-contact scan method’ [93] for the 

Rofin-Sinar DLx16 laser (Figure 4-3).  By comparing this measured 1-D laser power intensities to 

the direct-scattered model described ones (Figure E-4, Figure E-5), the fitted )0(δ  of 0.64 and 

0.99, and )0(σ  of 0.90 and 1.12 mm for PA6 and PA6GF respectively were then obtained 

according to the direct-scattered model in Section 5.4.  Detailed information about the parameters 

calculation can be found in Appendix E.   
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Chapter 6 

3-D Quasi-static Thermal Analysis by FEM 

This chapter describes a 3-D thermal FE model to simulate the heat transfer in contour 

welding of PC, PA6 and PA6GF.  All materials, laser beam profile, weld structure and process 

parameters used in the FE modeling were based on the contour welding experiments described 

in Chapter 4.  Chapter 5 explained the material properties, laser beam profile and laser beam 

transmission in polymers used in the model.  This chapter will first introduce the 3-D quasi-static 

model (Section 6.1); then explain the simulation results for the non-contact (Section 6.2) and the 

contact (Section 6.3) conditions; the simulation learning will then be summarized (Section 6.4).  It 

is the first time that the 3-D quasi-static model has been used in the LTW process simulation. 

6.1 3-D Quasi-static Model 

This section discusses the 3-D quasi-static model, including the simulation strategy 

(Section 6.1.1), simulation theory (Section 6.1.2), and the model construction (Section 6.1.3). 

6.1.1 Modeling Strategy 

An LTW process can be simulated as a pure heat transfer problem provided the deformation 

of the weld interface and boundary conditions do not significantly disturb the heat transfer during 

welding.   

Contour LTW is a 3-D, transient heat transfer problem.  It can be solved by simplifying the 

3-D process into a 2-D finite element model where the laser scan speed is high.  However, there is 

an uncertainty whether a particular speed is sufficiently high such that the simplified 2-D model 

would still give valid results.  Direct use of the 3-D, transient, heat transfer FE model can 

eliminate the 2-D scan speed issue [45].  The major drawback of the 3-D transient thermal FE 



 

128 

model is that significant computing time and memory are required because of the very large 

number of elements.  For cases where the laser absorption coefficient is high, a very fine element 

(mesh size) is required - making the 3-D transient modeling more difficult. 

In order to reduce the simulation time, a strategy referred to as the 3-D quasi-static 

approach, or 3-D quasi-static model is used to model the LTW process for the first time.  A mass 

flow at a speed v was introduced in the 3-D thermal model (Figure 6-1).  This allows the 3-D 

transient heat transfer problem to be solved using a 3-D static thermal FE model.  Significant 

computing time and memory saving can be achieved after turning the 3-D, time-dependent LTW 

process into a 3-D, time-independent heat transfer model.  The simulated time length of heating-

cooling history is limited by the model length.  The model lengths used here (7-21 mm) are 

however long enough for the laser scan speed ranges (12.5-150 mm/s) to capture the important 

welding phenomena of the contour welding process.  

Two weld conditions were simulated in the 3-D quasi-static simulation presented here: (a) 

A gap exists at the weld interface.  This is referred to as the non-contact case;  (b) Good contact 

exists between the two parts at the weld interface.  This is referred to as the contact case.  The 

simulated variables include carbon black level, laser scan power, and laser scan speed.  The 

simulation outputs can help us better understand the thermal behaviour of the welding process.  

The simulation results can also be used to validate the 2-D thermal-mechanical coupled 

(multiphysics) FE model for gap bridging that is presented in Chapter 7. 

6.1.2 Theoretical Background of 3-D Quasi-static Model 

Model Structure: 

Figure 6-1 shows a 3-D quasi-static model in which the laser beam is fixed in the Cartesian 

coordinate system.  The top laser-transparent part and the bottom laser-absorbent part are all 

assumed to be infinitely long, and move together along the z-axis at a constant speed v.  

Considering the symmetry of the parts and the laser beam profile (either that used for PC or that 
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for PA6 and PA6GF), only half of the part needed to be simulated in the model.  After introducing 

a mass flow in the model, a time-independent temperature field in the weld can be defined using 

this coordinate system.   

 
Figure 6-1 Construction of the 3-D quasi-static model 

Model Theory: 

In general, the finite element modeling of heat transfer in polymers is based on the 

governing Equation 6-1 [88, 89] in a Cartesian coordinate system: 
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where c is the heat capacity; ρ is the density; T is the temperature; t is the time; vx, vy, and vz are 

the mass velocities along x-, y-,and z-axis; k is the thermal conductivity; and Q is the heat source 

or heat sink.   

For a 3-D quasi-static model shown in Figure 6-1, Equation 6-1 can be simplified as a time-

independent function: 

 02 =+
∂
∂

+∇ Q
z
TvcTk ρ  Equation 6-2 

where zvv −=  is the velocity of polymer moving along the z-axis.  In LTW of polymers, Q 

comes from the absorbed laser energy and can be calculated by Equation 5-51.   
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The influence of boundary conditions, i.e. convective and radiative heat transfer, on the 

temperature field was considered in the model: 

 )()( 44
0 TTTThqqn ambamb −+−+=⋅ εσvv  

where nv  is the normal vector of the boundary, knjmil
vvv

++= ; qv  is the heat flux vector, 

)( k
z
Tj

y
Ti

x
Tk

vvv

∂
∂

+
∂
∂

+
∂
∂

= ; 0q  is inward heat flux, normal to the boundary; h  is the convective-

heat transfer coefficient; ambT  is the ambient temperature; ε  is the emissivity; σ  is the Stefan-

Boltzmann constant. 

6.1.3 Construction of 3-D Quasi-static Model 

The geometric structures, boundary and initial conditions of the 3-D quasi-static models are 

shown in Figure 6-2.  The model width was 8 mm in total which is wide enough to prevent 

disturbance from the insulated side surfaces on the simulated temperature field.  To determine the 

effect of the model length on simulated temperature field, two model lengths, 7 mm and 21 mm, 

were examined for PC.  The centre of the laser beam was set 0.75 mm away from the back surface 

of the PC model.  For PA6 and PA6GF, to account for light scattering, a 15 mm long model was 

constructed with the centre of the laser beam 4.75 mm away from the back surface of the model.  

The laser beam input profile was discretized by 21.01.0 mmLW ii ×=×  for the scattering 

polymers.  The cold polymer (23 °C) moves into the model from the back along z-axis at the set 

speed.  Convective and radiative heat transfer were accounted for on the top surface of the laser-

transparent part and the bottom surface of the laser-absorbent part. 
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Figure 6-2 Structure, initial and boundary conditions of the 3-D quasi-static model  

Two heat transfer conditions at the weld interface were simulated for the three materials:  

(a)  ‘Non-contact’ model – the laser-transparent part and the laser-absorbent part are 

stacked together but without any contact at the weld interface.  This model condition 

was used to obtain the temperature fields for cases where a big gap exists at the weld 

interface.  The top laser-transparent part was not simulated in the model because no 

heat transfer occurred between the top and bottom parts.  However, reflection, 

scattering and absorption caused by the top laser-transparent part were considered.  

The gap thickness between the laser-transparent part and the laser-absorbent part was 

considered small enough so as not to influence the laser beam transmission.  

Convective and radiative heat transfer from the top surface of the laser-absorbent 

part were considered.  The simulation results of this model were mainly used to 

verify the measured material properties ( A , 1A …), and the direct-scattered model 

used to describe the laser heat source (see Section 5.4). 

(b)  ‘Contact’ model – laser-transparent and laser-absorbent parts are stacked together 

with contact at the weld interface.  This model condition was used to analyze the 

temperature fields under contour welding conditions where no gap exists.  
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Considering the surface roughness of the specimen used in the experiment, surface 

reflection losses of the laser energy from both the bottom surface of the laser-

transparent part and the top surface of the laser-absorbent part were accounted for.   

Selection of the material (CB level) and process (power, speed) parameters for the 

simulation was based on the parameters listed in Table 4-1 and Table 4-2.  The software used in 

this heat transfer simulation is COMSOL Multiphysics 3.3a.  An HP workstation XW4200 with 

P4 3.4GHz CPU and a 4 GB of RAM was used to run this commercial code.  Lagrange-linear 

elements (tetrahedral, first order/linear shape function) were selected in the thermal 

modeling.  Figure 6-3 is an example of the model mesh for PA6GF.  The heat source is also 

shown in this figure indicating that a strong scattering exists for glass fibre reinforced PA6.  There 

were 431,604 tetrahedral elements with 75,356 degrees of freedom for this 15 mm-long model 

under the contact condition.  The controlled maximum mesh size is 0.05 mm with a growth rate of 

1.1 for the laser irradiated weld interface.  The computing time for a typical thermal problem of 

this mesh size was 15 minutes per set of parameters.  

 
Figure 6-3 Model mesh (a) and the heat source at the weld interface (b) in the contact model 

of PA6GF 

Before applying the models for process analysis, a sensitivity study was conducted to assess 

the effect of mesh size, model dimension and the thermal boundary conditions.  The agreement 

between the simulated temperature profiles for the 7 mm and 21 mm-long models of PC indicates, 
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for the simulated laser scan speed of 25 mm/s and above, the model length has no influence on the 

simulated temperature field.  Detailed information about the model validation can be found 

in Appendix F.   

6.2 Simulation Results and Analysis of Non-contact Model 

The non-contact model was mainly used to verify the measured material properties for 

modeling (Section 5.6) and the direct-scattered model (Section 5.4) by comparing the predicted 

soften/melt widths with the experimental data.  The soften/melt width analysis can also be used to 

validate the 3-D quasi-static model itself. 

Figure 6-4 shows the simulated temperature field for a non-contact model of PA6 with 0.1 

wt.% CB and a speed of 25 mm/s.  The dimensions of the regions in which the polymer 

temperatures reach or pass certain given values can be obtained from the model isotherms.  For a 

series of laser power scans, the widths of the simulated isotherms have been measured and are 

plotted in Figure 6-5, Figure 6-6 and Figure 6-7 for PC at 0.05 wt.% CB, PA6 at 0.2 wt.% CB and 

PA6GF at o.2 wt.% CB respectively.  For the same parameter settings, the softened/melt widths 

on the top surface of the laser-absorbent parts have also been measured and drawn in Figure 

6-5, Figure 6-6 and Figure 6-7 for the three materials. 

 

Figure 6-4 Simulated temperature field (a) and the 200 °C isotherm (b) of the laser-
absorbent part by 3-D quasi-static model (PA6 with 0.1 wt.% CB, speed 25 mm/s, non-

contact condition) 

(a) (b)
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Figure 6-5 Effect of laser scan power on the softened/isotherm width in non-contact laser 

scan of PC (0.05 wt.% CB, speed 25 mm/s) 

 
Figure 6-6 Effect of laser scan power on the melt/isotherm width in non-contact laser scan of 

PA6 (0.2 wt.% CB, speed 25 mm/s) 
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Figure 6-7 Effect of laser scan power on the melt/isotherm width in non-contact laser scan of  

PA6GF (0.2 wt.% CB, speed 25 mm/s) 

Figure 6-5 indicates that the model predicted widths for a temperature of 145 °C (softening 

temperature of PC) agree very well with the experimental softened-width data for PC.  Figure 6-6 

and Figure 6-7 also indicate that the simulated isotherm widths of ~220 ºC (melt temperature of 

PA6 and PA6GF) match very well the measured melt widths in experiment.  These three figures 

also show that the model predicted powers for softening/melting to start are in a good agreement 

with the experimental data near the weld interface.  This result indicates that the 3-D quasi-static 

model is reliable and the material parameters ( c , ρ , A , aA1   η , beam profile, etc.) used in the 

model are accurate.  The results also show that the direct-scattered model is able to describe the 

laser heat source properly.  These modeling methods and material information can be used for 

further contour welding process analysis.   

The simulated temperature distribution by non-contact model will be analyzed together with 

the contact model in Section 6.3.5. 
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6.3 Simulation Results and Analysis of Contact Model 

In the non-contact model, no heat transfer occurs between the laser-absorbent part and the 

laser-transparent part because of the gap.  However, because of conductive heat transfer at the 

weld interface in the contact model here, the temperature distribution in the weld interface will be 

significantly different.  The simulation results and analysis in this section include the weld width 

(Section 6.3.1), the heat affected zone dimensions (Section 6.3.2), the temperature distribution 

(Section 6.3.3), the influence of carbon black level on weld temperature (Section 6.3.4), the 

temperature distributions in the non-contact and the contact simulations (Section 6.3.5), and the 

effect of laser scan speed on weld temperature (Section 6.3.6).   

6.3.1 Prediction of Weld Width 

Figure 6-8 shows a simulated 200°C isotherm at the weld interface for contour welding of 

PA6 with 0.1 wt.% CB.  The maximum width of this kind of isotherms from the contact model 

can be used to predict the weld width.  Figure 6-9, Figure 6-10 and Figure 6-11 show the 

predicted isotherm and measured weld widths as a function of the laser scan power for PC with 

0.05 wt.% CB, PA6 with 0.1 wt.% CB and PA6GF with 0.1 wt.% CB respectively.   

 
Figure 6-8 Example of the isotherms from the contact model for weld width analysis in 

contour welding (PA6 with 0.1 wt.% CB, power 45 W, speed 25 mm/s) 
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Figure 6-9 Predicted and measured weld width vs. laser scan power in contour welding of 

PC (0.05 wt.% CB, speed 25 mm/s, contact condition) 

 
Figure 6-10 Predicted and measured weld width vs. laser scan power in contour welding of 

PA6 (0.1 wt.% CB, speed 25 mm/s, contact condition) 
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Figure 6-11 Predicted and measured weld width vs. laser scan power in contour welding of 

PA6GF (0.1 wt.% CB, speed 25 mm/s, contact condition) 

It can be seen from Figure 6-9 for PC that the power-width model results for the 200 ºC 

contour agree well with the experimental weld-width data at high powers.  This suggests that, 

although softening of PC will occur near 145 °C (see non-contact results in Section 6.2), diffusion 
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loss due to reflection at the interface.  The absorption of reflected energy at the weld interface is 

ignored in the model.  Although this may be valid for amorphous polymers, this reflected energy 

may have been absorbed near the interface in the transparent part of semi-crystalline polymers 

Relative to the simulation, this would lead to a slightly lower power required for welding.  Laser 

energy transmission and absorption at the weld interface, as well as the influence of weld contact 

condition on heat transfer need to be studied further to improve the simulation results in the 

contact model. 

