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weldability 
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ABSTRACT. Optimum welding parame
ters for producing maximum joint strength 
in dual-phase steel are established, and the 
cause of weakening in the weldment is 
identified as tempering of martensite in 
the HAZ. 

Introduction 

Dual-phase steel is a new class of high-
strength low-alloy steel having a micro-
structure of strong martensite and/or 
bainite colonies dispersed in a soft matrix 
of ferrite (Refs. 1, 2). These steels are pro
duced either by continuous annealing/ 
box annealing with the intercritical tem
perature range (Ref. 3) or by hot rolling 
(Ref. 4) low-alloy steels of various com
positions. It is well known that these steels 
have a number of unique properties such 
as the absence of yield point, low yield/ 
tensile strength ratio, high work hardening 
rate and usually a high, uniform and total 
elongation (Refs. 1, 5). The last two prop
erties indicate very good formability 
which, coupled with its high tensile 
strength (Refs. 1, 6), makes it attractive for 
weight saving applications in the automo
bile industry for greater fuel economy 
(Refs. 1, 7). But the wide acceptance of 
this steel in the automobile industry is still 
not appreciable due to insufficient knowl
edge of its weldability using different 
welding processes. That is why in the past 
few years a considerable amount of effort 
has been made to understand the weld
ability of dual-phase steels under the flash 
welding (Refs. 8-11), shielded metal arc 
welding (Ref. 12) and resistance spot 
welding (Refs. 12-17) processes. 
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For automotive applications, it is imper
ative for the material to possess good re
sistance spot weldability. The resistance 
spot weldability of steel to a great extent 
depends on the plate thickness, morphol
ogy of the base metal and its mechanical 
properties (Refs. 13, 15, 17). The mor
phology and properties of the base metal 
are governed by its chemical composition 
and the production process as discussed 
above. In most of the earlier works, the 
dual-phase steels produced by the hot 
rolling process and having a thickness in 
the range of 2.5 mm (0.1 in.) have been 
used to study weldability with the resis
tance spot welding process (Refs. 13-16). 
This is because of the popularity of com
paratively thinner hot-rolled dual-phase 
steel in various industries due to economic 
reasons (Ref. 14). However, the produc
tion of dual-phase steels by the continu
ous annealing process has also been con
sidered important by some workers (Refs. 
18-20). This is possibly due to certain ad
vantages, namely: 1) It requires less man
ganese (Ref. 21), 2) it gives less variation in 
mechanical properties in the products 
(Ref. 22), and 3) it produces a dual-phase 
microstructure of a well dispersed low-
carbon martensite in a ferrite matrix. The 
high dislocation density at the interface 
with martensite facilitates the continuous 
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yielding behavior of the steel (Refs. 23, 
24). It has also been observed that the du
al-phase steel developed by short-time 
intercritical annealing given to plates pro
duced by hot rolling at high coiling tem
perature shows a higher resistance to au-
totempering during forming or fabrication 
(Ref. 25). As such, the use of intercritically 
annealed dual-phase steel in the automo
bile industry cannot be ignored (Ref. 26). 

A good spot welding practice requires 
optimization of the following parameters 
to achieve maximum strength of the joint 
(Refs. 17, 27): 

1) An effective current to provide heat 
to the joint. 

2) The weld time for current flow. 
3) The electrode force that brings the 

components into intimate contact. 
4) The holding time after welding for 

weld cooling. 
In this work, an effort has been made to 

investigate the resistance spot weldability 
of 3.2-mm (0.125-in.) thick dual-phase 
steel sheet, produced by short-term in
tercritical annealing of hot rolled plates, by 
varying the welding parameters. The ob
jective of this work is to identify the role 
of different welding parameters on the 
characteristics of the weldment and also 
to optimize the welding parameters to 
give maximum weld strength. 

Experimental Procedure 

Welding 

The steel plates used in this study are 
3.2 mm thick. They have a dual-phase mi
crostructure, produced by intercritical an
nealing of hot-rolled plates for 8 min. at 
1103 K followed by oil quenching. Chem
ical composition of the steel plates is 
given in Table 1. Samples of 38 or 
50 X 125-mm (1.5 or 2 X 5-in.) heat-
treated plates were resistance spot 
welded in a pneumatic phase shift AC spot 
welding machine of 184 kVA capacity. 
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Fig. 1 —Schematic diagram of tensile shear test specimen. 
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Fig. 2 —Schematic diagram of cross-tensile test specimen. 

Before welding, the surface of the plate 
was cleaned mechanically using Gr. 400 
emery paper. Welding was performed 
with a water-cooled conical Cu-Cr alloy 
electrode having a diameter on its contact 
surface of about 9.0 mm (0.35 in.). The 
plates were welded linearly (Fig. 1) and 
crosswise (Fig. 2) to prepare specimens for 
tensile shear and cross-tensile tests. Dur
ing welding, the various parameters, such 
as the effective current, electrode force, 
weld time and holding time were varied as 
shown in Table 2. The weld time and 
holding time are presented in a unit of 
'cycles' where 100 cycles represent a time 
of 1 s. The effective current of welding 
was measured with the help of a troidal 
coil PECO weld current monitor (Type SM 
12 A, Messer Griesheim) having a capac
ity of up to 200 kA. Other parameters, 
such as the electrode force, weld time and 
holding time were varied as desired by 
adjusting the controls available in the ma
chine. The welding process is shown 
schematically in Fig. 3. 

