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Introduction

Thermoplastic composites (TPCs) have now come a long way 

as a structural material for high performance applications 

such as aerospace with the popularity primarily stemming 

from their higher strength-to-weight ratio than most metals.1,2

As an engineering material, TPCs are also characterized 

by high damage tolerance,3 re-processability,4 good fatigue 

resistance, low storage cost, and ininite shelf life.5,6 With all 

these attractive attributes, challenges still remain to manu-

facture composite components in large-scale scenarios due 

to the high cost associated with complicated mold designs as 

well as the use of expensive machinery, such as an autoclave. 

Consequently, the only viable method to make large or com-

plex parts appears to be to mold the simple parts and join 

them together.7

Resistance welding, a kind of fusion bonding, is a wide-

spread alternative process to mechanical fastening and 

adhesive bonding in joining TPCs. Nowadays, it is seen as 

one of the most promising techniques for joining thermo-

plastic composite TPC laminates.5,8 The technique is based on 

melting of a thermoplastic polymer at a joint interface using 

heat generated by resistive (Joule) heating of a conductive or 

heating element placed between the surfaces to be welded 

by circulating an electrical current through it while the joint 

is under applied pressure. The advantages usually attributed 

to resistance welding include fast processing time, little or no 

surface preparation, possibility of reprocessing if subsequent 

non-destructive evaluation reveals defects and possibility of 
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online control.9,10 Yet, in case of welding large joints, the pro-

cess of resistance welding is quite constrained, primarily by 

the high power and pressure requirements, if a direct scale-up 

is considered.8 A realistic alternative is to efectively break 

down a large weld into smaller segments to be welded in 

sequence using an automated or controlled relative motion 

of the small-scale welding tool along the weld seam.9,11–13

Several studies attempts to model the heat transfer in TPCs 

in the resistance welding scenario with a view to study the 

associated process parameters, with most of them resorting to 

numerical modelling approach. A transient three-dimensional 

(3-D) numerical model (inite element modeling [FEM]) for 

resistance welding of CF/PEI lap shear joints was developed 

by Ageorges et al.14 The model considers orthotropic heat con-

duction and is able to predict melting and degradation times 

within close agreement with experimental data available in 

the literature. Jakobsen et al.15 developed a transient two-di-

mensional (2-D) FEM for resistance welding of APC-2 laminate. 

Anisotropic heat transfer is considered for double cantilever 

beam (DCB) specimens of an APC-2-laminate/PEEK-ilm sys-

tem. Holmes and Gillespie16 developed 1-D and 2-D FEM for 

large scale sequential resistance welding of APC-2 specimens 

with the objective of tuning welding parameters by assessing 

uniformity of the interface temperature through simulation. 

A 2-D FEM of the resistance welding of APC-2 lap shear spec-

imens was developed by Xiao et al.17 Don et al.18 attempted 

to use inite diference approach in developing 2-D models 

for the process heat transfer. Carbone and Langella19 devel-

oped a numerical model using COMSOL Multiphisics user 

interface. The numerical prediction in all the later three stud-

ies was used to study the process parameters for resistance 

welding. Alongside numerical modeling approaches, a hand-

ful of the studies do resort to analytical modelling approach 

to study the heat transfer during resistance welding in TPCs. 

Mafezzoli et al.20,21 proposed a mathematical model to pre-

dict heat transfer (and the subsequent crystallinity level) for 

resistance welding of APC-2 laminates. The model proposed 

by Bastien and Gillespie22 is based on the healing theory of 

amorphous polymers and was used to predict strength and 

toughness of joints as a function of non-isothermal process 

history. While all these studies attempt to model the process 

to an acceptable degree of accuracy, all of them were devel-

oped considering a stationary heat source and as such are 

not suitable for large-scale welding scenario where the tool 

moves along the weld seam as in the case of the continuous 

resistance welding (CRW)12,13 (please see Section Continuous 

thermoplastic resistance welding (CRW) for details).