6.3.2 Prediction of Heat Affected Zone for PA6 and PA6GF 

The heat affected zone (HAZ) is the area in which the polymer went through an additional 

heating history that the adjacent polymer did not experience.  For semicrystalline polymers, the 

material in HAZ was heated up to the melting temperature and then cooled down (recrystallized) 

in the laser welding process.  For PA6 and PA6GF, this melting temperature is 200-230 ºC as 

indicated in Figure C-3 and Figure C-4 from DSC measurement.  HAZ of PA6 can be identified 

by looking at the weld cross section irradiated by a polarized light under a microscope.   

Figure 6-12 (a), Figure 6-13 (a) and Figure 6-14 (a) show the HAZ for PA6 (0.1 wt.% CB), 

PA6 (0.025 wt.% CB) and PA6GF (0.0668 wt.% CB) respectively.  Figure 6-12 (b), Figure 6-13 

(b) and Figure 6-14 (b) show the 200 and 220 ºC isotherms obtained from the contact model as 

well as the HAZ contour.  It can be seen from Figure 6-12, Figure 6-13 and Figure 6-14 that the 

isotherms above 200 ºC are very close to the experimental HAZ not only in the shape but also the 

dimensions.   
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Figure 6-12 HAZ from experiment (a) and isotherms from contact model (b) for PA6 (0.1 

wt.% CB, power 44 W, speed 25 mm/s) 

 
 

  
Figure 6-13 HAZ from experiment (a) and isotherms from contact model (b) for PA6 (0.025 

wt.% CB, power 92 W, speed 25 mm/s) 



 

141 

 
Figure 6-14 HAZ from experiment ((a), power 102 W) and isotherms from contact model 

((b), power 105 W) for PA6GF (0.0668 wt.% CB, speed 25 mm/s) [90] 

6.3.3 Temperature Distribution in Contact Model 

Figure 6-15 shows the temperature profile in the y-z (a) and x-y (b) planes for a 10 W laser 

scan of PC with 0.05 wt.% CB.  Figure 6-16 shows the simulated temperature profiles along x, y 

and z axes in the vicinity of the laser beam during welding.  Figure 6-16 indicates that the highest 

temperature was predicted 0.05 mm below the weld interface in the laser-absorbent part.  The 

temperature profile along the x-axis at ( 0=y , 1−=z  mm) has a shape similar to that of the 

laser power profile in Figure 5-27.  The distance over which the temperature rise takes place 

along z-axis corresponds to the simplified laser beam length of 0.5 mm.  

Similarly, the temperature distributions parallel to the x, y and z axes are shown in Figure 

6-17 and Figure 6-18 for PA6 and PA6GF respectively.  A wider temperature profile along the x-

axis can be seen in these two figures and is a result of light scattering.  The simulated temperature 

profiles along y-axis for the laser-transparent part seem to be high for both nylons.  They predict 

that, for the GF case, melting will occur at the laser incident surface of the laser-transparent part.  

However, this was not observed in the experiment.  This will be discussed in next section. 
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Figure 6-15 Simulated temperature fields for contour welding of PC (0.05 wt.% CB, power 

10 W, speed 25 mm/s, contact condition) 

 

 
Figure 6-16 Simulated temperature distributions along three axes around the weld for 
contour welding of PC (0.05 wt.% CB, power 10 W, speed 25 mm/s, contact condition) 
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Figure 6-17 Simulated temperature distributions along three axes around the weld for 
contour welding of PA6 (0.1 wt.% CB, power 40 W, speed 25 mm/s, contact condition) 

 
Figure 6-18 Simulated temperature distributions along three axes around the weld for 

contour welding of PA6GF (0.1 wt.% CB, power 50 W, speed 25 mm/s, contact condition) 

0

50

100

150

200

250

300

-12.0 -10.0 -8.0 -6.0 -4.0 -2.0 0.0 2.0 4.0

Location, mm

Te
m

pe
ra

tu
re

, C

Along x-axis at y=0, z=-6 mm
Along y-axis at x=0, z=-6 mm
Along z-axis at x=0, y=0 mm

0

100

200

300

400

500

-12.0 -10.0 -8.0 -6.0 -4.0 -2.0 0.0 2.0 4.0

Location, mm

Te
m

pe
ra

tu
re

, C

Along x-axis at y=0, z=-6 mm
Along y-axis at x=0, z=-6 mm
Along z-axis at x=0, y=0 mm



 

144 

6.3.4 Laser Power and CB Level Influence on Weld Temperature 

This section uses PC as an example to discuss the influence of laser scan power on weld 

temperature.  Similar to the temperature distribution analysis in 6.3.3, the material and process 

parameters used here are PC with 0.05 wt.% CB at a speed of 25 mm/s and a power range of 6 to 

12 W.  Figure 6-19 plots the simulated temperature vs. z-axis position curves for four levels of 

laser scan power.  The temperature sample points are at the centre of weldline and 0.05 mm 

underneath the weld plane where the maximum temperature in the polymer is.   

It can be seen from the 6 W curves that, when the maximum temperature under the weldline 

reaches 300 °C, the maximum temperature at the weld interface just reaches 200 °C.  Recall from 

Section 6.3.1 that the start of welding for PC was observed when the modeled interface 

temperature reached 200 °C.  As shown in this figure, the weld temperature and the maximum 

temperature in the polymer increases with the laser scan power.  For a laser power of 12 W, the 

maximum temperature at the weld interface can reach 360 °C.  However, the maximum 

temperature inside the polymer can be 550°.  Polymer degradation may happen if increased power 

is applied. 

PA6GF is used as an example to discuss the influence of CB level on weld 

temperature.  Figure 6-20 and Figure 6-21 show the temperature distributions along weld line (z-

axis) and along the depth (y-axis) for PA6GF with a high (0.2 wt.%) and low (0.05 wt.%) CB 

level.  The power used in each case was 60 and 105 W respectively.  These powers were selected 

because the same maximum temperature at the weld interface of about 310 °C was reached for 

these two CB level and power settings (Figure 6-20).  In Figure 6-21, the temperature profiles are 

plotted along y-axis (depth) near the peak temperature points at the weld interface ( 0=x , 

5.6−=z  mm). 
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Figure 6-19 Simulated temperature distributions along z-axis at the weld for contour 

welding of PC (0.05 wt.% CB, speed 25 mm/s, contact condition) 

 
Figure 6-20 Simulated temperature distributions along weld line (z-axis) in contour welding 

of PA6GF with two CB levels (speed 25 mm/s, contact condition) 
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Figure 6-21 Simulated temperature distributions along depth (y-axis) in contour welding of 

PA6GF with two CB levels (speed 25 mm/s, contact condition) 
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also be found for PA6 but not for PC.  The fact that the simulation is able to predict many 

phenomena at the weld interface (onset of melting, melt and weld width) in the non-contact 

condition suggests that the model is able to adequately describe the energy that is transmitted 

through the transparent part and absorbed in the laser-absorbing part.  In other words, tA1  is 

adequately describing the loss in energy inside the laser-transparent part and aA1  is correctly 

simulating laser energy absorption in the laser-absorbent component.  However, the high 

temperatures inside the laser-transparent part suggest that the energy lost inside the laser-

transparent part is probably absorbed inside a larger volume than that considered in the model.  

More work on describing the energy absorption inside the transparent part is required. 

6.3.5 Comparison of Non-contact and Contact Models 

Figure 6-22 shows the temperature as a function of position at the weld interface for laser 

welding of PC with 0.05 wt.% CB at different contact conditions.  The same laser scan power of 

12 W and scan speed of 25 mm/s were applied for these contact and non-contact conditions.  The 

maximum temperatures at the interface are also shown in the figure.  It can be seen from Figure 

6-22 that, for the same laser scan power and speed, the highest temperature at the weld interface 

for the contact condition is almost half that of the non-contact condition.  The lower temperature 

at the weld interface for the contact condition is a direct result of the heat loss into the laser-

transparent part not present for the non-contact condition.  This will be analyzed further in 

Section 8.1.4.  Figure 6-23 and Figure 6-24 show similar temperature profiles for PA6 with 0.1 

wt.% CB and PA6GF with 0.1 wt.% CB respectively.  Again, the drop in temperature is due to the 

difference in contact condition at the weld interface. 
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Figure 6-22 Simulated temperature distributions along z-axis at the weld for contact and 

non-contact models for PC (0.05 wt.% CB, power 12 W, speed 25 mm/s) 

 

 

 
Figure 6-23 Simulated temperature distributions along weld line (z-axis) at the weld for 

contact and non-contact models for PA6 (0.1 wt.% CB, power 40 W, speed 25 mm/s) 
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Figure 6-24 Simulated temperature distributions along weld line (z-axis) at the weld for 
contact and non-contact models for PA6GF (0.1 wt.% CB, power 50 W, speed 25 mm/s) 

6.3.6 Effect of Laser Scan Speed on Weld Temperature 

Figure 6-25 shows the maximum temperature at the weld interface and 0.05 mm below the 

weld plane as a function of laser scan speed for PC containing 0.05 wt.% CB.  In these results, the 
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by the reduced heating time at higher speed laser scan.  For higher speed laser scan, there will be 

initially less heat loss by conduction but more thermal energy stored in the local volume of 

polymer causing temperature rise.  Once the laser scan speed reaches a certain high level (>50 

mm/s here) at fixed LE, further speed increase will not increase the stored thermal energy in the 

local polymer, so the temperature rise will be stabilized. 
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Figure 6-25 Effect of laser scan speed on the maximum temperatures at the weld interface 
and the symmetry plane in LTW of PC (0.05 wt.% CB, LE 0.48 J/mm, contact condition) 

 

The high temperatures below the weld interface at the symmetry plane may cause polymer 

decomposition and thus reduce joint strength.  From TGA testing, it is known that the degradation 

temperature for PC is approximately 500-550°C (See Figure C-8) at a heating rate of 10 °C/min 

[84].  It is possible that PC may not degrade seriously at the high temperatures observed in Figure 

6-25 because of very short heating times in laser contour welding. 

Figure 6-26 shows micrographs of the shear-lap fracture surfaces for three different scan 
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Figure 6-26 Degradation appears on fracture surfaces for higher speed laser scanned laser-

absorbent parts of PC (0.05 wt.% CB, LE 0.48 J/mm, contact condition) 

Similar to the simulation of PC, effect of laser scan speed on the weld temperature was also 
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longer laser beam means an increased irradiation time.  This results in more heat energy loss by 

conduction from the heated polymer to the cold adjacent material.  These semi-crystalline 

polymers are therefore more sensitive to the laser scan speed. 

It can be seen in Figure 6-28 for PA6GF containing 0.2 wt.% CB that, for a same laser scan 

speed, the difference between the maximum temperatures at the weld interface and at the 

symmetry plane is much less than that for the other two materials.  The high CB concentration for 

this case prevents laser beam from penetrating deeply into the laser-absorbent part and therefore 

results in a surface absorption of the heating energy at the weld interface.   

 

 
Figure 6-27 Effect of laser scan speed on the maximum temperatures at the weld interface 
and the symmetry plane in LTW of PA6 (0.1 wt.% CB, LE 1.76 J/mm, contact condition) 
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Figure 6-28 Effect of scan speed on the maximum temperatures at the weld interface and 
the symmetry plane in LTW of PA6GF (0.2 wt.% CB, LE 1.60 J/mm, contact condition) 

 

 
Figure 6-29 Laser irradiation period difference between the non-scattering polymer (a) and 

the light scattering polymer (b) for the same laser scan speed  
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the weld widths and the weld heat affected zone in the contact welding.  The agreement of the 

simulation results with the experiment indicates that:   

• The 3-D quasi-static model is an efficient strategy to simulate heat transfer of contour 

LTW.  The laser beam transmission and absorption in the laser-absorbent part, and the laser 

energy loss in the laser-transparent part for light-scattering polymers have been described 

properly using the direct-scattered model.  The apparent laser absorption coefficients, the beam 

scattering ratios and the scattering standard deviations of PA6 and PA6GF provide reasonable 

temperature estimations in the absorbent part.   

• In contour welding of PC, welding initiates when temperature at the weld interface 

reaches about 200°C.  Low CB content polymer needs high laser energy for welding to happen.  

A larger volume of polymer can be heated up for low CB levels using higher powers.  For the 

same line energy, increasing laser scan speed will shorten the laser irradiation time, and thus 

reduce the conductive heat loss at the weld interface resulting in a higher temperature at the weld.   
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Chapter 7 

2-D Thermal-Mechanical Coupled Analysis by FEM 

This chapter will describe the 2-D thermal-mechanical coupled model used to simulate the 

heat transfer and thermal expansion of polymers in contour LTW.  Gap bridging in the welding 

process was predicted based on the calculated polymer thermal expansion at the weld.  The 

materials used in the simulation are PC, PA6 and PA6GF.  The model is introduced in 

Section 7.1.  The model predictions and comparation to experimental data are included in 

Section 7.2.  Similarly to Chapter 6, all process conditions and material properties used in the 

simulation are based on the contour welding experiments in Chapter 4 and the material 

characterizations in Chapter 5.   

7.1 2-D Thermal-mechanical Coupled Model 

This section explains the modeling strategy (Section 7.1.1), the theoretical background 

behind the thermal-mechanical coupled FE simulation (Section 7.1.2), and the construction of the 

2-D coupled model (Section 7.1.3). 

7.1.1 Modeling Strategy 

The objective of the 2-D thermal-mechanical coupled FE model is to examine the effect of 

material (light scattering, CB level) and process parameters (laser power, scan speed) on the 

thermal expansion of the weld region.  The temperature-induced maximum thermal expansion of 

the laser-irradiated top surface of the laser-absorbent part can be used to indicate the maximum 

bridgeable gap (Figure 7-1).  The simulations were performed with no contact at the weld 

interface between the laser-transparent and the laser-absorbent parts.  Only the bottom laser-

absorbent part needs to be simulated in the modeling.  However, like the 3-D quasi-static non-
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contact simulation, the influence of top laser-transparent part on the laser beam power loss and 

redistribution at the weld interface was accounted for in the model. 

