
Analysis and Development of a 
Real-Time Control Methodology 

in Resistance Spot Welding 

Finite element modeling is demonstrated to be a feasible means 
of predicting weld nugget quality 

BY C. L. TSAI, W . L. D A I , D. W . D I C K I N S O N A N D J. C. PAPRITAN 

ABSTRACT. The single-parameter, in-
process monitor and automatic control 
systems for the resistance spot welding 
process have been studied by many in
vestigators. Some of these have already 
been commercialized and used by sheet 
metal fabricators. These control systems 
operate primarily on one of the three pro
cess parameters: maximum voltage or 
voltage drop, dynamic resistance, or 
thermal expansion between electrodes 
during nugget formation. 

Control systems based on voltage or 
dynamic resistance have been success
fully implemented for industrial appl i
cations. A great amount of experience 
on these two control methods has been 
accumulated through trial-and-error ap
proaches. The expansion-based control 
system is not commonly utilized due to 
lack of experience and understanding of 
the process. 

Since the expansion displacement be
tween electrodes during welding re
sponds directly to the weld nugget for
mation, this control parameter provides 
a better means to produce more precise 
spot welds. However, the control algo
rithm of this method is more complex 
than that for the other two methods. 
Fruitful development of such a system 
cannot be obtained by trial-and-error ap
proaches. 

This paper presents a systematic ap
proach to develop the expansion-based 
control algorithm for resistance spot 
welding. The finite element method was 
used to simulate the welding process and 
to determine the physical response of 
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the joint material to the various welding 
conditions. Direct correlations between 
nugget formation and expansion dis
placement between electrodes were ob
tained. 

By systematic computer simulations, 
the weldability characteristic curves for 
resistance spot welding were developed. 
These weldabi l i ty curves show inade
quate welding conditions that would 
cause nugget expulsion and current 
shunting. A welding duration curve, 
which shows appropriate time for 
squeeze, weld and hold cycles, was de
veloped and used as a basis for in-pro
cess resistance spot welding control. 

Introduction 

The single-parameter, in-process 
monitoring and feedback control sys
tems for the resistance spot welding pro
cess have been continuously developed 
over the last three decades. In such sys
tems, a critical parameter is monitored 
during the welding cycle and is used ei
ther to indicate weld quality (in-process 

KEY W O R D S 

RSW Control System 
Real-Time Control 
Automatic Control 
Weldability Curves 
Finite Element Model 
Nugget Formation 
Feedback 
Control Resistance 

Welding 
Electrode Displacement 
Process Model 

quality monitoring) or to control weld 
quality by automatic adjustment of one 
or more of the machine-controlled weld
ing parameters (in-process quality con
trol). Obviously, the crit ical parameter 
used for these purposes has to be wel l -
correlated to weld quality. Several vari
ables have been used in monitoring and 
controlling weld quality. These include: 
1) nugget temperature, 2) ultrasonic sig
nals (reflection, attenuation, velocity), 
3) acoustic emissions, 4) electrical pa
rameters (voltage, current, resistance, 
energy), 5) weld expansion/contraction. 

The surface temperature of the spot 
welds can be related to the maximum 
temperature at the nugget center during 
resistance spot welding (Ref. 1). There
fore, the thermocouple mounted on the 
workpiece or the electrode (Refs. 2, 3) 
and the infrared emission (Ref. 4) from 
the metal surface near the nugget have 
been employed to determine the nugget 
temperature of the spot weld. However, 
due to difficulties associated with the at
tachment of the thermocouple and its 
lead wires, which interrupt the welding 
operation; temperature gradient varia
tions in the electrodes resulting from pe
riodic changes in current level and weld 
time, which make control diff icult; the 
dirt and fumes, which cause spurious 
feedback signals; and the surface oxides, 
which cause variation in surface infrared 
emissivity; temperature-based monitor
ing and control systems have not been 
readily accepted for use in the produc
tion environment. 

From the responses to ultrasonic sig
nals sent through the weldment, the weld 
size can be detected during resistance 
spot welding (Ref. 5). However, the cost, 
complexity and fragility of the sensors 
employed in these systems make them 
unsuitable for all except the most spe
cialized, high-quality applications. 
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The acoustic emission technique has 
been evaluated in several automotive 
applications (Ref. 6). It has been reported 
that these systems work well on conven
tional and galvanized steels. However, 
such systems have the same disadvan
tage as those based on the use of ultra
sonics in that the sensors used are ex
pensive, fragile and it is necessary to re
design the electrode assemblies to per
mit their incorporation. 

Electrical parameter monitoring/con
trol systems have been the most com
mercially successful of all in-process 
quality-control systems because they are 
the easiest to attach to the welding ma
chine and do not require sophisticated 
sensing devices (Ref. 7). However, they 
do have the following limitations: 

1) Their use has generally been con
fined to uncoated mild steel sheet. The 
resistance (or voltage) characteristics of 
other materials or coated mild steel sheet 
have poor correlations to weld size. 

2) Electrode wear can cause mislead
ing results. 

3) Voltage clips generally have to be 
placed near the weld zone and are vul
nerable in the production environment. 

The thermal expansion and contrac
tion of the weldment, which can be con
sidered as electrode separation and clo
sure, is not commonly utilized for qual
ity monitoring and process control in re
sistance spot welding. The reason is 
probably that the functions, capability 
and limitations of the aforementioned 
monitoring and control methods, except 
the expansion-based method, are fairly 
well understood by industrial personnel. 
The expansion-based control method is 
thought to be more complex and sub
ject to more limitations. However, the 
electrode displacements due to joint ex
pansion and contraction reflect the d i 
rect thermal responses of the joint ma
terials to the welding conditions (Refs. 
8-10), The characteristics of nugget for
mation in resistance spot welding have 
been determined through a continuous 
monitoring of the electrode displace
ments during welding. The displacement 
measurement mechanisms are simple 
and can be easily incorporated into ex
isting welding machines. 

In order to make effective use of the 
expansion-based monitoring and con
trol logic, an understanding of the inter
relationship between the electrode dis
placement and the weld thermal behav
ior is a necessity. The method of ap
proach to such an understanding has 
been mostly through trial-and-error ex
perimental tests (Refs. 8-23). This ap
proach is, in general, expensive and time 
consuming. This is particularly true 
when the goal of the study is to deter
mine the effects of individual paramet

ric changes. Alternative approaches, 
other than experimental tests for char
acterizing the temperature distributions 
in the weld and their resulting thermal 
expansion and contraction, are needed. 