Modeling the process using 3-D FEM approach can help 

the automation of large-scale welding in primarily two ways. 

Firstly, it can facilitate the study of the dynamics of temperature 

at the weld interface and thus allow the efective tuning of the 

welding parameters. Secondly, it can be used as an observer (or 

to derive an observer) that would allow the estimation of the 

online temperature at any desired point within the physical 

dimension of the workpiece during the weld and thus avoid 

the requirement of any sensor to be placed or used, which 

may be a diicult task given a complicated weld setup which 

already covers the welding area, as in the case of CRW. Besides, 

it can potentially provide a visualization of some parameters 

that are diicult to determine experimentally. An example of 

this would be the distribution of the current along the length 

of the weld, and the weld zone temperature. Under these rea-

sonings, a 3-D FEM was developed for a TPC in the CRW sce-

nario using COMSOL Multiphysics inite element solver and is 

presented in this paper. This paper attempts to understand the 

heating phenomena that occur during the weld. The concept 

of preheating, and secondary heating are important aspects to 

the CRW process. CRW must take into account the heating that 

occurs before and after a section is welded to ensure suicient 

pressure is applied to form a proper weld. Insuicient knowl-

edge of pre and post-heating could result in pressure being 

removed from the weld before solidiication has occurred. This 

paper represents this phenomenon, as well as the electrical 

current luctuation that is the root cause of the heating.

Continuous thermoplastic resistance 
welding (CRW)

The process of resistance welding involves placing a conduc-

tive implant, called the heating element between the two parts 

to be joined. A typical weld stack for the resistance welding 

process is shown in Fig. 1. Sandwiched between the two com-

posite laminates is a stainless mesh – the heating element, with 

a neat resin ilm on either side of it. An electrical current is 

passed along the heating element by means of copper elec-

trodes located at the ends of the stainless steel mesh causing 

its temperature to rise due to resistance heating following the 

Joule’s Law, which is a function of both the weld current (I) 

and electrical resistance (R) (Eq. (1)). The thermoplastic matrix 

starts to melt once the bond line temperature rises to a cer-

tain point. Following the achievement of nominal melting, 

current is switched of and the joint is allowed to cool. The 

whole process takes place under adequate pressure to enable 

intimate contact between the laminate surfaces and promote 

molecular difusion in the interface. Since the heating element 

is diferent from the TPC, resin ilms, which are typically the 

same as the resin used in the laminate, are used to impregnate 

the heating element to achieve material compatibility on the 

molecular level after bonding.23

Figure 1 Thermoplastic resistance welding stack

D
o
w

n
lo

ad
ed

 b
y
 [

N
at

io
n
al

 R
es

ea
rc

h
 C

o
u
n
ci

l 
C

an
ad

a]
 a

t 
0
6
:1

0
 1

5
 S

ep
te

m
b
er

 2
0
1
7
 



Zammara et al. Three-dimensional transient model

Advanced Manufacturing: Polymer & Composites Science  2017  VOL. 3  NO. 134

Since a direct scale-up is not a feasible option for large scale 

manufacturing due to high power and pressure requirements, 

the CRW approach efectively brakes down a large weld into 

smaller segments or weld sections by implementing con-

tinuous motion of the welding tip along the weld seam. 

Considering the fact that the performance and quality of the 

bonded joint are related directly to the weld interface ther-

mal history,22 in the CRW, the continuous motion is in fact 

used as the control input within a feedback control scheme 

to maintain a desired weld temperature, thereby ensuring 

a high quality bond.12,13 Furthermore, to prevent excessive 

power drain and restrict the heating process more within the 

current weld section, the power inlet to the relatively long 

heating element is made up of electrically isolated copper 

blocks, instead of a pair of continuous copper strips.9,11–13 The 

arrangement essentially enables continuous repetition of the 

static resistance welding process described above on a weld 

stack similar to that of the a static process (Fig. 1), except that 

the overall length of the weld seam is longer and the pair of 

copper strips on either side of the weld stack acting as the 

power inlet is made up of electrically isolated copper blocks.