 
Figure 7-1 Cross section view of contour LTW with gap – the maximum thermal expansion 

of the laser-absorbent part is an indicator of the maximum gap bridgeable 

Contour laser transmission welding is a three dimensional, transient, thermal-mechanical 

coupled problem.  Given the available computing resources (HP workstation XW4200, P4 

3.4GHz CPU, 4GB RAM), exploratory trials indicated that it was difficult to solve this problem 

using a 3-D, transient, thermal-mechanical coupled FE model, particularly for the light-scattering 

polymers such as PA6 and PA6GF.  Even simulating only half of the geometry for the bottom 

laser-absorbent part presented memory limitations for our workstation.  In order to get around this 

problem, a 2-D transient thermal-mechanical coupled model (2-D coupled model) was applied to 

simulate this contour welding process with a gap.  This modeling strategy had been validated in 

terms of temperature and displacement using the limited data available from the 3-D thermal-

mechanical coupled model.  The simulation results by the 3-D quasi-static model were also used 

to validate the temperature field of the 2-D coupled model.  Detailed information about the model 

validation can be found in Appendix G.  Sensitivity analysis for the mesh size, the thermal 

boundary conditions, and the yield stresses for polymers at high temperatures were also conducted 

for the 2-D coupled model and included in Appendix G. 

7.1.2 Theoretical Background 

Heat transfer simulation of the contour welding process by FEM in Chapter 6 can supply 

spatial and temporal temperature information of the weld.  Thermal-mechanical coupled FE 
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simulations, however, can offer information not only on the temperature profile, but also the 

material thermal expansion.  Using commercially available FEM code, COMSOL Multiphysics, 

both the temperature field and the mechanical deformation can be obtained simultaneously by the 

thermal-mechanical model.   

In addition to the governing equation for heat transfer analysis described by Equation 6-1 in 

Section 6.1.2, the thermally-induced deformation can be solved in FEM based on the constitutive 

equation – Equation 7-1.  Assuming no viscous-like behaviour occurs, thermal deformation of the 

parts can be simulated based on the stress–strain relation [88, 41]:  

 pl
ij

th
ij

el
ijij εεεε ++=  Equation 7-1 

Furthermore,  

 ijkkij
el
ij EE

δσνσνε −
+

=
1

 

 iji
th
ij TT δαε )( −=  

where ijε , el
ijε , th

ijε and pl
ijε  are the total, elastic, thermal and plastic strain components of 

polymer, respectively; i, j and k are subscripts which may be 1, 2 or 3 that refer to x, y or z-axis in 

a Cartesian coordinate system; E is the elastic modulus; ν is the Poisson's ratio; ijσ  and kkσ  are 

the stress components, 332211 σσσσ ++=kk ; ijδ  is the operator ( Kronecker delta, 1=ijδ  for 

ji = , 0=  for ji ≠ ); α is the linear thermal expansion coefficient; T and Ti are the current and 

initial temperatures respectively. 

pl
ijε  is calculated based on the flow rule which is related with deviatoric stress ijS  and yield 

criterion of materials [88, 91].  Here 3ijkkijijS δσσ −= .   

In this FEM analysis for gap bridging, it is assumed that the polymers are mainly under 

compressive load and high temperature for the heating phase of laser welding process, Von-Mises 

yield criterion was therefore used for PC, PA6 and PA6GF [16].  It was assumed that no crazing 
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failure exists.  The deformation hardening rule used here is the elastic-perfectly plastic model 

based on the results from the uniaxial tensile test explained in Section 5.2.  The influence of 

hydrostatic pressure on the yield stresses is ignored. 

As indicated in Figure 5-5, Figure 5-7 and Figure 5-8, a solid deformation at a very low 

level of yield stress was introduced to describe softened/melt flow of polymers for temperature 

ranges above their softening or melt points.  A sensitivity analysis of the yield stress influence on 

thermal expansion was conducted and can be found in Appendix G. 

7.1.3 Construction of 2-D Coupled Model  

Based on the experimental setup shown in Figure 4-4, a 2-D coupled model was constructed 

as shown in Figure 7-2.  This 2-D coupled model is a cross section of the long weld assembly in 

the x-y plane.  Only half of the cross section was simulated because of symmetry.  The laser beam 

scanned perpendicular to this cross section.  Even though the 2-D model only simulated half of 

the weld ( 0≤x ) because of symmetry, the contribution of laser light from the other side ( 0>x  

area) by scattering for PA6 and PA6GF was still accounted in the heat source term Q .  The 2-D 

mechanical deformation was a plain-strain deformation.   

The dimensions and boundary conditions of the 2-D coupled model are also shown 

in Figure 7-2.  Because of the gap between the two parts, there was never contact between the 

laser-transparent and the laser-absorbent parts, so no conductive heat transfer or displacement 

constraint occurred on the top edge of the laser-absorbent part.  A fixed displacement boundary 

representing the clamping was applied at the side edge 7.25 mm away from the symmetry plane 

(Figure 4-4 (a)).  Because of bending of the part during heating, the bottom edge of the laser-

absorbent part was set as a free boundary for both the heat transfer and the deformation.  

Convective and radiative heat transfer was accounted for at the top and bottom edges in the 

simulation.   
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Figure 7-2 Construction of the 2-D coupled model: Laser beam scans over laser-transparent 

and laser-absorbent parts 

In order to study thermal expansion of the laser-absorbent part, only heat transfer and the 

thermal expansion of the laser-absorbent parts have been simulated.  Although the top laser-

transparent part was not included in the model, the attenuation and redistribution of laser beam 

intensity caused by this part were still accounted for when describing the transmitted laser beam.   

The heat source Q  applied in the 2-D coupled model was based on Equation 5-51 for the 

laser beam profiles shown in Figure 5-27 for PC and Figure 5-28 for PA6 and PA6GF.  For a unit 

volume of polymer at any point ),( yx  in Figure 7-2, its heat source Q  can be calculated as a 

function of time by replacing z  in Equation 5-51 by 

 0ztvz −=  Equation 7-2 

where v  is the laser scan speed; t  is the laser heating time; and 0z  is the heat source starting-

position.  Figure 7-3 shows schematically the way Q  was introduced in the 2-D coupled model.  

In this figure, the laser beam moves over the 2-D cross section at a speed v .  The heat source Q  

at any point ),( yx  in the unit thickness cross section was calculated as a function of the laser 

beam distance z , or more precisely, a function of speed v , time t  and initial position 0z .  0z  

should be large enough so that initially, the scattered laser beam does not contact the 2-D cross 

section being modelled.   
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Figure 7-3 Application of the heat source in the 2-D coupled model of contour welding 

Similar to the 3-D quasi-static model described in Chapter 6, COMSOL Multiphysics v3.3a 

was used to solve this 2-D coupled problem.  The coupling procedure is seamlessly included in 

the software.  One of the limitations of COMSOL Multiphysics v3.3a is that no change in initial 

contact conditions is allowed in solving transient thermal-mechanical coupled problems.  The 

software was run on a HP workstation xw4200 with P4 3.4GHz CPU and a 4 GB RAM.  The 

operating system was Microsoft Windows XP Professional x64 Edition.  The 2-D coupled model 

contained a fine mesh (maximum mesh size at the centre of the weldline: PC: 0.08 mm (growth 

rate: 1.02); PA6 and PA6GF: 0.025 mm (growth rate: 1.03)).  Run times were approximately 10 

minutes for PC and 20 minutes for PA6 and PA6GF for a set of parameters (material, CB level, 

laser speed, laser power).  Figure 7-4 shows an example of the mesh, as well as the simulated 

temperature and displacement fields at the given time for PC. 
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Figure 7-4 Example of the 2-D coupled model (PC with 0.1 wt.% CB, speed 25 mm/s, power 

12 W, non-contact condition, time 0.03 s) 

7.2 Simulation Results and Analysis of 2-D coupled Model 

This section presents the thermal expansion results for PC, PA6 and PA6GF: (a) CB level 

and laser scan power influence (Section 7.2.1); (b) laser scan speed influence (Section 7.2.2); and 

(c) gap bridging optimization for PC (Section 7.2.3). 

7.2.1 CB Level and Laser Power Influence on Gap Bridging 

The influence of CB level on the simulated maximum temperature and thermal expansion is 

presented in Figure 7-5 for PC at a constant power.  The maximum temperatures simulated by the 

3-D quasi-static non-contact model are also shown for reference.  In this analysis, a fixed laser 

scan power of 12 W and a scan speed of 25 mm/s were applied for values of CB level ranging 

from 0.012 to 0.05 wt.%.  The simulation results in Figure 7-5 indicate that for the same laser 

scan power and speed, the maximum temperature on the top surface of the laser-absorbent part 

increases linearly with CB level.  This is because the light energy absorbed at any point in the 

polymer is proportional to its laser absorption coefficient A  in Equation 2-9.  A  is a linear 

function of CB level described by Equation 5-24 for PC.  The agreement of the simulated 

maximum temperatures by the 2-D coupled model and the 3-D quasi-static model supports our 

Mesh 

Temperature and deformation

Thermal 
expansion 

Heated area
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choice of a 2-D coupled model for this simulation exercise.  Figure 7-5 also shows that the 

maximum thermal expansion increases with an increase of CB level at low temperatures and 

levels off at the higher values of CB level.  The reason for this is that: for a fixed laser power but 

at low levels of CB, the temperature rise of the polymer is relatively low.  Most of the material is 

in an elastically deformed state.  Its thermal expansion is largely constrained by the surrounding 

cold polymer.  This results in a lower displacement along y-axis at a lower CB levels.  However, 

once the CB level reaches approximately 0.03 wt.% in this case, for the given power, polymer at 

the weld is hot enough and can expand freely.  In this situation, the polymer thermal expansion 

mainly depends on the total energy absorbed by that local volume of polymer, not the peak 

temperature of the polymer.  That is why a constant high thermal expansion can be seen in the 

simulation for high CB level polymers.  The analysis of the thermal expansion using a simplified 

analytical model explained in Section 8.1.5 will help to understand this better.  
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Figure 7-5 Effect of CB level on the maximum temperature and maximum thermal 

expansion at the centre of the weldline in contour laser scan of PC (speed 25 mm/s, power 12 
W, non-contact condition) 
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For each CB level, Figure 7-6, Figure 7-7, and Figure 7-8 show the experimentally 

determined maximum weld gap bridged as a function of the power required to achieve it.  These 

results were presented in Section 4.4.1.  The maximum thermal expansions from the 2-D coupled 

model as a function of the laser scan power and CB level for PC, PA6 and PA6GF are also shown 

in Figure 7-6 to Figure 7-8 respectively.  The simulated maximum temperatures at the weld 

( 0=y ) are also indicated in these figures for each CB level-laser power combination.  The 

measured degradation powers in the non-contact test (Section 4.3.2) are also marked as solid 

points in these figures. 

It can be seen from these three figures that the maximum thermal expansions simulated 

using the 2-D coupled model match the experimentally measured maximum gaps bridged quite 

well for PC and PA6, but poorly for PA6GF.  The poor fit of PA6GF experimental data and 

modeling results may be attributed to the strong anisotropic thermal expansion of the injection 

moulded PA6GF parts.  The anisotropy of PA6GF can be seen from the reported moulding 

shrinkage data.  The moulding shrinkage of PA6GF (dry) is 0.3% parallel to the direction of melt 

flow but 0.9% normal to the melt flow direction [77].  For PA6 (dry) however, the moulding 

shrinkage is 0.95% for both directions [77].  Thermal expansion of the weld in the gap bridging 

test is along the direction normal to the plane of injection melt flow. The thermal expansion 

coefficient for PA6GF in the thickness direction might therefore be expected to be closer to that 

of unreinforced PA6.  The simulation, however, used an isotropic thermal expansion coefficient 

of  PA6GF based on the pvT test (see Section 5.1.3) that was approximately half the value for 

PA6.  This 2-D coupled model therefore underestimates the thermal expansion of the anisotropic 

material – PA6GF.   

Another possible reason for the large difference between the measured bridged gaps and the 

predicted ones for PA6GF may be lofting of glass fibres on the top surface of the laser-absorbent 

part.  Lofting is a term used to describe the increase in volume associated with the relaxation of 

twisted/bent glass fibres once the surrounding matrix enters a liquid state.  Figure 7-9 is a SEM 
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image of the top surface of PA6GF with 0.2 wt.% CB after the non-contact test.  A laser power of 

12 W was applied over the stacked laser-transparent part and the laser-absorbent part with 0.5 mm 

gap.  The movement or lofting of glass fibres out of the top surface can be seen in this image.   

 

  
Figure 7-6 Simulated maximum thermal expansion and temperature, and the maximum gap 

bridged experimentally as a function of power and CB level for PC (speed 25 mm/s, non-
contact condition, error bar represents the shim-thickness increment in the experiment) 

Note: Degradation was observed for solid points in the non-contact test.
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Figure 7-7 Simulated maximum thermal expansion and temperature, and the maximum gap 

bridged experimentally as a function of power and CB level for PA6 (speed 25 mm/s, non-
contact condition, error bar represents the shim-thickness increment in the experiment) 

  
Figure 7-8 Simulated maximum thermal expansion and temperature, and the maximum gap 

bridged experimentally as a function of power and CB level for PA6GF (speed 25 mm/s, 
non-contact condition, error bar represents the shim-thickness increment in the experiment) 
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Figure 7-9 SEM image of lofting of glass fibres on the top surface of the laser-absorbent part 
(PA6GF with 0.2 wt.% CB, speed 25 mm/s, power 28 W, non-contact condition) 

It can be seen from Figure 7-6, Figure 7-7 and Figure 7-8 that, for both the experiment and 

modeling, the maximum gap that can be bridged at a given CB level increases with the increment 

of laser scan power.  This is due to the fact that the thermal expansion of polymer is proportional 

to its temperature rise caused by laser irradiation.  The higher the power applied, the greater the 

thermal expansion.  However, this maximum bridgeable gap is limited by the ultimate thermal 

degradation of the polymer.   

Figure 7-6, Figure 7-7 and Figure 7-8 also show that a lower CB concentration allows more 

laser energy to be delivered into the polymer and heat up a larger volume for thermal expansion.  

For the same temperature rise, a larger volume of heated polymer will cause the larger thermal 

expansion.  For a similar temperature rise of 397 and 405 °C in PC shown in Figure 7-6, the 

simulated thermal expansion of 0.05 mm at a 6.4 W / 0.05 wt.% CB is larger than the simulated 

thermal expansion of 0.025 mm at 3.5 W / 0.1 wt.% CB. 
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For each material and carbon black level, the power ( dP ) at which thermal degradation 

occurred is shown by a solid symbol in Figure 7-6, Figure 7-7 and Figure 7-8 respectively.  For 

example, in Figure 7-6, the measured dP  is 6.4 W for PC with 0.1 wt.% CB.  The simulated 

maximum temperature for this condition is 671 °C as labeled on this figure.  The three simulated 

temperatures for degradation in Figure 7-6 (671, 713 and 610 °C) suggest that the polymer 

degradation in the non-contact test for PC happened for the temperature above 600 °C.  