The objective of this study is to de
velop an expansion-based control algo
rithm for resistance spot welding using 
the finite element method. The commer
cial finite element code ANALYSIS was 
used to simulate the resistance spot 
welding process and to determine ex
pansion/contraction and weld quality 
correlations. By systematic computer 
simulations, the electrical, mechanical 
and thermal behaviors of the resistance 
spot welding process were studied. The 
weldabil i ty characteristic curves in re
lation to electrode displacement during 
welding were developed. In addit ion, 
the welding conditions that caused weld 
expulsion and current shunting were de
termined using the weldabi l i ty curves. 
The results of these studies led to the de
velopment of a weld duration curve, 
which was used as a basis for in-process 
resistance spot welding control. 

Literature Review 

Experimental Investigations 

Early work in the 1950s in the U.K. 
and the U.S. (Refs. 8-1 3) observed that 
the electrodes moved apart during weld
ing and closed together upon cool ing, 
and showed that the electrode displace
ments during the formation of a spot 
weld due to thermal expansion were 
closely correlated to weld size. A num
ber of monitor and control systems were 
developed for commercial use based on 
either thermal expansion rate or maxi
mum expansion displacement. In 1964, 
Waller (Ref. 11) reported that for short 
weld times the heat loss and the elec
trode embedding were small. The elec
trode movement at an early stage in the 
heating cycle reflected the heat input in 
such a way that the displacement was 
approximately proportional to the 
square of the weld current. As the weld 
pulse progressed, heat conducted into 
the electrodes and the electrode embed
ding increased. This slowed down the 
electrode separation and maximum dis
placement was reached. The maximum 
electrode displacement was directly pro
portional to the weld current. Waller de
veloped an expansion rate-based moni
toring and control system in 1 964. In his 
system, he measured the time required 
to achieve a predetermined expansion 
[i.e., generally about 30% of maximum 
expansion obtainable) as a control pa
rameter. 

Janota (Ref. 8) used a more sophisti
cated concept in his control system. 

When the predetermined optimum ini
tial expansion rate was measured, the 
weld current ceased to increase. When 
the expansion rate approached zero 
(corresponding to the maximum expan
sion), the current was switched off by 
the system. 

Needham, etal. (Ref. 16), presented 
another control concept in which the 
weld current was shut off when expan
sion reached approximately 80% of the 
predetermined maximum value for a 
given joint material and electrode type. 

Johnson and Needham (Ref. 1 7) de
veloped a new control concept for re
sistance spot welding in 1 972. They re
ported that the electrode force affected 
the nugget formation, and a threshold 
load, along with the welding current 
and duration, determined the weld qual
ity. An automatic load adjustment sys
tem that would restrict weld expansion 
during welding was developed. At the 
early stage of the weld duration, a load 
increase caused the interfacial resistance 
to decrease and low initial heating at the 
workpiece/workpiece interface. In ad
di t ion, the electrode contact with the 
workpiece was improved under higher 
loads. The current density at the inter
face between the electrode tip and the 
workp iece was also lowered, wh i ch 
reduced heating between the elec-
trode/workpiece interface. The in
creased electrode load also improved 
the heat conduction from workpiece to 
the water-cooled electrode. These three 
factors acted in the same direction in the 
formation of a weld nugget. Therefore, 
the electrode load was considered as a 
crit ical control parameter. It was re
ported that for a given set of welding 
conditions the nugget diameter varied 
with the electrode force in a linear rela
tionship between the subsized nugget 
and the expulsion limit (Ref. 1 7). 

Al l of these aforementioned in-pro
cess monitoring and control systems 
used the characteristics of a thermal ex
pansion curve to adjust weld current, 
weld time or electrode force. Their con
trol logics were based on the thermal ex
pansion rate and/or the maximum ex
pansion displacement. 

However, due to the flexure of arms, 
the excessive friction in the welding 
head, short weld time (less than 5 cy
cles) and thin sheet thickness (less than 
0.5 mm/0.02 in.), the electrode dis
placement was found insensitive or even 
no response to the expansion signal in 
the initial expansion [i.e., with 30% of 
the expansion duration) rate-based con
trol system. For a load-controlled expan
sion-based system, 80% of the expan
sion duration was needed for successful 
monitor ing and control feedback. For 
the cases with small weld-to-edge dis-
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tances or thin sheet metal welds, exces
sive weld expulsion could occur and re
sult in misleading signals in the load 
control systems. 

In 1987, Taylor and Xie (Ref. 1 3) pre
sented a new approach to the monitor
ing of electrode displacements in the re
sistance spot welding of mild steel sheet. 
In their investigations, combining the 
expansion rate, maximum expansion 
displacement and peak saturation fac
tors, they found that the problems of cur
rent shunting, electrode wear, poor fitup, 
and edge effect could be solved. For in
stance, if the expansion failed to achieve 
the preset value due to too low a weld
ing heat, a good weld was still obtained 
by using the peak saturation principle. 
However, no details about the peak sat
uration time used in this investigation 
was reported. 

During the past several years, many 
attempts to perform nondestructive in
spection and characterization of the size 
and quality of a spot weld have been 
made. Some of the earliest and simplest 
techniques are monitoring the voltage 
between the electrode tips or the sec
ondary current. Unfortunately, several 
authors (Refs. 9, 1 4,1 5,20-23) have re
ported continuous variations in the elec
tric parameters during welding cycles. 
The current or voltage varies frequently 
during welding due to resistance change 
in the weld area. Therefore, monitoring 
welding power input from current or 
voltage measurement may not be appro
priate and does not reflect the true en
ergy state in the spot welds. Measure
ment of the dynamic resistance of the 
spot welds is important to determine ac
curately the energy generation during 
welding. Unfortunately,however, moni
toring the dynamic resistance changes 
at the workpiece/workpiece interface is 
difficult. 

The dynamic properties of resistance 
spot welds have been studied by many 
investigators (Refs. 14, 15, 20, 23). They 
measured the dynamic electrical and 
mechanical properties of resistance spot 
welds and related them to weld quality. 
They found that a curve of electrode dis
placements and the dynamic resistance 
of the spot welds provided more consis
tent information about the weld quality 
than dynamic voltage or current could 
provide. 

It is obvious that the history of ther
mal expansion or electrode displace
ments during resistance spot welding is 
related to weld current, weld time and 
electrode force. However, almost all in
formation available to date is experi
mental observations. Very little informa
tion on the relationship between the ex
pansion displacements and the nugget 
formation process has been published. 

Mathematical Modeling and 
Simulation 

Experiments alone cannot easily 
study the separate effects of many fac
tors involved in the resistance welding 
process, nor can they accurately predict 
the complex behavior of the coupled 
electrical, mechanical and thermal pro
cesses. Moreover, they are often limited 
in scope because of the restricted oper
ational capabilities wi th regard to the 
available hardware. Also, the scope is 
reduced due to excessive time and cost 
associated with the experimental proce
dures, which involve many influential 
parameters. The modeling and simula
tion of the resistance spot welding pro
cesses has attracted the attention of 
many researchers due to its analytical 
capability. However, a comprehensive 
analysis of the welding process could 
not be established in early modeling ef
forts because of the complexity, which 
involves the interactions between many 
physical phenomena such as electrical, 
thermal, mechanical, metallurgical and 
surface behaviors of the process. Most 
of the early efforts were mainly con
ducted to study the heat transfer prob
lems or surface phenomena by mathe
matical analysis. 