The technique requires a moving power source to supply 

the energy to subsequent weld sections, as well as a moving 

pressure source to continuously apply pressure to the weld 

sections for the proper amount of time. All these requirements 

(1)H = I 2 × R
call for a specialized custom built end-efector and was built 

accordingly at the Aerospace Manufacturing Technology 

Centre (AMTC), a division of the Institute for Aerospace 

Research (IAR) at the National Research Council (NRC). The 

overall current setup involves intelligent feedback control of 

the weld temperature with weld speed as the control input 

using an industrial robot – KUKA KR 210 equipped with the 

custom built end-efector (Fig. 2).

Methods

COMSOL Multiphysics software is a multiphysics FEM soft-

ware allowing coupled problems such as heat and strain to 

be solved dynamically. It uses a simple and intuitive inter-

face, creates meshes automatically, has most common mate-

rial properties, and allows deining custom values based on 

functions, or experimental data, as well as easy geometrical 

data input and revisions. Therefore, COMSOL was used as a 

software ofering ease of use in fast prototyping of complex 

nature. Two types of physics, viz. “Conductive Media DC” and 

“General Heat Transfer”, were used to model the process. The 

irst was used to deine the input voltage to the welding pro-

cess, while the latter computed the resulting temperatures 

due to the resistive heating of the stainless steel mesh. The 3-D 

FEM thus comprises the electrostatics of the process coupled 

to the process of heat transfer.

Figure 2 Complete weld setup with copper slip-rings, copper tracks, and compaction wheel pertaining to the custom end-

effector designed and fabricated at NRC-IAR/AMTC (a) overall view without weld stack and (b) closeup view with weld stack

Figure 3 (a) 3-D geometry used in FEM of the weld process. (b) Triangular mesh for inite element analysis of all components
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of the heating element. Even though the equation applies to a 

current through an individual wire and not a meshed element, 

it does nonetheless approximate the resistivity quite well, with 

the current and power generation in the model closely resem-

bling that of the experiments.

Electrostatic boundary conditions

Performing a weld with the CRW requires the movement of the 

electrodes across the copper blocks. In the model, that trans-

lates to shifting the voltage from one pair of copper blocks to 

the next. To accomplish this, a modiied step function that is C2 

continuous was used to apply the voltage, and then remove it.

All the remaining boundaries were set to be electrically 

insulated, that is no current in or out of the boundary. The 

voltage was applied at the interface between the copper block 

and the heating element rather than atop the copper blocks to 

ensure that the current lowed across the width of the heating 

element instead across adjacent copper blocks. The boundary 

conditions are indicated with line drawing in Fig. 4, where each 

voltage (V) has a corresponding ground (G).

Heat transfer modeling

Heat transfer laws

Fourier’s law of conduction states that the heat lux and tem-

perature gradient are directly proportional to each other.24 In 

diferential form the 3-D conduction equation becomes

where ρ is the material density, C
p
 is the speciic heat capacity 

at constant pressure, k is the thermal conductivity, T is absolute 

temperature and Q is the rate of heat generation.

Both convective and radiation heat transfer boundary 

conditions are incorporated in the model. The steady-state 

form of Newton’s Law of Cooling describes a body’s loss of 

heat transfer occurring between a body and its surrounding 

ambient luid.24 Natural convection is then described as

(4)�Cp
�T
�t

− k
(

�2T
�x2

+
�2T
�y2

+
�2T
�z2

)

Model geometry

The 3-D model geometry shown in Fig. 3(a) has an overall 

length of 76.2 mm, and a width of 50.8 mm. The heating ele-

ment, modeled as a full block, is a 304 stainless steel mesh 

with a plain weave of 78.74 × 78.74 per square cm (200 × 200 

wires per square inch) and a wire diameter of 0.05334 mm 

(0.0021 inch). Twill glass-iber embedded in a polypropylene 

(PP) matrix with a iber volume fraction of 34% is used as the 

laminate with an overall thickness of 2.25 mm. Matching the 

laminate, the neat resin ilm comprises a 0.16 mm thick PP 

layer on either side of the heating element. The copper blocks 

are each 1.2192 cm (0.48 inch) wide with 5.08 mm (0.02 inch) 

gap between adjacent blocks. They are ofset from the com-

posite laminate by 1.0 mm. The gray component in the igure is 

the 9.525 mm (0.375 inch) electrically insulated thick tabletop 

that was used to weld the coupon on during experiments.