Similarly, Figure 7-7 and Figure 7-8 suggest that the degradation in the non-contact test for PA6 

and PA6GF happened for the temperatures above 600 and 400 °C respectively.  It might be the 

sizing of the glass fibres which resulted in lower temperature resistance of PA6GF than that of 

PA6.   

Comparing the simulated results in Figure 7-7 to Figure 7-6, it can be seen that, for the 

same CB level, PA6 can bridge larger gap that PC because of its larger volume change upon 

melting of the crystalline phase.  The simulation is able to adequately capture this phenomena.   

The simulated curves of the maximum gap bridged vs. laser scan power fall approximately 

onto one line for eaxh material which appears largely to be independent of CB level.  This 

observation will be discussed in Section 8.2.2. 

7.2.2 Effect of Scan Speed on Thermal Expansion 

The effects of speed on both the temperature and the thermal expansion were examined 

while maintaining a constant line energy.  Figure 7-10, Figure 7-11 and Figure 7-12 show the 

maximum temperature at weld interface ( 0=y ) and the maximum thermal expansion from the 

2-D coupled model as a function of laser scan speed for PC (0.05 wt.% CB, LE 0.48 J/mm), PA6 

(0.1 wt.% CB, LE 1.76 J/mm) and PA6GF (0.2 wt.% CB, LE 1.6 J/mm).  The simulated speed 

ranges are 12.5 to 150 mm/s for PC, 25 to 100 mm/s for PA6 and PA6GF. 
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Figure 7-10 Effect of laser scan speed on the maximum temperature and the maximum 

thermal expansion of PC (0.05 wt.% CB, LE 0.48 J/mm, non-contact condition) 
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Figure 7-11 Effect of laser scan speed on the maximum temperature and the maximum 

thermal expansion of PA6 (0.1 wt.% CB, LE 1.76 J/mm, non-contact condition) 
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Figure 7-12 Effect of laser scan speed on the maximum temperature and the maximum 

thermal expansion of PA6GF (0.2 wt.% CB, LE 1.60 J/mm, non-contact condition) 

It can be seen from Figure 7-10 for PC that, within the simulated speed range, the maximum 

temperature increases with the speed at the low speed end, and then reaches a relatively stable 

value of 760 °C.  From Figure 7-11 and Figure 7-12 for PA6 and PA6GF respectively, the 

simulated maximum temperatures continue to increase with laser speed.  The mechanism behind 

this speed influence on the maximum temperature, and the influence difference between the 

scattering and non-scattering materials is the same as that discussed in Section 6.3.6 for contact 

welding of PC, PA6 and PA6GF using the 3-D quasi-static model.   

Unlike the effect of speed on the maximum temperature, Figure 7-10, Figure 7-11 

and Figure 7-12 show that the maximum thermal expansion remains constant within the studied 

speed ranges for the three materials.  It would appear that the polymer thermal expansion is 

mainly related to the total energy absorbed by that local volume of polymer, not the peak 

temperature in the polymer.  So thermal expansion is dependent on delivered LE.  The thermal 

expansion analysis in Section 8.1.5 can help better understand this. 
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The LEs used in the scan speed influence study in Figure 7-10, Figure 7-11 and Figure 7-12 

came from the measured degradation powers dP  from the non-contact method for the three 

materials.  These LEs are already high enough to cause some polymer degradation at speed of 25 

mm/s (see Section 4.3.2).  For the same LEs, an increase in laser scan speed would raise the weld 

temperature further beyond the degradation temperature and thus result in more polymer 

decomposition.  That is why the maximum gap bridged drops with increased speed in Figure 

4-37, Figure 4-38 and Figure 4-39 for PC, PA6 and PA6GF respectively.   

7.2.3 Parameter Optimization for Gap Bridging of PC 

Figure 7-13 presents the maximum thermal expansion predicted by the 2-D coupled model 

as a function of the laser absorption coefficient A  (where CBCA 82= , Equation 5-24) for 

different powers for PC.  The loci of predicted temperatures (400, 500, and 600 ºC) on the top 

surface of the laser-absorbent part are also shown in this figure.   

 
Figure 7-13 Effect of laser absorption coefficient on the maximum thermal expansion for 

different laser powers by 2-D coupled model for PC (speed 25 mm/s, non-contact condition) 
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The locus of points corresponding to 400 °C represents the lower boundary of power and 

absorption coefficient combinations at which a weld can form.  Recall from Section 6.3.5 that the 

welding parameters ( A , power) that create a maximum temperature of 400 °C at the weld 

interface for non-contact scan will just attain a temperature of about 200 °C at the weld in contact 

welding.  This 200 °C is the lowest temperature at the weld interface for joining to happen for PC 

(Section 6.3.1).  The locus of points at 600 °C represents the upper bound on power and 

absorption coefficient.  Recall from Figure 7-6 that the degradation temperature was about 600 °C 

at the weld interface for a non-contact laser scan.  Serious surface degradation or damage will 

happen if the surface temperature of the laser-absorbent part goes well beyond this 600 °C limit.  

The curve at 28 W also represents an upper bound due to surface damage on the laser-transparent 

part (Section 4.3.2).  Therefore, the shaded area in Figure 7-13 represents the operating window at 

speed of 25 mm/s. 

Figure 7-13 also shows the trend that a lower A associated with a higher laser scan power 

creates a larger thermal expansion.  Considering the limits shown in Figure 7-13, the maximum 

bridgeable gap for PC is predicted to be around 0.15 mm.  It corresponds to a laser absorption 

coefficient A  of about 1.5 1/mm (0.018 wt.% CB) and a laser scan power of 25 W under a scan 

speed of 25 mm/s.  The maximum gap thickness bridged experimentally was approximately 

0.15~0.25 mm as shown in Figure 4-26.  This was obtained at a value A  of 2.1 1/mm (PC with 

0.025 wt.% CB), a laser power of 17~20 W, and scan speed of 25 mm/s.  This is close to the 0.15 

predicted here. It is important to note that: the maximum bridgeable gap predicted by the model 

means that the top and bottom parts with an initial gap thickness can just touch after a laser scan.  

It does not address diffusion and hence mechanical strength.  

Similar to the optimization procedure for PC, it is also possible to predict the optimized 

material and process parameters by modeling the gaps bridgeable in contour welding of PA6.  

This work was not conducted due to the time constraints.  The limited laser power of Rofin-Sinar 
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DLx16 HP also prevents the use of PA6 with very low CB content.  The non-contact test results 

in Figure 4-13 suggest that PA6 is a more degradation-resistant material and therefore a much 

higher laser power can be applied to weld the low CB content PA6 for improving gap bridging. 

7.3 Summary of FE Modeling for Gap Bridging 

A simplified 2-D transient, thermal-mechanical coupled model was developed to simulate 

the heat transfer and thermal deformation in contour welding of PC, PA6 and PA6GF.  Although 

there was no contact between the top laser-transparent and the bottom laser-absorbent parts, laser 

beam scattering was accounted for in the model.  The simulated maximum thermal expansion in 

the model was used to estimate the maximum bridgeable gaps for the materials in the study as 

well as different processing conditions.  The agreement of the simulation results from the 2-D 

coupled model with the experiments indicates that, for the given laser scan speed range of 25 

mm/s and above, the 2-D coupled model can be used to adequately describe the temperature rise 

and thermal expansion of PC and PA6.  The simulated thermal expansion for PA6GF is lower 

than the experimental data possibly because of the anisotropical thermal expansion and lofting of 

the glass fibres in the experiment. 

Both the experiment and modeling indicate that the maximum gap bridgeable for a given 

CB level increases with laser power.  A lower laser absorption coefficient also allows higher laser 

power to be applied, penetrate into and heat up a larger volume of materials, thus increasing the 

thermal expansion.  The maximum bridgeable gap is limited by the temperature at which a 

polymer degrades either at the top surface of the laser-transparent part or at the weld interface.  

For the same CB level, PA6 can bridge larger gaps than PC and PA6GF because of its larger 

thermal expansion coefficient caused by its crystalline structure.   

For the same line energy in scattering materials, increasing laser speed can increase the 

maximum temperature at the weld interface; however, the maximum bridgeable gaps are almost 
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the same.  For the laser scan speed range of around 25 mm/s, this speed influence is more 

significant for PA6 and PA6GF than PC because of light scattering in the laser-transparent part. 
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Chapter 8 

Simplified Analytical Model 

The analytical model described in Section 8.1 provides a simple technique to estimate the 

effect of material (CB level, thermal expansion coefficient) and laser parameters (power, speed) 

on temperature and thermal expansion at the weld interface.  Its use in predicting temperature and 

thermal expansion, and the verification of this model by the FE model and experimental results 

are included in Section 8.2.  The analytical model developed here is for non-scattering polymers 

only, such as PC. 

8.1 Analytical Model Development 

Based on the laser energy absorption governed by Bouguer-Lambert law or Beer’s law [12], 

the proposed analytical model calculates the temperature rise of the laser-absorbent polymer 

around the weld interface for non-contact condition immediately after a high-speed laser scan 

(Section 8.1.1).  Once the temperature rise is defined, the laser-absorption coefficient (8.1.2) and 

laser power (8.1.3) for this temperature rise can be determined.  The temperature rise at the weld 

without a gap can also be estimated (8.1.4).  Finally, thermal expansion of the laser-absorbent part 

at the interface can also be predicted (8.1.5).  The calculated thermal expansion allows the 

prediction of the maximum gap bridgeable for the given weld conditions.  

8.1.1 Temperature Calculation 

The following conditions and assumptions are introduced in the simplified analytical 

model: 

For the laser beam: (a) The laser beam is normal to the part surface; (b) Laser power is 

evenly distributed within the rectangular beam cross section; (c) The time scale of heating is 
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significantly smaller than the time scale of heat transfer –this corresponds to a fast scan speed.  

For the weld material: (a) No scattering occurs in either the laser-transparent or laser-absorbent 

parts; (b) The laser absorption in the laser-transparent part is negligible; (c) The materials are 

homogeneous, and their optical and thermal properties are independent of temperature; (d) The 

thermal conductivity is low so that the heat transfer (by conduction and convection) is negligible 

during the very short laser irradiation period; (e) Other than thermal expansion, both laser-

transparent and laser-absorbent parts remain stationary during the welding process; (f) A gap DΔ  

exists in the weld interface; (g) The heated material can only expand freely parallel to the laser 

beam and is prevented from movement in all other directions (Figure 8-1).   

 
Figure 8-1 Llaser beam irradiates laser-transparent and laser-absorbent parts with high 

scan speed 

Based on the above assumptions, one can treat the heat transfer and thermal expansion as a 

1-D problem for the period of laser irradiation.  As shown in Figure 8-2, the temperature 

distribution along the laser beam path in the laser-absorbent part can be calculated based on the 

energy absorbed in the heating phase of LTW.  At the end of laser irradiation, the temperature of 

unit volume material at depth y  can be predicted based on the heating rate Q  from Equation 2-9: 
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where T is the temperature at depth y immediately after laser irradiation.  iT  is initial temperature 

of laser irradiated material.  c  is specific heat.  ρ  is density.  )0(P ′′  is laser irradiation intensity 

at 0=y  in laser-absorbent part; and tΔ  is laser irradiation period.   

 
Figure 8-2 Power intensity and temperature distribution within the laser-absorbent part 

 
)0(P ′′  and tΔ  are calculated as 

 
LW
PRP L)1()0( −=′′  Equation 8-2 

 
v
Lt =Δ  Equation 8-3 

where R  is the total reflectance of the input laser beam by the top and bottom surfaces of the 

laser-transparent part, and the top surface of the laser-absorbent part under the laser-transparent 

part.  LP  is the total laser power.  L and W are the laser beam length and width (Figure 8-1), and 

v  is the laser beam scanning speed.  So Equation 8-1 can be further developed as 
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ρ

)1(  Equation 8-4 

This equation shows that the polymer temperature in high speed non-contact laser scan is 

proportional to the laser line energy ( vPL / ) or the line energy intensity ( WvPL / ), and CB level.  

The FE model supports the above observation since it predicted the maximum temperature to be a 

linear function of A  in Figure 7-5 for non-contact laser scan of PC. 
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8.1.2 Calculation of Required Laser Absorption Coefficient 

Equation 8-4 can be used to predict the one-dimensional temperature distribution as a 

function of depth y for a given value of A just at the end of the heating phase.  However, it can 

also be used to estimate the value of A  required to achieve a given temperature at a given 

position. 

For example, we can choose two points along the part depth y that serve as temperature 

control points for the calculation of A  (Figure 8-2).  At 0=y , 0TT =  
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and at cDy = , cTT =  
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)1(  Equation 8-6 

where 0T  is the surface temperature at the end of laser irradiation; cT  is the specified or 

controlled temperature such as the glass transition temperature of amorphous polymer at the end 

of laser irradiation and cD  is the depth of temperature control point. 

Using Equation 8-5 and Equation 8-6 and rearranging, we get an expression for A  as a 

function of 0T , cT  and cD : 
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 Equation 8-7 

Equation 8-7 shows that laser absorption coefficient may be calculated based on the ratio of 

required temperature values at the two control points.  This calculated coefficient can be obtained 

by adding a certain level of laser absorbent such as CB into polymer matrix [19].  
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Equation 8-7 shows that a more even temperature distribution, i.e. larger cD , requires a 

lower value of A .  This result confirms quantitatively the conclusion given in Sections 4.5, as 

well as the observations by others (Section 3.3).   

The highest allowable temperature at the surface of the absorbent part could work as one 

control point ( 0T ).  The temperature value could be set to just below the degradation temperature 

of the polymer.  Another control point can be set at the desired depth ( cD ) of the melt/softened 

pool in the part. The temperature value here ( cT ) could be set at the glass transition temperature 

for amorphous polymer.  The depth of the molten/softened pool could be controlled such that it 

will not cause extreme distortion of the weld line structure.   

8.1.3 Estimation of Laser Power and Laser Absorption Coefficient 

It is also possible to use the analytical temperature model to estimate the required laser 

power for heating the top surface of the laser-absorbent part to a certain temperature.  According 

to Equation 8-4, for a given material ( ρc , A ) and scan speed ( v ), the power required for 0T  at 

0=y  can be calculated as 
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ρ
 Equation 8-8 

Rearranging Equation 8-8, the laser-absorption coefficient ( A ) of polymers can be 

estimated if the laser power ( LP ) and surface temperature ( 0T ) are known: 
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Equation 8-9 was used by the direct-scan method in Section 5.3.2 to calculate the laser-

absorption coefficient.  In the direct-scan method, 0T  is set to mT , the polymer softening/melting 

temperature.  R  for the three reflection surfaces is replaced by TR  for the only one surface 
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(Equation 5-21).  If crystal phase exists in the polymer, latent heat ( HΔ ) also needs to be 

accounted for (Equation 5-22). 