The electrical, thermal and mechani
cal behaviors of the interface between 
two contact solids were studied theoret
ically by Bowden and Wil l iamson in 
1958 (Ref. 24). Their study showed that 
surface asperities condensed current 
density and restricted contact resistance 
within the contact region, which caused 
temperature to rise at the interface when 
electric current f low occurred. In the 
meantime, the contact asperities were 
softened and indented into the interfa
cial surfaces, which increased the net 
contact area. 

Greenwood and Williamson (Ref. 25) 
theoretically and experimentally inves
tigated the electric current distribution 
over a small area between two semi-in
finite solids in contact. They showed that 
current density singularity appeared at 
the outer rim of the contact area. The 
bulk of the material near the contact re
gion was not heated appreciably by the 
f low of current through it, but it was 
heated up by heat conduction from the 
peripheral region of the contact area. 

Archer (Ref. 26) mathematically stud
ied the temperature response in spot 
welds from a process control viewpoint 
in 1960. He made several assumptions, 
which simplified the problem, but also 
provided good insights into the dynamic 
response of the material to heat conduc
tion. 

In 1961, Greenwood (Ref. 1) intro
duced the first heat conduction model 
using the finite difference method to sim-

ulate the resistance spot welding pro
cess. This was considered a significant 
contribution to the theoretical modeling 
efforts. Greenwood's analysis assumed 
an axisymmetric heat conduction model 
with temperature-dependent material 
properties and an internal joule heat 
generation. However, the effects of con
tact resistance and the latent heat of fu
sion on internal energy generation were 
not considered in his model. 

Greenwood's analysis showed spa
tial temperature distributions over the 
time ranges of weld duration, and indi
cated a temperature concentration at the 
periphery of the electrode/workpiece in
terface in the early welding cycles. An 
elliptical-shaped nugget was predicted 
by plotting the melting isothermal con
tour at the workpiece/workpiece inter
face at longer weld times. 

Bentley and Greenwood (Ref. 27) the
oretically and experimentally investi
gated the effect of contact resistance on 
the temperature distributions in the re
sistance spot welds for mild steels. They 
concluded that the contact resistance 
played a major role only in the very early 
stages of heat generation and became 
less influential in the later stages of the 
weld nugget formation. The dynamic 
characteristics of the material resistance 
stabilized very quickly once the joint 
material heated up. The early Green
wood model, which did not consider the 
contact resistance effect, predicted con
tradictory results to the experimental 
data during the early weld cycles but 
showed good agreement in temperature 
distributions at later times. 

In 1 966, Dix (Ref. 28) investigated the 
behavior of the contact interface for re
sistance spot welding of similar and dis
similar materials with various thick
nesses by a series of simple experiments. 
He found that the initial melting oc
curred in the center of the total thick
ness because the contact asperities 
melted explosively as soon as the elec
tric current passed through them, caus
ing intimate contact of the workpieces. 
The workpieces eventually acted like 
one single piece in the contact area. 

In 1967, Rice and Funk (Ref. 29) an
alytically studied the temperature distri
butions during resistance spot welding 
of composite materials. They formulated 
a one-dimensional multilayer heat trans
fer model using the finite difference 
method. This model considered temper
ature-dependent electrical and thermal 
properties except for latent heat of fu
sion, bulk joule heating and contact re
sistance at the interfaces. Their results 
showed that the contact resistance had 
little effect on the thermal behaviors of 
the resistance spot weld. During weld 
cycles, the interface was quickly heated 
to such a temperature that the contact 
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resistance of the interface reached a con
stant value. 

Houchens, etal. (Ref. 30), developed 
two analytical models using the finite 
difference numerical technique to sim
ulate the resistance spot welding pro
cess and to predict the thermal response 
and weld nugget penetration for steel 
sheets, respectively. The first was a one-
dimensional heat transfer model that ac
counted for temperature-dependent ma
terial properties, latent heat of fusion 
and joule heating for both electrode and 
workpiece. The second was an axisym-
metrical model that included the geo
metric effects of a flat end electrode. The 
results from the two models indicated 
that the first model provided insights into 
the dynamics of weld penetration and 
the second model gave more informa
tion on current density and temperature 
distribution in both electrode and work-
piece. 

In 1987, Gould (Ref. 31), studied 
weld nugget development using both ex
perimental and analytical techniques 
with three gauges of an AISI 1008 steel. 
A one-dimensional heat transfer model 
similar to the one used by the previous 
authors (Refs. 29, 30) was used in this 
study. The electrode geometry, internal 
heat generation, phase change, temper
ature-dependent material properties and 
contact resistance were considered, and 
a finite difference scheme was employed 
to solve the nonlinear differential equa
tions. In the meanwhile, the analytical 
results and the metallographic examina
tion of the heavy gauge specimens were 
compared, and they showed that the pre-
dicted nugget sizes were much larger 
than those observed in the experiment. 
He concluded that this discrepancy was 
evidently due to neglecting the radial 
heat loss to the surrounding sheet. 

In 1989, Cho, ef al. (Ref. 32), and 
Han, et al. (Ref. 33), respectively, devel
oped different theoretical models, both 
considering similar physical properties 
and using finite difference schemes, for 
predicting the temperature distributions 
and weld nugget formation in resistance 
spot welding. Although both models 
could handle the physical properties not 
considered by the previous authors, the 
thermal and mechanical analyses were 
uncoupled. The uncoupled numerical 
models have their limitations in the prac
tical applications of their analyses when 
the in-process monitoring and control 
for resistance spot welding needs to be 
addressed. 

As shown in the summary of the 
aforementioned publications, the ther
momechanical coupling in the numeri
cal models for the resistance spot weld
ing process was seldom addressed. Al l 
the mathematical models reported by 
the cited authors have been developed 

to analyze the thermal behaviors of the 
resistance spot welding process under 
different sets of parameters. The inter
actions between the mechanical stresses 
and the temperature-caused thermal 
stresses were ignored. 

In 1984, Nied (Ref. 34), using the ex
isting finite element code ANSYS, intro
duced a coupled, axisymmetric model 
that considered the geometry of elec
trode and workpiece, temperature-de
pendent thermal properties, melting and 
joule heating. Predictions of the elec
trode and workpiece deformations were 
illustrated. Stress distributions along the 
interface were obtained. The thermal 
analysis predicted temperature distribu
tions that showed the characteristic 
isotherms found in an ell iptic-shaped 
weld nugget. Although the model ac
counted for both mechanical and ther
mal responses of the welding process, 
the effects of contact resistance varia
tions, electrode wear and current shunt
ing were not considered in the analysis. 