COMSOL’s auto generated 3-D mesh for inite element anal-

ysis did not allow for convergence when solving. Instead, the 

auto mesh feature was used to give an initial mesh and then 

manually modiied and run. This was accomplished several 

times until the solver converged when solving. The mesh con-

sisted of 44,471 tetrahedral elements, with 17,010 of those ele-

ments contained in the heating element. The heating element 

is the source of the heat generation in the model, and was thus 

given a much iner mesh to ensure a smooth solution, a much 

coarser depiction of which is presented in Fig. 3(b).

Electrostatic modeling

Traditionally the electrostatic modelling assumes power sup-

plied to the heating element with a stationary heat source. 

The result would be then a uniform heat distribution along 

the heating element. Lambing9 observed that uneven heating 

can occur in the heating element depending on the size. On 

the contrary, modeling the heat source as an electric potential, 

using fundamental electrostatic equations, does not assume 

the heat is uniformly distributed. Rather, the current density 

is calculated at every node in the mesh, and thus the resistive 

heating that occurs is also calculated by means of the resist-

ance. The signiicance of this is that the heating is nonuniform, 

and the amount of current which exists outside of the weld 

zone, described as current leakage is known.

Ohm’s law describes the relationship between the current 

density at a certain spatial point and the electric ield or elec-

trostatic potential at that point. The diferential form of this 

equation for an isotropic material is

where σ is the electrical conductivity of the material, and ∇⃗ 

is the divergence of the applied voltage V or the electrostatic 

potential at the point of interest.

Electrical conductivity of the heating element

To model this, the electrical conductivity (σ) of the heating 

element is determined using Eq. (3)

where, the resistance R is determined experimentally by relat-

ing a known ixed applied voltage across it and measuring the 

corresponding current, A is cross-sectional area, and l is length 

(2)∇⃗(�∇⃗V ) = 0

(3)� =
l

R ⋅ A

Figure 4 Electrostatic boundary conditions in the FEM 

indicated with the line drawing with applied voltage (V) and 

the corresponding ground (G) across each weld section
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physics together. The result is a heat source that is nonuni-

formly spread throughout the heating element.

With the exception of the bottom surface in Fig. 3(a), which 

was set to have a constant temperature of 25 °C, all boundaries 

were set to have both convection and radiation conditions. 

The value of the heat transfer coeicient, h̄, was set to be 5 W/

(m2 K), a value commonly used in several other studies.16,28–30 In 

accordance with the same studies, gray bodies radiating with 

the atmosphere with an emissivity of 0.95 were assumed for 

all boundaries. The atmospheric temperature was set to 25 °C. 

The initial temperature for all boundaries was set according 

to the pre-weld thermocouple readings during experiments 

for each particular voltage.

Experimental setup

To validate both the electrostatics and heat transfer aspect of 

the COMSOL model, experiments were run using a KUKA KR 

210 robot with the end-efector attached to perform the weld. 

A Xantec 12 kW power supply was operated in voltage control 

mode and with constant voltages set in the robot program 

as an output. The voltage and current signals were measured 

using RT-Lab, a QNX node that was conigured for data acqui-

sition. Figure 5 shows the block diagram for the experimental 

setup.