8.1.4 Temperature Predication for Contact Condition 

Once contact exists at the weld, the temperature rise at the weld interface can be estimated 

as half of the temperature rise for a non-contact condition due to the symmetry of temperature 

distribution at the weld interface.  The FE simulation results in Section 6.3.5 show a temperature 

drop of about 50% at the weld interface for a the non-contact condition compared with contact 

welding.  The temperature at the interface ( 0=y ) for a contact condition can therefore be 

expressed as: 
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Similar to the non-contact condition, this equation shows that the weld temperature in high speed 

contour welding is proportional to the laser line energy ( vPL / ) and CB level.   

8.1.5 Prediction of Thermal Expansion 

For the non-contact condition, summing the thermal expansion of the laser-absorbent part 

along the depth y , the thermally-induced displacement (thermal expansion DΔ ) can be predicted 

based on the temperature distribution given in Equation 8-4: 
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where DΔ  is the total height increment caused by thermal expansion at the end of laser 

irradiation.  D is the initial thickness of laser absorbent part.  Vβ  is the volume thermal expansion 

coefficient.   

Figure 8-3 shows schematically the relationship between laser power intensity )(yP ′′ , 

temperature T  and thermal expansion DΔ  in the polymer. 

 
Figure 8-3 Thermal expansion at weld interface for contour LTW with gap 

In LTW of large polymer parts, D  is on the order of 3 mm and A  is generally more than 1 

1/mm.  For example, a very low CB level of 0.012 wt.% can give 1=A  1/mm by Equation 5-24 

for PC.  The term ADe−  is therefore significantly smaller than one and Equation 8-11 can be 

further simplified to 
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Equation 8-11 suggests that the following approaches may be employed to improve the gap-

bridging capability in LTW: 

(a) Raise the surface temperature limit 0T  of heated material; 

(b) Decrease laser absorption coefficient by lowering the CB content in the laser-

absorbent part, which can increase the laser irradiating depth as shown in Equation 

8-7; 
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(c) Guide/constrain the thermal expansion to the direction benefiting gap bridging; 

(d) Use materials that have a high thermal expansion coefficient. 

8.2 Applications 

The following sub-sections apply the analytical model to analyze the effect of line energy 

and CB level on temperature at the weld interface for contact welding (Section 8.2.1), and 

calculate the thermal expansion as a function of laser power for non-contact laser scan 

(Section 8.2.2) of PC.  The experimental and FE modeling results will be used to verify these 

analytical results. 

The simplified analytical model developed above is based on the assumption that all the 

material properties remain constant in the temperature range of interest.  This requires equivalent 

values of material properties, i.e. ρc , and Vβ , to be identified and applied in the model.  Table 

8-1 lists the calculated values of the material properties for PC based on the measured 

temperature-dependent c , ρ  and specific volume properties described in Section 5.1, as well as 

the surface reflectance of 08.0=η  in Section 5.3.3. 

Table 8-1 Properties of PC used in analytical model 

Property ρc , J/(mm3 ºC) Vβ , 1/ºC R  

Temperature range, °C 23-200 23-500 23-500  

Average value 3107.1 −×  3100.2 −×  6101703 −××  ))08.01(1(22.0 3−−=

 

8.2.1 Temperature Analysis for Contact Condition 

Equation 8-10 in Section 8.1.4 was developed to predict temperature at the weld interface for 

contact welding.  For PC, replacing A  in Equation 8-10 by CBC82  according to Equation 5-24 

and rearranging it, we have 
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Equation 8-13 provides the combined requirement for laser line energy and CB level CBL CvP )/(  

in order to obtain a temperature of 0T  at the weld interface. 

It is known from Section 6.3.1 that CT o2000 =  is required for welding to initiate for PC.  

So, the combined value of CBL CvP )/(  for welding to start can be predicted as 

.%)/(0094.0
82
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Equation 8-14 

Now one can examine the experimental data to determine the accuracy of this prediction.  

From the experimental results for the gap bridging test at speed of 25 mm/s in Figure 4-25, Figure 

4-24 and Figure 4-26, the shear strength of PC for contact weld (0 gap) is plotted in Figure 8-4 as 

a function of CBL CvP )/( .  For the same PC specimen and weld conditions, the laser scan power 

and speed influence on weld strength were also tested for a speed range of 25 to 100 mm/s and the 

results plotted in Figure 8-5.  These strength results are also plotted in Figure 8-4 as a function of 

CBL CvP )/( .  The predicted welding threshold of 0094.0)/( =CBL CvP  (J/mm x wt.%) 

in Equation 8-14 is also shown in this figure as a vertical dashed line. 

It can be seen from Figure 8-4 that all of the experimental strength data fall on a master curve 

as a function of the combined parameter CBL CvP )/( .  Too low CBL CvP )/(  cannot heat up the 

polymer at the weld interface for bonding. Too high CBL CvP )/(  can increase the polymer 

temperature at the weld interface and cause degradation.  This result indicates that, for the tested 

speed range of 20 to 100 mm/s, the temperature at the weld interface for diffusive bonding relies 

on the lumped parameter CBL CvP )/( .  The calculated value of CBL CvP )/(  ( 0094.0=  J/mm × 

wt.%) for 200 °C matches well with the experimental welding threshold in Figure 8-4.  This result 
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is another evidence in addition to the analysis in Section 6.3.1 and [92] that the weld initiates at 

around 200 °C for PC.   

 
Figure 8-4 Measured shear strength as a function of the combined laser line energy and CB 

content in contour welding of PC with contact 
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Figure 8-5 Effect of laser scan power and speed on weld strength in contour welding of PC 

(0.05 wt.% CB, contact condition, error bars represent one standard deviation) 
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8.2.2 Thermal Expansion Analysis 

Using the laser scan parameters ( 1=W  mm and 25=v  mm/s) and a temperature range of 

23 ºC to 500 ºC, the thermal expansion (Equation 8-12) as a function of laser scan power at 0=y  

can be simplified to: 
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 Equation 8-15 

where LP  is laser scan power from a laser head in a unit of W. 

Figure 8-6 shows DΔ as a function of LP  based on Equation 8-15 together with the 

simulated maximum thermal expansion by 2-D coupled model and the measured maximum gaps 

bridged in experiment (Figure 7-6).  It is seen in this figure that the thermal expansion for welding 

under the non-contact condition increases linearly with laser power.  This figure shows that the 

thermal expansion predicted by analytical model agrees very well with the experiment and 

modeling results presented earlier.  This result indicates that, for the given high speed laser scan 

with an evenly distributed laser beam profile, the analytical model is reliable and can be used for 

the estimation of gap bridging in contour welding of amorphous polymers.  It should be noted 

that, the influence of laser absorption coefficient A  on weld temperature does not appear 

in Equation 8-15.  This explains the linear relationship between thermal expansion and power that 

was independent of absorption coefficient in Figure 7-6, Figure 7-7 and Figure 7-8.  However, for 

any given A , the allowable laser power will be limited by the maximum allowable temperature 

rise on the top surface of the laser-absorbent part. 
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Figure 8-6 Comparison of the predicted thermal expansion as a function of laser scan power 
by analytical model to the FE model and the maximum gaps bridged in experiment for PC 

(speed 25 mm/s) 

8.3 Conclusions of Analytical Model 

An analytical model has been developed to predict the temperature due to laser heating in the 

absence of heat transfer in amorphous polymers.  It can be used to estimate the laser-absorption 

coefficient, predict the temperature at the weld interface for contact and non-contact conditions, 

and predict the maximum thermal expansion during laser transmission welding with gap.  The 

prediction of weld initiation as a function of the lumped parameter of line energy × CB level and 

the  prediction of thermal expansion appear to justify the use of the analytical model for the range 

of conditions tested.  Accurate predictions of the temperature and thermal expansion using this 

model rely on a very short time of laser irradiation, a uniformly distributed laser beam profile, and 

reasonable material property estimations. 
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The analytical model indicates that the maximum temperature at the weld increases linearly 

with the laser line energy and laser absorption coefficient.  Thermal expansion for welding under 

the non-contact condition increases with laser line energy – more energy provides higher 

temperatures.  Because of the limit of the maximum temperature at the weld interface with gap, 

lower laser absorption coefficient accompanied with higher laser power provides more volume of 

polymer at the same maximum temperature to bridge larger gaps. 

In industry or research, for a given amorphous polymer and a known laser beam profile, the 

analytical model can help with the selection of laser powers for welding to happen, and the 

prediction of bridgeable gap. 
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Chapter 9 

Summary 

9.1 Conducted Work 

A contour LTW study has been conducted using the following methodology: 

Experimental Analysis of Contour LTW for Gap Bridging:  The effects of laser (power, 

scan speed), material (amorphous and light-scattering polymers, CB level) and geometry (gap 

thickness) on lap-shear strength were examined using laboratory lap-specimens.   

Experimental studies were also conducted on:  (a) Beam profile measurement of the high-

power diode laser; (b) Examination of polymer surface damage threshold; (c) Investigation of test 

methods for evaluating weld strength; (d) Development of a non-contact method as a convenient 

means of identifying the appropriate welding parameters.   

Modeling of Contour LTW for Gap Bridging:  Two dimensional (2-D) and three 

dimensional (3-D) finite element methods (FEM) have been used to model the heat transfer and 

thermal expansion of LTW process with gaps for PC, PA6 and PA6GF.   

In addition to these numerical methods, an analytical model has been developed to assist 

engineers in design and problem solving of LTW for amorphous polymers.  This simplified 

analytical model can also help to identify parameters in experimental research and FE modeling.   

Experimental results for the softened/melt widths, the weld widths, the melt pool size, and 

the maximum bridged gaps have been used to validate numerical and analytical models.  The 

capabilities of the analytical model were verified for the purpose of serving industry in a simple 

and direct way. 
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In order to accurately describe the laser energy absorption in polymers in the model, several 

methods for measuring laser absorption coefficient have been investigated.  A description of the 

laser light transmission in scattering polymers has also been introduced.   

9.2 Contributions 

The following contributions have been made in the course of this research: 

• Determined relationship between temperature rise, gap bridging, and material welding 

parameters for PC, PA6 and PA6GF.   

• Used a 2-D transient, and 3-D quasi-static FEM to predict the temperature distribution 

and thermal expansion into the gap.  The range of materials used to validate the model, 

the application of 3-D quasi-static model to solve transient, heat transfer problem in 

contour LTW, and the 2-D, 3-D thermal expansions into the gap in contour LTW are 

novel. 

• Developed a mathematical function to describe laser light travel in scattering polymers by 

introducing light scattering ratio and scattering standard deviation.  No report has been 

found in public domain about such a model.   

• Developed a simple explicit analytical model to estimate processing parameters for use in 

laser welding.  This has not been done previously. 

• Performed original studies on the surface damage of polymers and the limitation of 

surface damage on gap bridging. 

• Developed new techniques to assess: the lap-joint shear strength, the laser absorption 

coefficient (reduced-power transmission method and the direct-scan method), the start-up 

parameters in LTW (non-contact test method). 
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9.3 Future Work 

Research into innovative joint design may improve gap bridging.  In order to predict 

temperatures during LTW more precisely, a comprehensive study is necessary on laser energy 

transmission in laser-transparent and scattering polymers, as well as contact-heat transfer effects 

at the weld interface.  A fatigue analysis for long term service of the LTW weld is also needed.  

For different LTW applications, there is also a lot of work to do on the development of process-

friendly polymers, colourants, weld tools and fixtures. 
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Appendix A 

 Laser Beam Profile of High-power Diode Laser 
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Figure A-1 1-D laser beam profiles along x-axis for DLx16 HP diode laser (working 

distance: 84.5-86.5 mm) 
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Figure A-2 1-D laser beam profiles along x-axis for DLx16 HP diode laser (working 

distance: 81.5-83.5 mm) 
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1-D laser power intensity distribution along x-axis

0.0

0.5

1.0

1.5

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
x-axis relative position, mm

N
or

m
in

iz
ed

 1
-D

 la
se

r p
ow

er
 in

te
ns

ity
 

I(x
), 

1/
m

m

Work distance
80.5 mm
Work distance
79.5 mm
Work distance
78.5 mm

 
Figure A-3 1-D laser beam profiles along x-axis for DLx16 HP diode laser (working 

distance: 78.5-80.5 mm) 
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Figure A-4 1-D laser beam profiles along z-axis for DLx16 HP diode laser (working 

distance: 84.5-86.5 mm) 
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1-D laser power intensity distribution along z-axis
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Figure A-5 1-D laser beam profiles along z-axis for DLx16 HP diode laser (working 

distance: 81.5-83.5 mm) 
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Figure A-6 1-D laser beam profiles along z-axis for DLx16 HP diode laser (working 

distance: 78.5-80.5 mm) 
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Appendix B 

Experimental Investigation on Gap Bridging 

B.1 Melting, Degradation and Surface Damage Powers 

 
Figure B-1 Non-contact method measured SP , dP  and mP  as a function of laser scan speed 

for natural PC and PC with 0.1 wt.% CB  

 
Figure B-2 Non-contact method measured SP , dP  and mP  as a function of laser scan speed 

for natural PC and PC with 0.05 wt.% CB  
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Figure B-3 Non-contact method measured SP , dP  and mP  as a function of laser scan speed 

for natural PC and PC with 0.025 wt.% CB  

  
Figure B-4 Non-contact method measured SP , dP  and mP  as a function of laser scan speed 

for natural PC and PC with 0.0167 wt.% CB  
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Figure B-5 Non-contact method measured SP , dP   and mP  as a function of laser scan speed 

for natural PA6 and PA6 with 0.2 wt.% CB  
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Figure B-6 Non-contact method measured SP , dP   and mP  as a function of laser scan speed 

for natural PA6 and PA6 with 0.1 wt.% CB  



 

205 

0

20

40

60

80

100

120

140

160

0 20 40 60 80 100 120

Speed (mm/s)

P
ow

er
 (W

)

Nothing
Melt of laser-absorbent part
Degradation of laser-absorbent part
Surface damage of laser-transparent part