Recently, Dickinson, et al. (Ref. 35), 
modeled and simulated the resistance 
spot welding process using the ANSYS 
finite element code. The mechanical be
havior of the welding process was cou
pled with the transient thermal responses 
during the entire welding cycle. The 
weld nugget formation in 347 stainless 
steel of equal and unequal thickness 
workpieces and joining 347 stainless 
steel to AISI 1045 carbon steel work-
pieces were studied. The analysis 
showed that the init ial weld nugget 
formed as a toroid and spread rapidly 
toward the center. For unequal thick
ness sheet welding, the nugget formed 
mostly in the thicker workpiece due to 
longer current flow path. For dissimilar 
material welding, the nugget formed in 
the low conductivity workpiece more 
than in the workpiece with higher ther
mal conductivi ty. This study provided 
very comprehensive information about 
a coupled numerical model for analyz
ing the interactions of various physical 
phenomena in resistance spot welding. 
This has provided a useful tool for the 
current study on expansion/contraction 
displacement analysis. 

Thermal Expansion and Contraction 
Modeling 

Geometric Modeling 

Considering a typical arrangement for 
spot welding two pieces of metal sheets, 
the development of a geometric repre
sentation of two identical electrodes and 
equal thickness workpieces simplifies 
the geometry to a two-dimensional ax
isymmetric model, thus only one quad
rant of the model, as shown in Fig. 1, 

has to be constructed. Figure 2 shows 
the two-dimensional f inite element 
mesh structure used for the analysis. 
Four element types were employed: 
thermoelectric solid elements and con
vection link elements for thermal analy
sis, isoparametric solid elements for 
stress analysis and surface elements for 
coupling. 

The thermoelectric solid elements 
and the convection link elements were 
used to account for the resistance heat
ing and heat transfer in the workpieces, 
and to calculate the temperature history 
and distribution during the weld cycles. 
The calculated temperatures were added 
to the isoparametric solid elements 
through computer coupling routines to 
calculate stresses developed from ther
mal strains and electrode squeezing. The 
surface elements, with thicknesses con
sidered equal to one tenth of the other 
element's thickness, were used to simu
late the coupling effects of the thermo
mechanical phenomena between elec-
trode/workpiece interfaces, and work
piece/workpiece faying surfaces. 

In this model, the contact resistance 
between electrode/workpiece interfaces 
and workpiece/workpiece faying sur
faces were considered and simulated by 
assigning a temperature and pressure de
pendent resistance properties to one el
ement layer along the contact interfaces. 

Boundary Conditions 

The boundary conditions imposed on 
the model simulated the physical con
straints experienced by the material and 
its surroundings. These boundary con
ditions are summarized below. 

Electrical Conditions. The electrical 
current density was specified at the top 
surface of the upper electrode and at the 
contact interface between the lower 
electrode and the lower workpiece. The 
current f low was assumed to be uni
formly distributed across both areas. The 
current strength was given according to 
the actual welding current cycles. No 
current f low was permitted across the 
lateral surfaces of the electrode, nor 
across the central axis. Along the work
piece/workpiece faying surface, current 
flow was permitted only across the con
tact area. 

Thermal Conditions. Convective heat 
transfer was al lowed along the lateral 
surfaces of the electrodes and work-
pieces. The outer surface is subject to 
heat loss to the ambient environment, 
whi le across the inner surface, heat 
transferred into the water-cooled chan
nel from the electrode. No heat flow was 
allowed across the central axis. The heat 
transfer across the contact surfaces be
tween electrode/workpiece interface or 
workpiece/workpiece faying surfaces 
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Fig. 1 — Electrode and workpiece setup (quarter view). Fig. 2 — Finite element model identifying element types. 

was specified by the convection link el
ements. The noncontacted interfaces 
were assumed to be adiabatic. 

Mechanical Conditions. The elec
trode force was applied in the model by 
assuming a pressure distribution across 
the annular end of the upper electrode. 
The contact area at the workpiece inter
face was simply supported. Radial dis
placement was restricted along the en
tire central axis due to axisymmetry. 

Material Properties 

Table 1 summarizes the temperature 
dependent electrical resistivity of the 
electrode and workpiece materials (Refs. 
36-39). The contact resistance between 
electrode-workpiece interface and 
workpiece-workpiece faying surface is 
a dependent function of contact pres
sure, temperature and average yield 
strength of two contact materials (Ref. 
40, 41). When two metal surfaces are 
placed in contact, the surfaces support 
each other on the tips of their asperities. 
The asperities deform plastically under 
the minutest loads. For a material that is 
fully workhardened, the yield pressure 
at the tip of each asperity is a constant 
value. Thus, the actual contact area is 
proportional to the applied load, but in
versely proportional to the average yield 
strength of the contact metals. The ac
tual contact area is independent of the 
apparent contact area at the interface. 
The condit ion of a contact surface can 

be characterized by the surface rough
ness and waviness. 

The contact resistance at the solid 
interfaces has been modeled and mea
sured by Holm (Ref. 42) and other in
vestigators (Refs. 14, 15, 20, 2 1 , 43). It 
was assumed to be inversely propor
tional to the square root of the average 
yield strength of the two contact solids. 

For a given electrode force, the con
tact resistance between electrode-work-
piece and workpiece-workpiece inter
faces has been measured for the entire 
welding cycles by White (Ref. 43) and 
others (Refs. 14, 15, 20, 21). The equiv
alent resistivity ee of the contact area can 
be determined using the following equa
t ion and tabulated as a temperature-
dependent property in Table 1. 

e. T 
Ar R(20°C 

,(T) 

where £e 

Rf20°C) 

<wn 

20°C 
(1l 

= equivalent contact 

resistivity 
: measured contact re -

sistance at 20°C under 

a given electrode force 

= average yield strength 

of contact materials at a 

specified temperature 

L = characteristic thickness 

(one finite element 

thickness = 0.001-in.) 

of the contact layer, 

(0.001 in.) 

contact area A 

Thermal properties, such as conduc
tivity, specific heat, density, diffusivity, 
latent heat, and solidus and liquidus 
temperatures, of both electrodes and 
workpieces are given in Table 1 (Refs. 
36, 39). All thermal properties, except 
latent heat and density, were considered 
temperature dependent properties in this 
study. 

Table 2 shows the mechanical prop
erties of the electrode and workpiece 
materials (Refs. 36,39). Both yield stress 
and Young's modulus of the electrode 
and workpiece materials are tempera
ture-dependent and their values are 
given in Table 2. 