In addition to the welding setup as in Fig. 5, data acquisi-

tion pertaining to the validation of heat transfer required plac-

ing thermocouples at the weld interface. Shown in Fig. 6(a) is 

a top view of the experimental setup for the workpiece. The 

three circles indicate the locations at which the actual tem-

perature was measured. A National Instruments (NI) SC-2345 

K-type (Al–Cr) thermocouple acquisition system was used to 

measure the temperatures at those three locations that occur 

on the heating element at 4, 5, and 6 V. All experiments were 

run at a weld speed of 1.69 mm/s (4 inch/min). To ensure a 

strong contact, a pressure of 1.5 MPa was maintained by the 

pneumatic system and compaction wheel (Fig. 2) on the cop-

per blocks. The thermocouples were insulated with Kapton 

polyimide ilm to prevent the electrical weld current from 

corrupting the temperature readings as was used by Talbot 

et al.29 The Kapton was 0.12 mm thick, which is a signiicant 

inclusion in the weld stack considering that the PP ilm is 

0.16 mm thick. To account for this inclusion all temperature 

data extracted from the model were taken 0.12 mm above 

the heating element.

where Q
c
 is the convective heat transfer rate, h̄ is the over-

all heat transfer coeicient, T
b
 is the body temperature, and 

T
∞

 is the ambient temperature. Radiation heat transfer was 

deined using the Stefan–Boltzmann law for nonblack body [24]. 

Radiation between a body and the atmosphere is described as

where Q
r
 is the radiation heat transfer, ε is the emissivity, σ

s
 

is the Stefan–Boltzmann constant deined as 5.67 × 10−8 W/

(m2K4), and T
∞

 is the ambient temperature.

Material properties

The physical properties are required for use in COMSOL to 

solve the diferential equations. Without proper values for 

the physical properties, the model would not yield accurate 

results. The values for thermal conductivity and density for 

the 304 stainless steel heating element, PP resin ilm, and the 

glass/PP laminate were obtained from Harvey25 and Uhlmann 

et al.26 with anisotropic thermal conductivity assumed for the 

glass/PP. Fujino and Honda27 was consulted for the speciic 

heat capacity of the PP resin ilm as a function of temperature.

Heat transfer boundary conditions

When solving Eq. (2), COMSOL also calculates the resistive 

heating that results from calculated current. This resistive 

heating term is the term Q in Eq. (4) when solving the heat 

equation. The approach establishes a link between the elec-

trostatics and the heat transfer, essentially coupling the two 

(5)Qc = h̄(Tb − T∞)

(6)Qr = ��s(T
b
4 − T

4
∞
)

Figure 5 Block diagram of the experimental setup used for 

validating the electrostatics of the COMSOL model

Figure 6 Dark circles showing the location of the thermocouples in the weld stack, placed directly atop the heating element: 

(a) top view and (b) side view
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assumption is made that the resistance is the same across each 

weld section (Fig. 6(a)), then as the electrode is in transition 

between copper blocks and hence in contact with both of 

them, the efective resistance is half of the original resistance, 

R. This lower efective resistance causes the rise in current.

The 11 key points marked with circled numbers on Fig. 

7(a)–(e) are locations in which a change in the current occurred 

in the model. The current generated during the welding pro-

cess is of cyclical pattern involving a stable current followed 

by a brief spike. Table 1 displays the percentage error between 

the model and experimental measurements for these 11 key 

points shown on Fig. 7(a)–(e). The error between the model 

and experiments for each key point is typically below 5% with 

the exception of point six. Point 6 on Fig. 7(a)–(e) depicts the 

spike in current that occurs during the transition from the third 

Simulation and experimental results

Electrostatics validation

The experimental setup described in Section Experimental 

setup and shown in Fig. 5 were used to obtain the data 

required to validate the electrostatics of the 3-D model. Shown 

in Fig. 7(a)–(e) is the comparison between the currents result-

ing from the COMSOL model and actual experimentation at 

ive separate voltages ranging from 4 to 6 V. During the weld 

process, there exist large and short periodic increases in total 

current as shown in the results of Fig. 7 marked with the circled 

even numbers. Each lat portion in Fig. 7 (marked with circled 

odd numbers) represents the electrodes directly on top of the 

copper block. As the voltage source transitions from one cop-

per block to the next, there is an increase in the current. If the 

Figure 7 Comparison between the currents resulting from COMSOL model and actual weld at (a) 4 V, (b) 4.5 V, (c) 5 V (d) 5.5 V 

and (e) 6 V
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to low and distribute along the length of the weld coupon. 