 
Figure B-7 Non-contact method measured SP , dP   and mP  as a function of laser scan speed 

for natural PA6 and PA6 with 0.05 wt.% CB  
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Figure B-8 Non-contact method measured SP , dP   and mP  as a function of laser scan speed 

for natural PA6 and PA6 with 0.025 wt.% CB  
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Figure B-9 Non-contact method measured SP , dP   and mP  as a function of laser scan speed 

for natural PA6 and PA6 with 0.0167 wt.% CB  
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Figure B-10 Non-contact method measured SP , dP   and mP  as a function of laser scan speed 

for natural PA6GF and PA6GF with 0.2 wt.% CB  
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Figure B-11 Non-contact method measured SP , dP   and mP  as a function of laser scan speed 

for natural PA6GF and PA6GF with 0.1 wt.% CB  
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Figure B-12 Non-contact method measured SP , dP   and mP  as a function of laser scan speed 

for natural PA6GF and PA6GF with 0.05 wt.% CB  
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Figure B-13 Non-contact method measured SP , dP   and mP  as a function of laser scan speed 

for natural PA6GF and PA6GF with 0.025 wt.% CB  

 

B.2 Maximum Load and Weld Width Measurement  

  
Figure B-14 The maximum load as a function of laser power and gap thickness for PC 

(0.025 wt.% CB, 25 mm/s, error bars represent one standard deviation) 
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Figure B-15 The maximum load as a function of laser power and gap thickness for PC (0.1 

wt.% CB, 25 mm/s, error bars represent one standard deviation) 

  
Figure B-16 The maximum load as a function of laser power and gap thickness for PA6 

(0.025 wt.% CB, 25 mm/s, error bars represent one standard deviation) 
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Figure B-17 The maximum load as a function of laser power and gap thickness for PA6 (0.1 

wt.% CB, 25 mm/s, error bars represent one standard deviation) 

  
Figure B-18 The maximum load as a function of laser power and gap thickness for PA6GF 

(0.1 wt.% CB, 25 mm/s, error bars represent one standard deviation) 
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Figure B-19 The maximum load as a function of laser power and gap thickness for PA6GF 

(0.2 wt.% CB, 25 mm/s, error bars represent one standard deviation) 

 
Figure B-20 Weld width as a function of power for PC (0.025 wt.% CB, 25 mm/s) 
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Figure B-21 Weld width as a function of power for PC (0.1 wt.% CB, 25 mm/s) 

 

 
Figure B-22 Weld width as a function of power for PA6 (0.025 wt.% CB, 25 mm/s) 
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Figure B-23 Weld width as a function of power for PA6 (0.1 wt.% CB, 25 mm/s) 

 

 
Figure B-24 Weld width as a function of power for PA6GF (0.1 wt.% CB, 25 mm/s) 
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Figure B-25 Weld width as a function of power for PA6GF (0.2 wt.% CB, 25 mm/s) 
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Appendix C 

Thermal and Mechanical Properties of Polymers 

C.1 Thermal Conductivity of Polymers 

 

 

 

 
Figure C-1 Thermal conductivity instrument UNITHERM™ Model 2022 (Anter 

Corporation) 
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Table C-1 Thermal conductivity of PC for the given temperature points 

Material Temperature, ºC 
Thermal conductivity k, 

W/(m K) 

PC 
Makrolon® 
AL2647 

Measured 

24 0.217 

44 0.224 

64 0.231 

83 0.230 

103 0.237 

Average for solid 
(≤145ºC) 

0.228 with accuracy  
± (3~8)% 

Reference 
23 0.20 [76] 

Softening (>145ºC) 0.173 [82] 

Table C-2 Thermal conductivities of PA6 and PA6GF for the given temperature points 

Material Temperature, ºC Thermal conductivity k, W/(m K) 

PA6  

Measured 
(with 0.2 
wt.% CB) 

104 0.261 

153 0.245 

181 0.248 

Average for solid (≤225ºC) 0.251 with accuracy  
± (3~8)% 

Reference 
 0.245-0.300 [86] 

Melt 0.135 [77] 

PA6GF  

Measured 
(with 0.1 
wt.% CB) 

102 0.326 

152 0.301 

181 0.297 

Average for solid (≤225ºC) 0.308 with accuracy  
± (3~8)% 

Reference 
 0.200-0.504 [86] 

melt 0.239 [77] 
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C.2 Heat Capacity of Polymers 
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Operator: Mingliang
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Exo Up Universal V4.2E TA Instruments  
Figure C-2 DSC measurement of PC 

 
Figure C-3 DSC measurement of PA6 
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Figure C-4 DSC measurement of PA6GF 

C.3 Thermal Expansion Coefficient of Polymers 

 
Figure C-5 Specific volume – temperature (pvT) curves for PC Makrolon® AL2647 [82] 
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205 ºC

230 ºC

 
Figure C-6 Specific volume-temperature (pvT) curves for PA6 Akulon® F223-D [77] 
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Figure C-7 Specific volume-temperature (pvT) curves for PA6GF Akulon® K224-HG6 [77] 
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C.4 Degradation Temperature of Polymers 

 
Figure C-8 TGA measurement for PC (heating rate 10 ºC/min) [84] 

 
Figure C-9 TGA measurement for PA6 (heating rate 10 ºC/min) [84] 
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C.5 Shear modulus of Polymers 

 
Figure C-10 Shear modulus vs. temperature for PA6 [77] and its temperature turning points 

 
Figure C-11 Shear modulus vs. temperature for PA6GF [77] and its temperature turning 

points 
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Appendix D 

Laser Absorption Coefficient Measurement in LTW of Polymers 

D.1 Reduced-power Transmission Method  

Table D-1 Power meter direct readings, inP , for measuring system without PC sample, 
0=D  

Measured inP , mW inP  average Standard 
deviation 

270 271 270 265 267 262 262 258 259 277 278 267.2 6.7 

 

Table D-2 Power meter readings, outP , for PC 

CB level, 
wt.% 

Sample thickness 
D , mm outP , mW outP  average, 

mW 
Standard 

deviation, mW 

0 

0.97 222 222 222 221 222 221.8 0.5 

1.98 226 226 225 224 226 225.4 0.9 

2.84 217 216 218 217 218 217.2 0.8 

0.0125 

1.01 77 76 76 76 76 76.2 0.5 

2.02 22 22 23 23 22 22.4 0.5 

2.98 8 8 8.5 8 8 8.1 0.2 

0.05 
1.00 2 2.5 2 3 2.5 2.4 0.4 

1.60 0       

0.1 
0.30 20 22 22 21 22 21.4 0.9 

1.00 0       

0.2 
0.43 0       

1.00 0       
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Table D-3 Power meter analog outputs, inP , for measuring system without PA6 sample, 
0=D  

Measured inP , mW inP  average, 
mW 

Standard 
deviation, mW

267.6 265.8 270.5 271.5 265.5 264.8 255.5 255.0 264.5 6.2 

 

Table D-4 Power meter analog outputs, outP , for PA6 samples 

CB level, 
wt.% 

Sample thickness 
D , mm outP , mW outP  average, 

mW 
Standard 

deviation, mW 

0 

0.99 165.9 167.0 165.8 166.2 0.7 

1.96 121.8 121.5 120.3 121.2 0.8 

3.00 86.4 86.3 86.4 86.4 0.1 

0.0125 

1.12 51.5 51.5 51.8 51.6 0.2 

1.96 15.0 15.2 15.0 15.1 0.1 

3.01 3.6 3.2 3.6 3.5 0.2 

0.05 

1.04 9.3 9.3 9.3 9.3 0 

1.15 7.1 7.1 7.2 7.1 0.1 

1.47 2.3 2.3 2.3 2.3 0 
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Table D-5 Power meter analog outputs, outP , for PA6GF samples  

CB level, 
wt.% 

Sample thickness 
D , mm outP , mW outP  average, 

mW 
Standard deviation, 

mW 

0 

1.01 128.3 127.8 127.5 127.9 0.4 

2.00 78.0 77.7 78.2 78.0 0.3 

3.00 53.9 54.0 53.9 53.9 0.1 

0.004175 

1.04 69.8 69.8 69.6 69.7 0.1 

2.01 24.3 24.5 24.0 24.3 0.3 

3.00 11.1 11.0 11.4 11.2 0.2 

0.0167 

0.98 22.4 22.8 22.7 22.6 0.2 

1.50 6.3 5.9 6.2 6.1 0.2 

      

0.0334 

0.50 35.3 35.9 35.3 35.5 0.4 

1.00 4.5 4.7 4.8 4.7 0.2 

      

0.0668 

0.40 17.3 17.4 17.4 17.4 0.1 

1.05 0   0  
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D.2 Direct-scan Method 

Table D-6 Measured laser scan powers causing polymer surface to melt by direct-scan 
method  

Speed, 
mm/s 

CB level, 
wt.% 

PA6 PA6GF 

Power, W ± Deviation, W Power, W ± Deviation, W 

150 0.2 7.0 0.5 4.0 0.5 

150 0.1 13.0 1.1 8.1 0.6 

150 0.05 27.7 2.3 15.2 1.1 

150 0.025 52.1 2.8 32.2 2.3 

150 0.0167 71.7 5.6 46.3 3.0 

150 0.0125 104.5 5.5 57.7 2.9 

Note: The deviations came from power increments in the test. 
 

 
Figure D-1 Specimens with visible melt line on them after direct-laser scan 

PA6 with 0.05 wt.% CB 
Speed: 25 m/s 

4.5 W 

5.5 W

3.6 W

6.5 W

PA6GF with 0.025 wt.% CB 
Speed: 25 m/s 

6.5 W 

7.6 W 

5.5 W 

8.7 W 
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Appendix E 

Description and Application of Line Energy Intensity in 

Scattering Polymers 

The equations to describe the line energy intensity in contour LTW are developed in 

Section E.1 based on the power intensity calculation method developed in Section 5.4.  The 

experimental measured 1-D laser beam profiles after the laser-transparent parts are explained in 

Section E.2.  )0(δ  and )0(σ  are fitted for PA6 and PA6GF in Section E.3 based on the 

measured 1-D beam profiles.  

E.1 Description of Line Energy Intensity in Contour LTW 

For a very small fixed point beam, the laser power intensity in polymer is primarily described 

by Equation 5-40 and Equation 5-41.  If a point beam LiP  moves along z-axis (Figure 5-26) at a 

speed v as in the case of contour welding, its line energy intensity LiE ′′  can be calculated as  

 
i

Li
Li Wv

PE 1
=′′  Equation E-1 

Therefore, the line energy intensity at point (x, y) in the 2-D coordinate system can be calculated 

as (Figure E-1):   

 (a) For the direct light, from Equation 5-40 we have 
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where ),( yxEdi′′  is the direct line energy intensity from the ith laser point beam at point ),( yx , 

J/m2.  v is the laser scan speed.  iW  is the width of the ith point beam.  vyPi )(  is the line energy 

of the ith point beam at depth y  in x-plane. 

(b) For the scattered light, from Equation 5-41 we have 

)(
)(

)())(),((
)(

),,(1),( iy
i

iiy
si

sisi xxp
v
yP

ydzzzxxp
v

yP
dzzyxP

v
yxE −=−−=′′=′′ ∫∫

+∞

∞−

+∞

∞−

δ  

Equation E-3 

where ),( yxEsi′′  is the scattered line energy intensity at point ),( yx  from the ith point beam.  

)( iy xxp −  is the 1-D Gaussian function for light intensity at point ),( yx  in x-plane.  The 1-D 

Gaussian function at depth y  in x-plane is defined as 

 )(2
)(

2

2

)(2
1)( y

xx

iy

i

e
y

xxp σ

σπ

−
−

=−  Equation E-4 

 
Figure E-1 Line energy intensity for the ith laser point beam contour welding  

It can be seen from Equation E-2 and Equation E-3 that the line energy intensities can also be 

described using )(yδ  and )(yσ  that are for the power intensities in Equation 5-40 and Equation 

5-41. 
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For the ith point beam reaching the weld interface at 0=y  after passing through the laser-

transparent part (Figure E-1), from Equation E-2 and Equation E-3 we have 
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 )(
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)0()0,( 0 i
i

si xxp
v

P
xE −=′′ δ  Equation E-6 

where )0,(xEdi′′  is the direct line energy intensity at point )0,(x  under the laser-transparent part. 

)0,(xEsi′′  is the scattered line energy intensity at point )0,(x  under the laser-transparent part.  

)(0 ixxp − is the 1-D Gaussian function for light intensity distribution at 0=y .  )(0 ixxp −  is 

a function of )0(σ  and can be calculated as 

 )0(2
)(

0
2

2

)0(2
1)( σ

σπ

ixx

i exxp
−

−

=−  Equation E-7 

The total line energy intensity from a laser head (a group of point laser beams) can be 

integrated from Equation E-2 and Equation E-3 (Figure E-2): 

 
Figure E-2 Integration of line energy intensity from a laser head in contour welding of 

scattering polymers  
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 ∑
∞

−∞=

+=
i

sidi yxEyxEyxE )],("),("[),("  Equation E-8 

where ),( yxE ′′  is the integrated line energy intensity at point ),( yx  in polymers.  i  accounts for 

all of the discretized point beams. 

E.2 Measured Beam Profiles after Laser-transparent Parts 

The 1-D laser beam profiles after passing the laser-transparent parts made of PA6 and PA6GF 

were measured using the ‘non-contact scan method’ developed by G. Zak et al [93] for the Rofin-

Sinar DLx16 160 W laser.  The same experimental setup was used as that shown in Figure 4-7.  

The specimens thickness is 3.2mm.  Two 0.5 mm spacers were placed between the laser-

transparent and the laser-absorbent parts.  The laser-absorbent parts worked as a melt width 

indicator in the non-contact laser scan and here were made of PA6 with 0.2 wt.% CB for the top 

PA6 parts, and PA6GF with 0.2 wt.% CB for the top PA6GF parts.  The laser scan speed was 25 

mm/s.   

Figure E-3 is the measured 1-D distributions of the laser line energy intensity across the laser 

scan direction (a) for a normalized line energy input from the laser head ( 1=vPL  J/mm) and (b) 

after passing through the 3.2 mm laser-transparent parts made of PA6 and PA6GF respectively.  

The normalized 1-D line energy intensity distribution in Figure E-3 for the laser head came from 

the measured and normalized 1-D laser beam power profile along x-axis shown in Figure 4-3.  It 

is known from the spectrophotometer measurement conducted by Dr. Chuanyang Wang (Figure 

5-14) that the 3.2 mm laser-transparent parts have a total transmittance TtT  of 0.40 for PA6 and  

0.32 for PA6GF.  It is the limited transmittance TtT  that reduced the line energy intensities 

significantly after passing through the laser-transparent parts.  Much wider line energy profiles 

under the laser-transparent parts were obtained for PA6 and PA6GF. 
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Figure E-3 Measured 1-D-laser beam profiles of the Rofin-Sinar DLx16 laser and after 
passing through the laser-transparent parts made of PA6 ( mmDt 2.3= , 40.0=TtT ) and 

PA6GF respectively ( mmDt 2.3= , 32.0=TtT ) 

E.3 Calculation and Application of Scattering Parameters 

This section explains calculation of the optical parameters )0(δ , )0(σ  and tS  of PA6 and 

PA6GF by using Equation E-8 to fit the measured 1-D beam profiles in Figure E-3. 