Process Simulation and Verification 

Process Model 

The resistance spot welding model 
investigated in this study used an exist
ing case studied by Han, ef al. (Ref. 33). 
The electrodes used in this model were 
a RWMA Class II w i th a tapered flat 
shape and a 0.25-in. (6.35-mm) diame-
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Table 1—Physical (Electrical and Thermal) Properties for Mild Steel and Copper Electrodes (Ref. 36) 

Temp. °F 

Thermal 
Conductivity 
(BTU/s in. 
= F) X 10"J 

70 200 400 600 800 

0.866 0.846 0.74 0.668 0.60 

1000 1200 1400 1600 

0.532 0.467 0.408 0.38 

1800 2000 2200 

0.37 0.382 Mild Steel 

5.22 5.09 4.95 4.75 4.62 4.48 4.28 4.22 4.15 4.08 4.02 

Notes: Mild Steel: Solidus: 2700°F; Liquidus: 2770-F, 
Latent Heat: 117 (BTU/lb). 
Density: 0.284 (lb/in.3). 

Copper Electrode: Density: 0.316 (lb/in.3). 

Copper 
Electrode 

Resistivity Micro 
Ohm in. 

Coefficient of 
Thermal 
Expansion 
(/°F) X 10"b 

Equivalent 
Resistivity 
of Interface 
Surface 
(Ohm. in.) 
X ]Q~i 

Temp °F 
Specific Heat 

BTU/lb3oF 

5.6 

1.04 

6.1 

9.2 

2.464 

1.232 

70 
0.106 

0.095 

7.34 

1.18 

6.4 

9.3 

2.4 

1.2 

200 
0.108 

0.096 

10.5 

1.57 

6.8 

9.5 

2.332 

1.116 

400 
0.122 

0.01 

14.8 

1.99 

7.2 

9.7 

2.2 

1.1 

600 
0.134 

0.0103 

19.5 

2.437 

7.5 

9.9 

2.0 

1.0 

800 
0.146 

0.0105 

25.5 

2.75 

7.8 

10.2 

1.86 

0.933 

1000 
0.158 

0.0108 

32.2 

3.15 

8.1 

10.3 

1.355 

0.6777 

1200 
0.182 

0.0111 

39.8 

3.535 

7.8 

10.5 

0.588 

0.294 

1350 
0.24 

43.9 

3.734 

7.5 

10.7 

0.51 

0.255 

1400 
0.57 

0.0114 

45.6 

3.93 

0.432 

0.216 

1425 
0.24 

46.4 

0.355 

0.1777 

1470 
0.284 

47.6 

2200 
0.284 

0.012 

Mild Steel 

Copper 
Electrode 

Mild Steel 

Copper 
Electrode 

Mild Steel 

Copper 
Electrode 

Material 

Copper 
Electrode 

ter contact surface (De). Joining of two 
mild steel sheets 0.06-in. (1.5-mm) thick 
(Tw) was simulated. Figure 2 shows the 
dimensions and configurations of both 
electrode and workpiece. 

Three types of joint conditions, good 
fitup, poor fitup and current shunting, 
were simulated in this study — Fig. 3. 
Joints wi th good fitup have a contact 
area at the workpiece-workpiece faying 
surface the same as the electrode con
tact area with the workpiece. Poor fitup 
causes a reduction of contact area at the 
workpiece-workpiece faying surface. In 
this study, poor fitup was quantitatively 
defined as percent of contact area re
duction from good fitup condition. Cur
rent shunting indicates the existence of 
an additional current f low passage next 
to the weld nugget during the weld cy
cles. This phenomenon was modeled in 
this study by an axisymmetric annular 
contact area surrounding the weld 
nugget. For a quantitative definition of 
current shunting, percent of contact area 
increase from good fitup condition and 
mean radius of this annular area from 
the electrode center were used in this 
study. 

Table 3 summarizes the resistance 
welding schedules simulated in this 

study. A 800-lb (365-kg) electrode force 
was simulated for all welding schedules. 
The ambient air temperature was set to 
70°F (20°C) and the cooling water tem
perature in the electrode cavity was spe
cified as 50°F (10CC). The material prop
erties were treated as nonlinear, temper
ature-dependent properties (Tables 1, 
2), and the latent heat effect due to phase 
change was also considered in this study 

Predicted Nugget Growth and 
Thermal Responses 

Figure 4 shows the sequence of mod
eling and analysis using the finite ele
ment method. The input parameters 
were classified into two categories: a 
mechanical phase and an electrical 
phase. The mechanical phase defined 
joint geometry, applied force and mate
rial properties. The electrical phase pro
vided information about electrical cur
rent density and f low passages, as well 
as electrical resistivities of the electrode 
material, workpiece material and con
tact interfaces. 

The f inite element program calcu
lated interface pressures, electrical fields 
and voltage drop between electrodes, 
temperature history and distribution in 

the joint, expansion and contraction of 
the joint during weld cycles, and elec
trode displacements as a result of joint 
expansion or contraction. All these elec
trical, mechanical and thermal analyses 
were coupled through the finite element 
calculation procedures. 

Figure 5 shows the predicted temper
ature histories at six locations along the 
central axis of the joint. The welding 
schedule used in this analysis was: weld
ing current, 12,200 A; weld time,16 cy
cles; electrode force, 800 Ib (365 kg). 

The temperature history at the center 
of the workpiece faying surface shows 
thermal arrests at l iquidus and solidus 
temperatures of the workpiece material 
(Table 1) due to latent heat effect. 

The weld nugget initiated at the pe
riphery of the contact area and was in a 
toroid shape. In a very short time dur
ing the weld cycles, the molten nugget 
spread rapidly inward toward the cen
ter. There was very little nugget growth 
in the outward radial direction. The 
nugget grew much faster along the in
terface than in the material thickness di
rection. Once the molten nugget 
reached the center axis, it began to grow 
into the joint thickness as the weld cy
cles continued. A full nugget was devel-

344-s I DECEMBER 1991 



oped r ight after the end o f the w e l d cy
cles. 

The pred ic ted nugget size var ia t ions, 
represented by the rat io o f nugget d i a m 
eter, D n , to e lec t rode t ip d iamete r , De , 
and the ra t io o f pene t ra t i on d e p t h , T n , 
to j o i n t th ickness , T w , for several w e l d 
schedu les are p lo t ted in Fig. 6. Plot ted 
in the same f igure are exper imenta l data 
fo r t he same e x p e r i m e n t a l c o n d i t i o n s 
measured by C h o , et al. (Ref. 34). G o o d 
ag reemen t is obse rved for a l l w e l d 
schedules. 