The total current is lower in the irst weld section because it is 

bounded by the edge of the coupon, and thus an electric ield 

is created on one side of the heating element. However, as the 

electrodes move closer to the middle of the weld, Fig. 8(b) and 

(c), an electric ield is created on the heating element on both 

sides of the source voltage. This then creates a distribution 

of current on either side of the source voltage, resulting in a 

larger total current.

Figure 9 depicts the model’s prediction of the distribution 

of resistive heating along the vertical line in Fig. 8(c) while 

welding from the third to the fourth copper block section at 

6 V. The vertical lines in Fig. 9 denote the width and location 

of the third and fourth copper block. The power supplied to 

the heating element predicted by the model while welding 

either the third or fourth weld section is 247.0  W. For the 

third weld section, from Fig. 9, 34.3% of the total power is 

to fourth sections. The average error across all voltages was 

10.42%, which is signiicantly higher than the other points. 

Also at point 6, the current spike in the experimental value 

lags that of the model. This was due to a manufacturing defect 

in the copper blocks. The third copper block was shorter than 

the rest, and the fourth one was slightly longer. The result was 

a slight delay during the transition from third to fourth block 

that ixed itself by the end of the fourth block. In the model, 

the electrical conductivity of the heating element was not 

temperature dependent. The higher error could have been 

attributed to the fact that the resistance did increase slightly 

as the heating element became hotter.

The total stable current increases from the irst weld sec-

tion to the next until it reaches a maximum at the third weld 

section, or the middle of the weld coupon. This is due to the 

distribution of the current along the length of the coupon as 

each section is welded. Figure 8(a) shows the low of the cur-

rent, predicted by the model, when welding the irst section. 

Figure 8(b) and (c) shows the current low for weld sections 

two and three. During the irst weld section, Fig. 8(a), the 

voltage is applied across the irst set of copper blocks. The 

applied voltage creates an electric ield which causes current 

Table 1 The percent error between experimental current 

measurements and the COMSOL model at ive different volt-

ages corresponding to locations indicated in Figure 7(a)–(e)

Location

% Error

At 

4.0 V

At 

4.5 V

At 

5.0 V

At 

5.5 V

At 

6.0 V Average

1 7.31 1.74 4.34 3.42 3.88 4.14
2 8.00 0.72 0.53 1.90 3.38 2.90
3 10.66 1.44 0.16 0.66 1.60 2.90
4 7.50 1.26 4.82 4.97 10.19 5.75
5 7.55 0.17 0.18 1.03 3.70 2.53
6 15.19 6.31 8.56 10.10 11.93 10.42
7 9.95 1.05 1.22 1.81 5.39 3.88
8 4.31 1.02 1.42 3.57 4.15 2.89
9 12.39 2.73 0.38 1.71 2.80 4.00
10 8.08 2.04 2.08 3.32 4.81 4.07
11 4.37 5.91 3.57 2.27 2.34 3.69

Figure 8 COMSOL model output depicting the direction of the current for the (a) irst, (b) second and (c) third weld section

Figure 9 Resistive heating along the vertical line in Figure 

8(c) that occurs when welding the 3rd and 4th copper block 

sections as well as while transitioning between them. The 

vertical lines show the beginning and the end of each copper 

block.
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were conducted to validate the COMSOL model. Shown in 

Fig. 10(a)–(i), are the comparison of the model with the exper-

imental measurements. Each weld with ixed parameter set 

was completed four times, with the data shown representing 

the median curve of each parameter set. In Fig. 10(a), (d) and 

(g) the temperature proiles for the irst weld section are pre-

sented with each igure signifying the temperature at a particu-

lar voltage. Each weld is broken up into several weld sections. 