Discretizing the normalized 1-D laser beam line energy profile (Figure E-3) by mmWi 1.0= , 

for a point beam passing through the laser-transparent part, considering:  

 
v

P
T

v
P Li

Tt
i =

)0(
  Equation E-9 

We can build fitted line energy intensity distributions by Equation E-8 with 

(a) 40.0=TtT , 64.0)0( =δ , mm9.0)0( =σ  for PA6; and 

(b) 32.0=TtT , 99.0)0( =δ , mm12.1)0( =σ  for PA6GF. 

These fitted-in line energy intensities are shown in Figure E-4 and Figure E-5 including the 

direct part and the scattered part of the calculated (simulated) intensities.  For a normalized 1-D 
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line energy input ( 1=vPL  J/mm), the area under the fitted line energy intensities equals to the 

measured TtT , with units of J/mm ( Tti TvP =)0(  J/mm). 
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Figure E-4 Fitted 1-D line energy intensity after the laser beam passing through the laser-
transparent part made of PA6 ( mmDt 2.3= , 40.0=TtT , 64.0)0( =δ , mm9.0)0( =σ )  
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Figure E-5 Fitted 1-D line energy intensity after the laser beam passing through the laser-

transparent part made of PA6GF ( mmDt 2.3= , 32.0=TtT , 99.0)0( =δ , mm12.1)0( =σ ) 
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Well fitted curves of the 1-D line energy intensities in Figure E-4 and Figure E-5 indicate that 

the combination of the direct light described by Bouguer-Lambert law, and the scattered light  

described by Gaussian function can be used to describe the laser light transmission in scattering 

polymers. 

Application I: 

Remainder of this section describes estimation of the optical parameter tS of PA6 and PA6GF.   

From Equation 5-29 we have: 
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 Equation E-10 

Applying the measured optical parameters in Section 5.3 and the calculated parameters above (i.e. 

mmDt 2.3= , 40.0=TtT , 136.0=TtR , 04.0=tη , 64.0)0( =δ , mm9.0)0( =σ  for PA6, 

and mmDt 2.3= , 32.0=TtT , 115.0=TtR , 04.0=tη , 99.0)0( =δ , mm12.1)0( =σ  for 

PA6GF), we get: 

 
⎩
⎨
⎧

=
GFPAformm

PAformm
K t 6/174.1

6/155.0  

For natural polymers, assuming tt AS >> , we have  

 mmSt /155.0=  for PA6, and  

 mmSt /174.1=  for PA6GF.   

According to Equation 2-5 for a non-absorbing polymer ( 0=A ), pD  can be calculated as  

 
S

Dp
1

=  Equation E-11 

A light-scattering, non-absorbing polymer can be assumed to be single-scattering if the 

material thickness D  satisfies [94] 
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S

DD p
11.01.0 =≤  Equation E-12 

Applying the estimated tS  values of 0.55 and 1.74 1/mm for PA6 and PA6GF respectively 

into Equation E-12, one can find that a 0.2 mm thick PA6 part and a 0.06 mm PA6GF part should 

be considered the  muliti-scattering parts. 

Application II: 

The following part validates Equation 5-39 used in the model. 

Considering 0)( 1 <−<− aat KAS  in Equation 5-38, )( 1 aa KA −  is replaced by tS−  

in Equation 5-39 to include the worst situations of the difference between the real )(yaδ  and the 

approximated one – )0(δ .  The parameters and analysis results for )(yaδ  at pDy =  are listed 

in Table E-1 for PA6 and PA6GF at extreme CB levels.  It can be seen from this table that, for the 

scattering materials used in the gap bridging study, the difference between )( pa Dδ  and )0(δ is 

less than 14%.  The possible maximum difference of 14% is for PA6 with 0.025 wt.% CB at a 

depth of 65.0=pD  mm in the laser-absorbent part.  The difference between )(yaδ  and )0(δ  is 

usually much less than 14% for the cases that y  is close to the weld interface. 

Table E-1 Scattering ratio analysis for laser-absorbent parts 

Material tS , 
1/mm 

CB level, 
wt.% 

aA1 , 
1/mm 

ap AD 1/1=
, mm 

)( pa D∗δ )0(δ  
)(

)0()(

pa

pa

D
D
∗

∗ −

δ
δδ

 

PA6 0.55 
0.025 1.54 0.65 0.75 

0.64 
14% 

0.1 5.44 0.18 0.67 5% 

PA6GF 1.74 
0.05 4.90 0.20 0.99 

0.99 
0% 

0.2 18.6 0.05 0.99 0% 

Note: pt DS
pa eD −∗ −−= ))0(1(1)( δδ  
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Appendix F 

Validation of 3-D Quasi-static Model for Contour Laser 

Transmission Welding of Polymers 

Based on the model information given in Section 6.1, this chapter talks about validation of 

the 3-D quasi-static models for PC, PA6 and PA6GF in terms of mesh size (Section F.1), model 

dimension (Section F.2), and thermal boundary conditions (Section F.3).  The purpose of model 

validation was to obtain a reliable model for FE simulation. 

F.1 Mesh Size 

The purpose of the mesh size sensitivity analysis was to make sure the mesh size of the 

model is fine enough for obtaining a stable simulation output.  Based on part dimensions shown 

in Figure 6-2 for PC (L x W x H = 7 or 21 x 4 x 3.2 mm3), PA6 and PA6GF (L x W x H = 15 x 4 

x 3.2 mm3), a model mesh (element) size sensitivity analysis has been conducted.  Lagrange-

linear elements (tetrahedral, first order/linear shape function) were selected in the thermal 

modeling.  The meshes are shown in Figure F-1 for PC, and Figure E-1 for PA6 and PA6GF.  The 

sensitivity analysis mainly focused on the mesh size controlled area where high gradients exist for 

both the laser energy absorption and the temperature.  The mesh size for the area other than the 

controlled area was mainly controlled by the specified mesh size growth rate.  Mesh size 

sensitivity analysis only dealt with polymer with the highest carbon black level and a strong light 

scattering, i.e. PC with 0.1 wt.% CB and PA6GF with 0.2 wt.% CB.  For these polymers, the 

highest gradients of energy absorption and temperature exist and so they represent the most 

challenging cases for the mesh size.  After obtaining reliable mesh sizes from the sensitivity 

analysis, the same mesh sizes have been applied for the relatively low CB level polymers. 
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Figure F-1 Model meshing for PC under non-contact (left, 21 mm long model) and contact 

conditions (right, 7 mm long model) 

 
Figure F-2 Model meshing for PA6 and PA6GF under non-contact (left) and contact 

conditions (right) 

For PC, the simulated maximum temperatures (a) at weld interface and (b) at symmetry 

plane are drawn in Figure F-3 for 4 mesh size models.  The temperature trends indicate that, even 

for a high laser-absorption coefficient of A = 8.2 1/mm for 0.1 wt.% CB, a mesh size ≤ 0.03 mm 

and mesh growth rate of 1.2 around the laser irradiation heated weld interface is fine enough to 

obtain a stable temperature distribution output.  For a laser absorption coefficient of A = 8.2 

1/mm, the optical penetration depth, 1/A, is 0.12 mm which is 4 times greater than 0.03 mm - the 

minimum mesh size.   

There were 391,762 tetrahedral elements with 69,906 degrees of freedom for a typical 7 

mm-long model and the given 0.03 mm mesh size control parameters.  The computing time for a 

typical thermal problem was 2.8 minutes per set of parameters.  

21 mm 
7 mm 
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Figure F-3 Mesh sensitivity analysis for PC (0.1 wt.% CB, power 6.5 W, speed 25 mm/s, 

contact condition) 

Figure F-4 and Figure F-5 show the mesh size sensitivity analysis results for PA6GF with 

0.2 wt.% CB for the three models.  It can be seen from these figures that a maximum mesh size of 

≤ 0.05 mm and growth rate of 1.1 in the controlled area is fine enough to indicate the peak 

temperature and the temperature distribution on the top surface of the laser-absorbent part.  There 

were 431,604 tetrahedral elements with 75,356 degrees of freedom for this 15 mm-long PA6GF 

model under contact condition.  The computing time for a typical thermal problem of this mesh 

size was 15 minutes per set of parameters. 
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Figure F-4 Mesh size sensitivity analysis for PA6GF (0.2 wt.% CB, power 30 W, speed 25 

mm/s, non-contact condition) 

 
Figure F-5 Mesh size sensitivity analysis for PA6GF (0.2 wt.% CB, power 50 W, speed 25 

mm/s, contact condition) 
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F.2 Model Dimensions 

Simulated temperature profiles of contour welding of PC for two different model lengths 

are plotted in Figure F-6, which shows that the temperature output is not sensitive to the model 

length.  This result implies that heat transfer along z-axis is negligible for the simulated laser scan 

speed of 25 mm/min.  This conclusion is adopted directly in the simulation of laser scan for PA6 

and PA6GF for the speed of 25 mm/s and above.  The model length of PA6 and PA6GF is 15 mm 

as drawn in Figure 6-2 Structure, initial and boundary conditions of the 3-D quasi-static model .   

As shown in Figure 6-2, a 8 mm model width is used in the 3-D quasi-static models.  This 

reduced model width relative to the specimen dimensions in Figure 4-4 has no influence on the 

simulated temperature field as the heat transfer happens only around the laser irradiated local area 

in the initial period after high speed laser scan.  The simulated temperature of 23 °C at the outside 

end of the 4 mm wide model shown in Figure 6-16, Figure 6-17 and Figure 6-18 (along x-axis)  is 

supports this choice of model width. 

Because the heat transfer along z-axis is negligible for a laser scan speed of ≥ 25 mm/s, a 2-

D transient, heat transfer model can also be employed here for the simulation with the same 

parameter settings, which led us to apply the 2-D thermal-mechanical coupled model to simulate 

the gap bridging in contour LTW as reported in Chapter 7.   
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Figure F-6 Effect of model length on the simulated temperature profile at the centre of weld 

interface for PC (0.05 wt.% CB, power 12 W, speed 25 mm/s, contact condition) 

F.3 Thermal Boundary Conditions 

The influence of boundary conditions on simulated temperature in the model was not 

examined here.  Instead, the model validation conclusions for PC in Section G.1.4 are accepted 

here directly.   

The simulation results in Figure G-6 indicate that, for the low-conductivity polymers and 

the very short time windows (= model length/scan speed; < 1 s), heat loss on model surfaces by 

emission and convection is very limited.  Changes in emissivity and convection coefficient 

settings had no significant influence on the simulated temperature outputs.  Further information 

about the thermal boundary analysis can be found in Section G.1.4. 

21 mm 
7 mm 

0

100

200

300

400

500

600

-25.0 -20.0 -15.0 -10.0 -5.0 0.0

Position on weld path, mm
Te

m
pe

ra
tu

re
, C

7 mm long model
21 mm long model



 

240 

 

Appendix G 

Validation of 2-D Coupled Model for Contour Laser Transmission 

Welding of Polymers 

This appendix will first introduce the 3-D transient, thermal-mechanical coupled model (3-

D coupled model) including validation of itself (Section G.1); then apply it, in conjunction with 

the 3-D quasi-static model (Chapter 6), to validate the 2-D coupled model (Section G.2).   

The theoretical background of the FE simulation has been briefly given in Section 6.1.2 for 

heat transfer and Section 7.1.2 for deformation.  The FEM software and computer used for this 

analysis are the same as those used for the 3-D quasi-static model in Chapter 6 and the 2-D 

coupled model in Chapter 7. 

G.1 3-D Coupled Model 

In a 3-D coupled model, contour welding process was simulated as a real 3-D transient, 

thermal-mechanical coupled problem (Figure G-1).  Direct use of the 3-D coupled model for 

contour welding can in theory eliminate the concerns caused by the simplifications or 

approximations in terms of model structure and process conditions.  However, the significant 

computing time and memory requirements of the 3-D transient, thermal-mechanical coupled FE 

model make it difficult to apply.  Because of the limited computer memory available (4 

Gigabyte), only contour welding of PC with gap (no top part) was simulated by 3-D coupled 

model for a few process conditions.   

This section will first introduce the model structure (Section G.1.1), then validate the 3-D 

coupled model through the mesh sensitivity analysis (Section G.1.2), yield stress sensitivity 

analysis (Section G.1.3), and the boundary condition analysis (Section G.1.4).  At the end, the 

simulation will be discussed (Section G.1.5). 
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G.1.1 Model Construction 

Figure G-1 is the drawing showing the structure and boundary conditions of the 3-D 

coupled model.  To study the gap bridging, only the heat transfer and the thermal expansion of the 

laser-absorbent part have been simulated.  Even the top laser-transparent part was not included in 

the model; however, the attenuation of laser beam intensity caused by the top part was still 

accounted for when describing the laser beam reaching the laser-absorbent parts.  Due to the gap 

presence, there was never contact between the laser-transparent part and the laser-absorbent part, 

so no conductive heat transfer or displacement constraint existed on the top edge of the laser-

absorbent part.  The laser-transparent and laser-absorbent parts are fixed in the model, but the 

laser beam moves along z-axis with a constant speed v.  The moving laser beam profile reaching 

the top surface of the laser-transparent part is the one shown in Figure 5-27 for PC.  Similar to the 

3-D quasi-static model shown in Figure 6-1, only half of the laser-absorbent part was meshed in 

the model.  Dimensions and boundary conditions of the model came from the experiment shown 

in Figure 4-4.  According to the simulation result about moving up of the part after laser heating 

(Figure G-2), both the top and bottom 7.25 mm wide surfaces were set to free of contact to other 

bodies. 

 
Figure G-1 Geometric structure, initial and boundary conditions of the 3-D coupled model 
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Figure G-2 Cross section view of bumping up of the part after laser irradiation for the 3-D 

coupled model 

The heat source Q  applied in the 3-D coupled model was based on Equation 5-51 for the 

given laser beam profile shown in Figure 5-27 for PC.  For a unit volume polymer at any point 

),,( zyx  in Figure G-1, its heat source Q  can be calculated as a function of time by replacing z  

in Equation 5-51 by a time-dependent coordinate tz : 

 )( 0ttvzzt −−=  Equation G-1 

where tz  is the time-dependent coordinate; v is the laser scan speed; t is the laser irradiation time; 

t0 is the time shift of the analysis.   