Figure 7A shows the pred ic ted nugget 
d iameter var ia t ion w i t h increasing w e l d 
cu r ren t for a 1 6 c y c l e w e l d t i m e . For a 
series of w e l d t imes, Fig. 7B summar izes 
w e l d t ime , w e l d cu r ren t re la t ions, a n d , 
w i t h reference to the exper imen ta l data 
ob ta ined by C h o , ef al. (Ref. 32) , fo rms 
a q u a l i t y w i n d o w of w e l d i n g p a r a m e 
ters (i.e., Lobe cu rves or d i ag ram) that 
p roduce acceptab le we lds . Three exper
imen ta l da ta po in t s (Ref. 32) are also 
s h o w n in the same f i gu re fo r c o m p a r i 
son purposes. 

Expansion/Contraction Displacements 

D u r i n g the w e l d cyc les, the jo in t ex
pands w h e n its t e m p e r a t u r e rises a n d 
con t rac ts w h e n it coo l s of f . Th is p h e 
n o m e n o n has been re lated to the e lec
t r ode m o v e m e n t m o n i t o r e d d u r i n g 
w e l d i n g . The e x p a n s i o n d i s p l a c e m e n t 
and the expans ion rate, w h i c h are m o n 
i t o red t h r o u g h the e l e c t r o d e d i s p l a c e 
ments , are c lose ly related to the nugget 
fo rmat ion process (Ref. 32). 

Figure 8A shows the p red ic ted var ia
t ions of the e lect rode d isp lacements dur
ing w e l d and ho ld cycles at var ious cur
rent levels. W i t h re ference to the q u a l 
ity w i n d o w (Fig. 7), the upper and lower 
to le rance l im i ts and the accep tab le ex
pans ion charac te r i s t i c curves are s u m 
m a r i z e d in the same f i gu re . F igure 8B 
shows the t yp i ca l charac ter is t i cs of the 
dynamic e lec t rode d isp lacements as o b 
served in m a n y p rev ious e x p e r i m e n t a l 
studies (Ref. 11). This schemat ic d iagram 
verif ies the pred ic ted e lect rode d isp lace
ment character ist ics. 

Figure 9 shows the effect of poor jo in t 
f i t u p a n d c u r r e n t s h u n t i n g o n t h e p re 
d i c t e d e l e c t r o d e d i s p l a c e m e n t s . Poor 
j o in t f i tup causes h igher cur rent densi ty 
d u e to reduc t i on o f actual con tac t area 
at t he w o r k p i e c e f a y i n g sur face . Th is 
p h e n o m e n o n is e q u i v a l e n t to us ing 
higher e lectr ica l current for w e l d i n g and 
results in w e l d meta l exp lus i on . O n the 
con t r a r y , cu r ren t s h u n t i n g reduces the 
effect ive current densi ty passing th rough 
the actual con tac t area; thus, an under
s ized w e l d nugge t was p r e d i c t e d . The 
ef fect o f e i t he r p o o r f i t u p or c u r r e n t 
s h u n t i n g resul ts in u n a c c e p t a b l e w e l d 
qua l i ty . 

Table 2 Mechanical Properties for Mild Steel and Copper Electrode (Ref. 36) 

Temp. °F 70 200 400 

Mild Steel 

600 800 

Young's Modulus 30.0 28.5 28.2 27.0 24.5 
(psi) X 106 

Yield Stress 36.0 34.5 32.5 29.0 25.0 
(psi) X 10' 

1000 1200 1400 1600 1800 

17.0 8.0 1.0 

21.0 11.0 2.0 

Young's Modulus 
(psi) X 10b 

Yield Stress 
(psi) X 103 

18.0 15.3 

12.0 

Copper Electrode 
13.5 12.0 8.0 5.6 3.6 2.3 2.0 I.O 

Notes: Poisson's ratio for mild steel: 0.3. 
Poisson's ratio for copper electrode: 0.33. 

Table 3—The Resistance Spot Welding Schedule in This Study 

Simulated Data Sheet 

Weld 
Number 
(Ni) 

N 1 
N 2 
N 3 
N 4 
N 5 
N 6 
N 7 
N 8 

Electrode 
Force (kgs) 

365 
365 
365 
365 
365 
365 
365 
365 

Current 
(kA) 

9.8 
10.8 
12.2 
13.8 
12.2 
12.2 
12.2 
12.2 

Time 
(cycles) 

16 
16 
16 
16 
14 
12 
l() 
8 

Dynamic 
Voltage 

(V/s) 

Fig. 10 

Thermal 
Expansion 
(mm/eye) 

Fig. 8 A, 9 B 
Fig 
Fig 
Fig 
Fig 
Fig 
rig 
Fig 

8 A, 9 B 
8 A, 9 B 
8 A, 9 B 
8 A, 9 A 
9 A 
9 A 
9 A 

Expansion 
Rate 

(mm/s/cyc) 

Fig. 13 A, B 

Fig 
Fig 
Fig 
Fig 
Mg 
rig 
Fig 

13 B 
13 B 
13 B 
13 A 
13 A 
13 A 
13 A 

Notes: Workpieces: mild steel wi th 0.060-in. (16 Ca) (1,52-mm) thickness. 
Electrodes: RWMA Class II wi th a tapered flat shapes. 
0.25-in. (6.35-mm) diameter contact area. 

Figure 9A shows the m a x i m u m elec
t r o d e d i s p l a c e m e n t va r i a t i ons w i t h i n 
creas ing w e l d t i m e at a g iven e lec t rode 
fo rce and w e l d cu r ren t leve l . Figure 9B 
shows the m a x i m u m elect rode d isp lace
ment changes w i t h var ious w e l d current 
leve ls fo r a g i v e n e l e c t r o d e fo rce a n d 
w e l d t i m e . M a x i m u m e l e c t r o d e d is 
p lacements vary in a l inear re la t ionsh ip 

w i t h w e l d t ime or w e l d current . 
F igure 1 0 shows the p r e d i c t e d v o l t 

age v a r i a t i o n b e t w e e n the e lec t rodes 
w i t h t i m e d u r i n g the w e l d cyc les . The 
vol tage drops very q u i c k l y at the beg in 
n ing of the w e l d cycles due to the sharp 
r e d u c t i o n of c o n t a c t res is tance. H o w 
ever, the vo l tage begins to rise after the 
w o r k p i e c e heats up , because the mate-

: Current Flow Area Reduct1on= 

( r P
2 - r c 2 ) / r c

2 [Fig. 3(b)] 

Mean Radius, rs=( rn + rc + g ) / 2 
Shunting Area, 

As- 4 m x rs ) ( rs -g- rc ) 

(a) Good Fitup (b) Poor Fitup 

Fig. 3 — Electrode/workpiece setups for FEM modeling. 

(c) Shunting 
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Resistance Spot Welding Analysis 
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Fig. 5 — Predicted 
temperature through 

the thickness of 
workpiece in the 

center of the weld
ment during weld
ing. Weld current: 

12.2 kA; weld time: 
16 cycles. 