A weld section, as shown in Fig. 6(a), is deined as the area of 

workpieces bounded by the edges of two opposite copper 

blocks where the voltage is applied. The time the electrodes 

are supplying power to an individual weld section at 1.69 mm/s 

(4 inch/min) is 7.2 s. During this time the temperature inside 

that particular weld section is continuously increasing. Once 

the electrodes begin to reach the edge of the weld section, 

they transition to the next weld section. The temperature pro-

iles for the second weld section are shown in Fig. 10(b), (e) and 

(h). Although the electrodes have moved to the next section, 

there is a residual heating efect that occurs on the irst weld 

section. This can be seen in Fig. 10(a), (d) and (g) from 7.7 to 

contained within the boundaries of its copper blocks. At 6 V, 

the current passing through the third copper block section 

is therefore approximately 14.1  A. While the electrodes are 

transitioning between the third and fourth blocks, the total 

power supplied to the entire heating element is 321.8 W, as 

predicted by the model. Of this, 54.4% of the total power is 

contained between the third and fourth blocks. The resulting 

current passing through the two copper block sections simul-

taneously is then 29.1 A. Figure 9 shows that the distribution 

of the power is symmetric across the two copper blocks while 

transitioning between blocks. This results in an individual cur-

rent of approximately 14.55 A across each copper section. This 

result then shows that although the power does dramatically 

increase while transitioning between two copper blocks, the 

actual current passing through each block does not change.

Heat transfer validation

A series of experiments, using the experimental setup 

described in Section Experimental setup and Figs. 5 and 6, 

Figure 10 Temperature comparison between simulation and experiments at an weld speed of 1.69 mm/s (4 inch/min). (a) 1st 

weld section at 4 V, (b) 2nd weld section at 4 V, (c) 3rd section at 4 V, (d) 1st weld section at 5 V, (e) 2nd weld section at 5 V, (f) 

3rd weld section at 5 V, (g) 1st weld section at 6 V, (h) 2nd weld section at 6 V and 0(i) 3rd weld section at 6 V
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steel mesh on either side of it allowing the heat to disperse along 

the mesh adjacent to both sides of the weld section. It is worth 

noting that at 4 V secondary heating only occurs signiicantly in 

the irst weld section.

Table 2 presents the error percentages of the transition 

points that are labeled on Fig. 10 for all three voltage settings. 

All the errors are typically below 8%, while all are less than 

15%. There is some slight uncertainty that exists due to the 

possible motion of the thermocouple. Once the weld interface 

becomes completely molten, it is much easier for the thermo-

couple to shift slightly. Here, we have done a simple sensitivity 

test. Using the COMSOL model, in addition to the midpoint of 

the section, the temperature is measured at 2 mm ahead (in 

terms of welding direction) of the midpoint. With 4 V applied 

to the irst section, Fig. 11(a) shows the preheat temperature 

proile directly on the heating element across the second weld 

section. The temperature diference at the midpoint of sec-

tion two and 2 mm ahead of section two is 11%. Figure 11(b) 

shows the irst section with 4 V applied to it. The variation in 

temperature from the midpoint to 2 mm ahead of it (in terms 

of welding direction) is only 4.5%. In this case, the section has 

a voltage applied directly to it, and so the application of power 

causes less variation in temperature in the area close to the 

midpoint. For the preheat case, the heating is a residual efect, 

and so the further away from the heat source the thermocou-

ple gets, the more signiicant the variations are.

Discussions and concluding remarks

A 3-D model was created for the CRW process of thermoplastic 

materials. The model distinctly and elaborately incorporates 

both the physics of electrostatics as well as the heat transfer 

14.4 s. This occurs because of two reasons. Firstly, the electri-

cal ield resulting from the applied voltage causes current to 

low in those adjacent sections, as was discussed in Section 

Experimental setup. Secondly, when the temperature rises in 

the second section, heat is transferred to the adjacent section.

This same phenomenon causes a noticeable increase in the 

temperature of the section ahead of the one being welded. 