In Equation G-1, 0t  should be large enough to make sure that, at 0=t , the 3-D coupled 

analysis can start at 0=Q .   

Figure G-3 shows an example of the 3-D coupled model for PC.   

 
Figure G-3 Example of the 3-D coupled model for PC (0.1 wt.% CB, speed 25 mm/s, power 

12 W, time 0.5 s, non-contact condition) 

Bottom surface moving 
up because of thermal 

expansion 
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G.1.2 Mesh Size 

An appropriate mesh (element) size must both give accurate simulation results and must 

keep the solution time under control.  The curves for the maximum temperature and the thermal 

expansion shown in Figure G-4 indicate that a controlled maximum mesh size of 0.2 mm and 

mesh size growth rate of 1.5 at the laser irradiated area were acceptable for obtaining a stable 

temperature and displacement outputs in the simulation for A = 4.12 1/mm (0.05 wt.% CB).  

Simulation with a mesh size less than 0.2 mm was also tried but the computer ran out of memory.  

For cases where laser absorption coefficient A is lower than 4.1 1/mm, the simulated temperature 

and displacement fields should be more accurate because of the reduced temperature gradient. 
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Figure G-4 3-D coupled model simulated maximum temperature and maximum thermal 
expansion on the top surface of the laser-absorbent part vs. maximum mesh size in the 

controlled area for PC (0.05 wt.% CB, power 12 W, time 0.5 s, yield stress 3.25 MPa, mesh 
size growth rate 1.5, non-contact condition) 

There were 8990 elements with 46027 degrees of freedom for the 3-D coupled model with a 

maximum mesh size of 0.2 mm at the controlled meshing area as well as a default mesh growth 

rate of 1.5.  The computing time for this thermal-mechanical coupled problem was 179732 s (50 

hours for the computer) using the HP workstation xw4200 with P4 3.4GHz CPU and a 4 GB 

RAM.  The operating system was Microsoft Windows XP Professional x64 Edition.   
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The computer would run out of memory if more refined mesh were applied in this 3-D 

coupled model.  That is why PA6 and PA6GF could not be analyzed here by the 3-D coupled 

model.  However, if only executing the heat transfer analysis for the same scale 3-D model (8990 

elements with 2182 degrees of freedom, 0.2 mm mesh and 1.5 growth rate), the computing time is 

only 412 seconds (7 minutes).  

G.1.3 Yield Stress 

For describing softening or melt flow of polymers, a solid deformation with very low level 

of yield stress was introduced in this 3-D coupled model for temperature ranges above their 

softening or melt points (Figure 5-6 for PC, Figure 5-10 for PA6 and PA6GF).  Sensitivity 

analysis was conducted for PC about the yield stress influence on simulated temperature and 

displacement.  For the temperature range above the softening point of PC (145 ºC [76]), elastic-

perfectly plastic models with a yield stress of 1/5, 1/10 and 1/20 of the yield stress of PC at 23 °C 

was applied in the analysis.  The sensitivity analysis result in Figure G-5 for mmA /11.2=  

(0.025 wt.% CB) indicates that the low yield stress used here are sufficiently small to obtain a 

stable maximum temperature and maximum thermal expansion on the top surface of the weld for 

the laser-absorbent part.  The sensitivity analysis for the yield stress for mmA /11.4=  (0.05 

wt.% CB) also produced the same stable outputs.  The yield stress of 3.25 MPa (1/20 of 65 MPa – 

room temperature yield stress of PC) was used for all the subsequent 3-D and 2-D cases (Chapter 

7) for PC deformation modeling. 
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Figure G-5 Sensitivity analysis about yield stress influence on simulated temperature and 
thermal expansion in the 3-D coupled model for contour welding of PC (0.025 wt.% CB, 

speed 25 mm/s; power 12 W, controlled maximum mesh size 0.2 mm, non-contact condition) 

G.1.4 Influence of Thermal Boundary Conditions on Temperature 

Using the 3-D coupled model but running it only in a heat transfer mode (to save time), the 

influence of thermal boundary conditions on simulated temperature field was investigated for PC:  

Simulation results indicated that the influence of the surface convection coefficient and the 

surface emissivity (Table 5-3, Table 5-4) on temperature field was negligible because of the low 

thermal conductivity of polymers and the very limited time window in the simulation. 

Figure G-6 shows the simulated temperature vs. weld path position for the 3-D thermal 

model with three different boundary conditions.  The temperature is sampled along the center line 

of the weld on the top surface of the bottom part.  It can be seen that, for a given cross section in 

the weld path, the temperature can drop from the highest of 695 ºC to around 390 ºC within 0.4 

second (refer to 10 mm behind the laser beam front in Figure G-6).  For this very limited time 

period, the temperature drop has only 4% difference between the thermal boundary conditions of 

(a) surface convection coefficient )/(5 2 KmWh = , surface to ambient emissivity 1=e  with a 
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temperature drop to 375 ºC; and (b) 0=h , 0=e  with a temperature drop to 392 ºC.  The 

difference in temperature drop can be less than 4% if the highest temperature is lower than this 

discussed 695 ºC.  For example, for mmA /10.2=  (0.025 wt.% CB, power 12 W, speed 25 

mm/s), the temperature drop within 0.4 second in the 3-D thermal model is from 388 ºC to 272 ºC 

for 5=h , 1=e  and 280 ºC for 0=h , 0=e  respectively.  

  
Figure G-6 Influence of thermal boundary conditions on the simulated temperature in the 3-

D coupled model (but only thermal analysis here) of PC (0.05 wt.% CB, speed 25 mm/s, 
power 12 W, non-contact condition) 

The reason for this very small temperature difference is that, relative to conductive heat 

transfer, the energy loss through convective and radiative heat transfer from the small heated 

surface is very small in this very short period of time.  To study the gap bridging, the focus is on 

the initial high temperature period of the laser welding.  So, the thermal energy loss through 

boundary convective and radiative heat transfers is not significant for the studied three thermal 

boundary conditions and a boundary condition of h = 5, e = 0 was applied in almost all of the 2-D 

and 3-D, thermal or thermal-mechanical coupled models of LTW process (Chapter 6 and Chapter 

7). 
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G.1.5 Discussion 

It can be seen that the 3-D thermal-mechanical coupled transient analysis is very time 

consuming.  The simulation procedures also demonstrate that, the COMSOL structural-

mechanical model does not always converge for load conditions where large plastic deformation 

exists.  For this reason, the decision was made to simulate the contour welding process by the 

simplified 2-D transient, thermal-mechanical coupled model or the 3-D static, thermal model.  

The 3-D quasi-static model with fine mesh (maximum mesh size in the controlled area: 0.03 mm 

for PC, 0.05 mm for PA6 and PA6GF with a much larger area) for heat transfer usually will solve 

within only a few minutes for a set of parameter settings.  The 2-D coupled model with fine mesh 

(maximum mesh size at the centre of the weldline: 0.08 mm (growth rate: 1.02) for PC, 0.025 mm 

(growth rate: 1.03) for PA6 and PA6GF because of a much larger fine mesh area) for thermal-

mechanical coupled model will run for about 10 minutes for PC and 20 minutes for PA6.   

G.2 Validation of 2-D Coupled Model 

Using polymer properties in Chapter 5, the 2-D coupled models described in Section 7.1 for 

gap bridging in contour welding of PC, PA6 and PA6GF were validated by the 3-D quasi-static 

model in Chapter 6 and the 3-D coupled model in Section G.1 above.  Before that, mesh size 

sensitivity analysis was also conducted for the 2-D coupled model under a typical condition 

(Section G.2.1).  The validation mainly focuses on two parameters: temperature (Section G.2.2) 

and displacement (Section G.2.3).  

G.2.1 Mesh Size 

The purpose of the mesh size sensitivity analysis was to make sure the mesh size of the 

model is fine enough for obtaining a stable simulation output.  Figure G-7 is the drawing showing 

that, in a 2-D coupled model for PC, a stable temperature and deformation output can be obtained 

if the mesh size were not more than 0.2 mm at the controlled area which is around the weldline.  
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The highest laser absorption coefficient of 8.2 1/mm was used in this sensitivity analysis which 

represents the worst case, or the highest temperature gradient case, for the mesh size requirement.  

For obtaining stable simulation results, the maximum mesh size around the laser irradiated area is 

around 0.05 mm (i.e. 0.025-0.08 mm) in the 2-D coupled model for all of the 3 materials.  If a 

model did not converge, which happened sometimes, the mesh size may be adjusted a little up or 

down to make the simulation converge.  Further mesh refinement would cost longer computing 

time but could only make a temperature difference of less than 20 °C for the temperature level of 

600 °C. 
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Figure G-7 Sensitivity analysis about mesh size influence on simulated temperature and 

thermal expansion in the 2-D coupled model for contour welding of PC (0.2 wt.% CB, speed 
25 mm/s, power 6.4 W, non-contact condition) 

G.2.2 Temperature Validation 

Temperature validation of the 2-D coupled model for PC, PA6 and PA6GF was conducted 

by the 3-D quasi-static model and the 3-D coupled model.  For PC, the simulated temperature vs. 

time curves are shown in Figure G-8 for five different model settings.  The temperature point is 

located at the centre of the weldline on the top surface of the laser-absorbent part.  It is because of 
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the relatively coarse mesh, a little higher temperature fluctuation can be found for the 3-D coupled 

models.   

For the 3-D quasi-static model, the time value was calculated as (Figure 6-2): 

 
v

zzt −
= 0  Equation G-2 

where t is the time; z is the coordinate-z for the centre of the weld line; 0z  is the reference point 

of coordinate-z for the time shift; v is the laser scan speed. 
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Figure G-8 Five model settings simulated temperature vs. time curves at the centre line of 
the weld in contour welding of PC with gap (0.05 wt.% CB, speed 25 mm/s, power 12 W, 

non-contact condition) 

The very close temperature profiles in Figure G-8 indicate that the 2-D coupled model can 

be used to simulate the temperature field of PC.  In Figure G-8, the curve for 3-D coupled model 

with low thermal expansion used the same parameter settings with the 3-D coupled model except 

with very low thermal expansion coefficient (1/100 of the regular value).  Same treatment was 

also applied for the temperature curve for 2-D coupled model with low thermal expansion.  

From Figure G-8 it can be seen that the highest temperatures simulated by these five models are 
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very close.  The temperature curves for the 3-D quasi-static model, 3-D coupled model with low 

thermal expansion, and 2-D coupled model with low thermal expansion are almost the same.  The 

temperature drops with time for the 3-D coupled model and 2-D coupled model are only a little 

slower than the other three models.  It may be the thermal expansion increased distance that 

reduced heat loss rate as indicated in Equation G-3: 

 
])1[( lTd

dTk
A
q

Δ+
=

α
 Equation G-3 

where q is the heat flow in polymer; A is the cross section area for the heat flow; k is the thermal 

conductivity; T is the temperature; α is the linear thermal expansion coefficient; TΔ  is the 

temperature increment; l is the original distance of heat flow in polymer.  

Similarly, for contour welding of PA6 and PA6GF with gap, Figure G-9, Figure G-10 

and Figure G-11 are the drawings showing the agreement of simulated temperature results by the 

2-D coupled model and the 3-D quasi-static model.  Here, PA6GF with 0.2 wt.% CB has the 

highest apparent laser absorption coefficient that can create the highest temperature gradient when 

welding, so represents the worst case for modeling.  The agreement of the simulated temperature 

curves by different models in Figure G-8, Figure G-9 and Figure G-10 indicate that, for the given 

laser scan speed of 25 mm/s and above, the 2-D coupled model can be used to simulate the 

thermal behaviours of contour welding of polymers with gap. 

The 3-D coupled models for scattering polymers of PA6 and PA6GF are not available here 

because, comparing to PC, they need a larger volume of material to be fine meshed, so run out of 

computer memory. 
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Figure G-9 2-D coupled model and 3-D quasi-static model simulated temperature vs. time 

curves at the centre line of the weld in contour welding of PA6 with gap (0.1 wt.% CB, speed 
25 mm/s, power 40 W, non-contact condition) 
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Figure G-10 2-D coupled model and 3-D quasi-static model simulated temperature vs. time 
curves at the centre line of the weld in contour welding of PA6GF with gap (0.2 wt.% CB, 

speed 25 mm/s, power 40 W, non-contact condition) 
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Figure G-11 2-D coupled model and 3-D quasi-static model simulated temperature vs. depth 
curves at the peak temperature point of the weld in contour welding of PA6GF with gap (0.2 

wt.% CB, speed 25 mm/s, power 40 W, non-contact condition) 

G.2.3 Displacement Validation 

Simulated displacement field by the 3-D coupled model has been used to validate the 2-D 

coupled model.  The material used for the validation was amorphous polymer PC.  Figure G-12 is 

the drawing of the simulated curves of temperature and displacement as a function of time for the 

2-D coupled model and the 3-D coupled model of PC.  It is shown in Figure G-12 that, even the 

simulated temperature curves are the same, the simulated time-dependent deformations using the 

2-D and 3-D coupled models are different because of the geometrical structure difference between 

these two kinds of models.   
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Figure G-12 Comparison of the simulated curves of temperature and displacement as a 

function of time for the 2-D coupled model and the 3-D coupled model in contour welding of 
PC with gap (0.05 wt.% CB, speed 25 mm/s, power 12 W, non-contact condition) 

It can be seen in Figure G-12 that, for the 3-D coupled model, the simulated thermal 

expansion reaches its maximum after about 0.06 s of the laser scan, or 0.04 s later after the weld 

reaches its maximum temperature.  However, the simulated thermal expansion by the 2-D coupled 

model reaches its maximum simultaneously with the weld temperature.  This deformation 

difference is caused by the constrain difference along the laser scan direction between these two 

models. There exists additional constrain along the laser contour scan path in the 3-D coupled 

model because of the cold material in front of the laser head.  However, this cold material does 

not exist in the simplified 2-D, plane strain model.  This figure indicates that, for the simulated 

time period in both the 3-D and 2-D coupled models, the thermal expansion becomes relatively 

stabilized once it reaches its maximum, in spite of the temperature is continuously dropping. 

For the same reason as for the temperature validation above, the 3-D coupled models for 

scattering polymers of PA6 and PA6GF are not available because of computer memory limit. 
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The agreement of the simulated temperature curves among the 2-D coupled model and the 

3-D coupled model proves that the simplified 2-D, transient, thermal-mechanical coupled model 

can be used to simulate thermal behaviour of contour welding of PC, PA6 and PA6GF for the 

given speed of 25 mm/s and above.  The 2-D coupled model can also predict accurately the 

maximum thermal expansion in the weld for the contour laser welding with gaps. 
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