Mechanical Phase Electrical Phase 

Force system Material 

Geometry 

Material 

Temperature-dependent 
(a) Thermal conductivity 
(b) Thermal expansion 

coefficient 
(c) Specific heat 
(d) Elastic modulus 
(e) Poison ratio 
(f) Density 

J 

Current 

Temperature-dependent 
resistivity 

Geometry 

FEM (ANSYS) 

Mechanical stresses! | Thermal loading 

Interfaces and bulk material 
heat generation analysis - Thermal Analysis Structure Analysis 

Thermal 
expension 

Stress 
distributions 

Range of expension 
rate vs. weld current or 
time curve 

In-process monitor and 
control systems for 
nugget formation 

Range of max. electrode 
disp. vs. weld current or 
time curve 

Temp ( F) 

1 Faying Surface Between Workpieces 

2 208 Workpiece Thickness 

3 40% Workpiece Thickness 

A 608 Workpiece Thickness 

5 80% Workpiece Thickness 

6 Upper Workpiece Surface 

0.61 0.8 Tlme( second) 
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100 

E 
5 

120 n 

o Finite Element 

• Exper imental 

Nugget Diameter/Electrode Diameter, % 

Penetration/Workpiece Thickness. % 

20 

Nugget Diameter/Electrode Diameter, % 

Finite Element 
Experiment [32] 

Penetration/Workpiece Thickness, % 

10 12 14 

Weld Time (cycles) 

11 12 

Weld Current (ka) 

6" 

Fig. 6 — Variation of weld nugget geometry with weld current. Electrode force: 365 kg; weld time: 76 cycles 

rial resistivity increases with the rising 
temperature. The voltage reaches a max
imum and then drops during the latter 
part of the weld cycles due to weld 
nugget formation, which causes an area 
increase in the electrical current f low 
passage. 

Figure 11 shows a continuous trace 
of the expansion rate of the workpiece 
material, which is determined from the 
predicted electrode displacements. The 
expansion rate increases and then drops 
wi th in a very short period of time dur
ing the initial part of the weld cycles due 
to high initial contact resistance, fol
lowed by a quick resistivity drop due to 
fast temperature rise in the workpiece. 
The expansion rate decreases gradually 
during the latter part of the weld cycles 
because of moderate changes in the ma
terial resistivity due to mild temperature 
changes. The sudden drop of the expan
sion rate after the weld cycles shows a 
quick material contraction due to solid
ification of the molten nugget. The con
traction displacement becomes steady 
upon cooling of the workpiece. 

4-

Development of a Real-Time 
Expansion-Based Control Logic 

Development Approach 

Figure 1 2 shows the architecture of a 
dual-variable real-time monitoring and 
control system. The welding system is 
initially set for welding according to an 
appropriate lobe diagram. Welding cur
rent and weld time are used as the dual 
control parameters to obtain adequate 
nugget expansion characteristics. A dis
placement transducer attached to the 
electrode head monitors the electrode 
displacement and head velocity during 
welding. The displacement data are 
compared with the expansion-based 
weldabi l i ty curves from which a feed-

18 -, 

16 

14 

12 

£ 10 

10 11 12 13 

Weld Current (ka) 

UJ 

S 
CL 
O 
_ i 
UJ > 

X o 
Qi 
< 
UJ 
(A 
UJ 
0C 

O. 

o 
_1 
UJ > 

5 
< 
m to 
UJ 
oc 

UJ 
S 
a. 
O 
_ i 
UJ > 
UJ 
O 
- • ^ 

I o oi < 
ui 
to 
ui 
or 

UJ 

a. o 
—I 
ui > 
UJ 
o Nugget Diameter/Electrode Diameter 

= 1 1075 for Splash [321 

Nugget 
Diameter/Electrode 
Diameter 
=60% for Small 
Nugget [321 

Fig.7-

9 10 11 12 13 14 

Weld Current (ka) 
Predicted weldability lobe diagram. 

15 
—i 

16 

W E L D I N G RESEARCH SUPPLEMENT I 347-s 



> 
UJ 

u 

o 
Q-
ai o 

a 

UJ 

> 
O 
s: 

Upper tolerance -

Ideal condition 
s / 

Lower tolerance^. 

i 1 Time(cycles) 5 10 15 
WELD TIME, cycles 

20 
i 1 r 

A 0 4 8 12 16 20 24 28 32 36 40 g 

Fig. 8 — A — Variation of electrode displacement with time after weld cycle starts, electrode force: 365 kg; weld time 16 cycles; B — typical dynamic 
electrode displacements during resistance spot welding (Ref. 11). 
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Fig. 9 — A — Variation of maximum electrode displacement with weld time, electrode force: 365 kg; weld current: 12.2 kA; B — variation of 
maximum electrode displacement with weld time, electrode force: 365 kg; weld time 16 cycles. 

Fig. 10— Voltage variation between 
electrodes with time after weld cycle 

starts. Electrode force: 365 kg; weld cur
rent: 12.2 kA; weld time: 14 cycles. 
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back control decision can be made to 
incrementally adjust the two welding 
variables for a satisfactory weld result. 
The weldabi l i ty curves can be devel
oped from the finite element analysis 
and the lobe diagram. 

Weldability Curves 

The weldabi l i ty lobe diagrams are 
used by resistance welders to preset 
welding schedules for satisfactory weld
ing results. A lobe diagram is generated 
by experimental tests and defines a win
dow of welding parameters, weld cur
rent and t ime that produces quality 
welds. 

From finite element modeling and 
analysis, the relationships between weld 
current, weld t ime, nugget formation 
and electrode displacement are corre
lated. The f inite element analysis can 
generate a series of current vs. time 
curves similar to the experimental lobe 
diagrams. By comparing the predicted 
current-time relations with the accept
able ranges of weld current and time, 
which are defined by the experimental 
lobe diagrams, a new weldabil i ty win
dow based on the electrode displace
ment characteristics can be generated. 

Expansion/Contraction-Based Control Logic 

The characteristic displacement pa
rameters, such as expansion displace
ment history, expansion rate changes, 
maximum expansion displacement, or 
minimum and maximum expansion 
rates during the weld cycles, may be 
used for real-time control of the resis
tance welding process. For example, the 
dynamic electrode displacement curves 
(Fig. 8) have been used for this control 
purpose (Ref. 11). For simple control 
purposes, the history-dependent control 
method could be replaced by a dual-
point control logic, which uses the max
imum expansion rate and the difference 
between the min imum and the maxi
mum expansion rates — Fig. 13. The 
control logic can be further simplified if 
the maximum displacement alone is suf
ficient for screening the welds. The max
imum electrode displacement has a lin
ear relation with either weld current or 
weld time — Fig. 9. This linear charac
teristic is best suited for a linear control 
system. 