Since the weld section has yet to be welded, this is referred to 

as “pre-heating”. The preheat temperature is then deined as the 

temperature in the weld section at the instant the voltage is tran-

sitioned from one weld section to the next. Each temperature plot 

is labeled with numbers indicating the key points that were used 

to compare with the COMSOL model. For example, in Fig. 10(i) 

there are three key points indicating two preheat temperatures 

and one weld temperature. At 4 V, the preheat temperature on 

the second section, shown in Fig. 10(b), is approximately 74 °C, 

which is 43% of the maximum value reached when that section 

was welded. At 5 V in Fig. 10(e), the preheat temperature for the 

second section is approximately 98 °C, 53% of its maximum. At 

6 V in Fig. 10(h), the preheat temperature is approximately 120 °C, 

also 53% of its maximum.

The secondary heating that occurs in the irst weld section is 

more prominent then for the subsequent weld sections. At 6 V, the 

secondary heating in the irst weld section of the experimental 

data shown in Fig. 10(g), causes the temperature to rise to 269 °C, 

an increase of 25.6% over the maximum temperature reached 

when the voltage was applied on that section. However, the sec-

ondary heating in the second weld section causes an increase of 

only 7.4%. This is mainly due to the fact that the irst weld section 

is limited by the poor convective boundary condition, efectively 

trapping the heat inside the weld section prohibiting it from dis-

persing. On the other hand, the second weld section has stainless 

Table 2 Percentage error between the COMSOL model and thermocouple measurements (TC) for each weld section at 

4 V, 5 V and 6 V from Fig. 10(a)–(c), Fig. 10(d)–(f) and Fig. 10(g)–(i), respectively. The transition points are deined on each 

 corresponding igure

Weld section Transition point

At 4 V At 5 V At 6 V

TC Model % Error TC Model % Error TC Model % Error

1st 1st 120.5 124.2 3.07 172.8 170.0 1.62 214.1 228.7 6.80
2nd 1st 79.3 79.5 0.25 103.6 99.5 4.12 120.4 128.8 6.55

2nd 130.8 134.9 3.04 209.2 187.3 11.69 253.0 259.2 2.37
3rd 1st 39.3 42.8 8.91 209.2 187.3 11.69 55.7 52.4 5.92

2nd 77.1 82.1 6.49 127.0 109.2 14.06 141.8 134.4 5.21
3rd 139.8 138 1.29 205.3 197.7 3.69 249.8 269.1 7.76

Figure 11 Temperature of the heating element across the (a) 2nd and (b) 1st weld sections, respectively, while the irst section 

has 4 V applied across it.
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that are present in the process. The electrostatics model cor-

related with experimental measurements with less than 5% 

error. The trend in the current while welding was reproduced 

accurately with the model showing peaks in current that 

existed in the experiments. On the heat transfer side of the 

model, the key points that were compared had typically less 

than 10% error between the model and the experiments. The 

model also reproduced the preheating phenomenon that was 

observed experimentally.

One of the major items gained from the model was the 

knowledge of how the resistive heating is distributed through-

out the heating element as the rollers move along the work-

pieces. In the static welding case a typical current of 12 A at 

4 V would exist, where as in the continuous case the current 

would be upwards of 20 A.

In the actual feedback temperature control scenario of the 

full-scale CRW, it is not feasible to measure the actual online 

weld temperature using thermocouples. This is because it is 

either sealed in the weld interface, or blocked by the end-ef-

fector’s compaction track. The model has been successfully 

used to derive linear state-space observer that would estimate 

the temperature at the weld interface online.13 Due to the dis-

crete nature of the CRW process, there is no continuous accu-

mulation of heat. The preheat temperature at a given voltage 

and speed is the same for all weld sections away from the 

boundary of the coupon. This was advantageous because it 

allowed the use of a linear observer to estimate the online 

weld temperature, and assume a constant initial temperature 

for all weld sections. It was shown that this is indeed the case, 

and that the preheat temperature at 6 V was only a function 

of the prior two weld sections.
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