Conclusions and Future Work 

Finite element modeling and analy
sis can provide insightful information re
garding not only the weld nugget forma
tion process, but also the relations be
tween weld quality, welding conditions 
and electrode displacement character
istics. The weldability window based on 
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Fig. 11 — Expansion rate of weldment with time after weld cycle starts. Electrode force: 365 
kg; weld current: 12.2 kA; weld time: 14 cycles. 
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* Electrode Displacement 
* Electrode Velocity 

Experimental 
Lobe Diagram 

Feedback 
Control 

FEM 
Modeling & Analysis 

Expansion-Based Weldability 
Criteria 
* Expansion 
* Expansion Rate 

Not Acceptable 

Acceptable 

Quality Weld 

Fig. 12 — A dual-variable, real-time monitoring and control system for resistance spot welding. 
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Fig. 13 — A — Variation of expansion rage oi weldment with weld time, electrode force: 365 kg; weld current: 12.2 kA; B -
pansion rate of weldment with current, electrode force: 365 kg; weld time: 16 cycles. 

Variation of ex-

the expans ion d i sp l acemen t charac ter 
istics prov ides a rea l - t ime con t ro l log ic . 
For e x a m p l e , nugget e x p u l s i o n or u n 
dersized nugget can be pred ic ted by the 
d y n a m i c d i s p l a c e m e n t h is to ry (Fig. 8), 
m a x i m u m e lec t rode d i sp lacemen t (Fig. 
9) , or expans ion d isp lacement rate (Fig. 
1 3). Th is has c o n s t i t u t e d a base fo r i n -
process w e l d q u a l i t y m o n i t o r i n g . W i t h 
the add i t ion of a feedback con t ro l m e c h 
an ism, the real- t ime process cont ro l can 
be establ ished. 

This paper demonstrates the feas ib i l 
i ty of d e v e l o p i n g a r e a l - t i m e c o n t r o l 
m e t h o d o l o g y for resistance spot w e l d 
ing us ing the f in i te e lemen t m e t h o d . As 
fo r the c o n t i n u i n g ef for ts to d e v e l o p a 
p ro to type cont ro l uni t , the f in i te e lement 
mode l c o u l d be used to ana lyze the ex
ist ing w e l d a b i l i t y lobe d iagrams and to 
conver t t hem in to expansion-based elec
trode d isp lacement cr i ter ia for real - t ime 
process con t ro l . 
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WRC Bulletin 361 
February 1991 

This Bulletin contains two reports that compare the French RCC-M Pressure Vessel Code and the U.S ASME Sec
tion III Code on Design of Nuclear Components and Piping Design Rules. 

(1) Improvements on Fatigue Analysis Methods for the Design of Nuclear Components Sub
jected to the French RCC-M Code 

By J. M. Grandemange, J. Heliot, J.Vagner, A. Morel and C. Faidy 

(2) Framatome View on the Comparison between Class 1 and Class 2 RCC-M Piping Design 
Rules 

By C. Heng and J. M. Grandemange 

Publication of this bulletin was sponsored by the Pressure Vessel Research Council of the Welding Research 
Council. The price of WRC Bulletin 361 is $30.00 per copy, plus $5.00 for U.S. and $10.00 for overseas, postage 
and handling. Orders should be sent with payment to the Welding Research Council, Room 1301, 345 E. 47th St., 
New York, NY 10017. 

WRC Bulletin 364 
June 1991 

This bulletin contains two reports: 

(1) New Design Curves for Torispherical Heads 

By A. Kalnins and D. P. Updike 

(2) Elastic-Plastic Analysis of Shells of Revolution under 
Axisymmetric Loading 

By D. P. Updike and A. Kalnins 

Publication of these reports was sponsored by the Committee on Shells and Ligaments of the Pressure Vessel 
Research Council. The price of WRC Bulletin 364 is $40.00 per copy, plus $5.00 for U.S. and $10.00 for overseas, 
postage and handling. Orders should be sent with payment to the Welding Research Council, Room 1301, 345 E. 
47th St., New York, NY 10017. 
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WRC Bulletin 345 
July 1989 

Assessing Fracture Toughness and Cracking Susceptibility of Steel Weldments—A Review 

By J. A. Davidson, P. J. Konkol and J. F. Sovak 

The l i terature survey reviews the domest ic and foreign l i terature to determine, document and evalu
ate: 1) the parameters of welding that control weld-metal and HAZ cracking; 2) tests for assessing the 
susceptibility of structural steel to weld-metal and HAZ cracking; 3) the parameters of welding that con
trol HAZ toughness; and 4) tests for measuring the toughness of weld metal and HAZ. The work was per
formed at the United States Steel Corporation Technical Center in Monroeville, Pa., and was sponsored 
by the Offices of Research and Development, Federal Highway Administrat ion, U.S. Department of 
Transportat ion, Washington, D.C. 

Publication of this bulletin was sponsored by the Weldability Commit tee of the Welding Research 
Council. The price of WRC Bulletin 345 is $30.00 per copy, plus $5.00 for U.S. and $10.00 for overseas, 
postage and handling. Orders should be sent with payment to the Welding Research Council, Room 1301, 
345 E. 47th St., New York, NY 10017. 

WRC Bulletin 347 
September 1989 

This bulletin contains two reports: 

(1 ) Welded Tees Connections of Pipes Exposed to Slowly Increasing Internal Pressure 
By J. Schroeder 

(2 ) Flawed Pipes and Branch Connections Exposed to Pressure Pulses and Shock 
Waves 
By J. Schroeder 

Publication of these reports was sponsored by the Subcommit tee on Reinforced Openings and Exter
nal Loadings of the Pressure Vessel Research Commit tee of the Welding Research Council. The price of 
WRC Bulletin 347 is $25.00 per copy, plus $5.00 for U.S. and $10.00 for overseas, postage and handling. 
Orders should be sent with payment to the Welding Research Council. Room 1301. 345 E. 47th St.. New 
York. NY 10017. 

WRC Bulletin 356 
August 1990 

This Bulletin contains three reports involving welding research. The tit les describe the contents of the 
reports. 

(1 ) Finite Element Modeling of a Single-Pass Weld 
By C. K. Leung, R. J. Pick and D. H. B. Mok 

( 2 ) Finite Element Analysis of Multipass Welds 
By C. K. Leung and R. J. Pick 

( 3 ) Thermal and Mechanical Simulations of Resistance Spot Welding 
By S. D. Sheppard 

Publication of the papers in this Bulletin was sponsored by the Welding Research Council. The price of 
WRC Bulletin 356 is $35.00 per copy, plus $5.00 for U.S. and $10.00 for overseas postage and handling. 
Orders should be sent with payment to the Welding Research Council, 345 E. 47th St., Room 1301 , New 
York, NY 10017. 
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