Tensile Test 

The tensile properties of the base plate 
were determined by using standard (DIN 
50120) flat tensile specimens. The tensile 
shear (Fig. 1) and cross tensile (Fig. 2) 
specimens were fabricated in close ap
proximation to DIN 50124 and DIN 50164, 
respectively. All the tensile tests were car
ried out in a microprocessor-controlled 
servo hydraulic universal testing machine 
at a cross-head speed of 1 mm/min. Dur
ing the tests, the ultimate test load was 

noted from the digital display in the ma
chine and the deformation behavior (load 
vs. extension) was recorded using an x-y 
plotter. 

Metallography 

The welded specimens were cut trans
versely through the weld center. The 
transverse sections of base plate, as well 
as the weld specimens, were prepared by 
standard metallographic procedure and 
etched in 2% nital solution. The specimens 
were studied under optical and scanning 
electron microscopes. 

The longitudinal section (weld surface) 
of the tensile shear test specimens frac
tured from the HAZ was prepared for 
metallographic observation under optical 
and scanning electron microscopes, 
where the location of the fracture and its 
morphology were studied. The typical 
nature of this type of failure as revealed in 
the longitudinal section of the specimen 
was recorded. 

Microhardness Study 

The microhardness measurements on 
the welded specimens and the base metal 
were carried out at a load of 981 X 10_3N. 
During the microhardness study, the in
dentation was randomly made on the 
matrix without concern for the specific 
phases. However, in the case of the 
welded specimen, specific effort was 
made to indent the region identified as the 
weld center and at locations where a dis
tinct change in microstructure was re-

Fig. 3 —Schematic 
diagram of the welding 

process. 
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vealed. At a given effective current of 
10.1 kA, the influence of varying welding 
time from 30 to 60 cycles on microhard
ness across the weld was reported. 

The microhardness study was also car
ried out across the weld surface revealed 
in the longitudinal section of the tensile 
shear specimen fractured during testing. 

Results 

The mechanical properties of the base 
plate are shown in Table 3. During weld
ing, expulsion was observed for certain 
parameters as shown in Table 2. The ex
pulsion has been found to occur when the 
weld time is raised up to 60 cycles at an 
effective current of 10.1 kA and at a weld 
time of 30 cycles when the effective cur
rent is raised to 12.3 kA. It is also noted 
that at the effective current and weld time 
of 10.1 kA and 50 cycles, respectively, the 
welding at a low electrode force of below 
500 kg (1100 Ib) causes expulsion. During 
the tensile shear test, failure of the spot 
weld was found to occur at the interface 
as well as in the HAZ depending upon the 
welding parameters. However, in the 
cases where expulsion occurs, the weld 
invariably failed at the interface —Table 2. 

Influence of Weld Time 

For various values of effective current 
(9.2, 10.1 and 12.3 kA), the influence of 
variation in weld time on the ultimate ten
sile shear load-bearing capacity of the 
spot weld is shown in Fig. 4. The electrode 
force and holding time were kept con
stant at 565 kg (1243 Ib) and 48 cycles, re
spectively. The figure shows that at a 
given effective current the increase in 
weld time to a certain extent increases the 
tensile shear strength of the weld, which 
is then followed by a decrease with a fur
ther increase in weld time. The critical 

Table 1—Chemical Composition of the Base 
Plate (wt-%) 

C Mn Si Cr Mo S P 

0.068 1.02 0.92 0.48 0.3 0.028 0.02 
TOTAL WELD TIME -- nt 
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weld time at which the weld shows max
imum ultimate tensile shear strength de
creases with an increase in effective cur
rent. Figure 4 also shows that the rate of 
increase in ultimate tensile shear strength 
with an increase in weld time is greater at 
a higher effective current than at a lower 
one. However, the maximum ultimate 
tensile shear load-bearing capacity of the 
weld (about 47.1 kN) was achieved when 
produced at the weld time of 50 cycles 
under an effective current of 10.1 kA. 

The cross-tensile strength of a weld 
prepared at the effective current of 9.2 
and 10.1 kA with varying welding time is 
shown in Table 4. The holding time and 
electrode force were kept constant at 48 
cycles and 565 kg, respectively. The table 
shows that at an effective current of 9.2 
kA the increase in weld time from 60 to 70 
cycles decreases the ultimate cross-tensile 
strength of the weld. At an effective cur
rent of 10.1 kA, the increase in weld time 
from 45 to 50 cycles increases the ultimate 
cross-tensile strength of the weld from 
18.84 to 20 kN. 

Influence of Effective Current. 

For various values of weld time kept at 
the level of 40, 50 and 60 cycles, the influ
ence of increasing effective current from 
9.2 to 12.3 kA on the ultimate tensile shear 
load-bearing capacity of the weld is shown 
in Fig. 5. The electrode force and holding 
time were kept constant at 565 kg and 48 
cycles, respectively. The figure shows that 
at a given weld time of 40 cycles, the in
crease in effective current up to 12.3 kA 
increases the ultimate tensile shear 
strength of the weld. However, during 
welding at a weld time of 50 or 60 cycles, 

Table 2—Scheme of the Welding Parameters and Their Performance 

Remarks/Observations 

Squeeze 
Time 

(cycle) 

65 
65 
65 
65 
65 
65 
65 
65 
65 
63 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 

Electrode 
Force 
(kg) 

565 
565 
565 
565 
565 
565 
565 
565 
565 
565 
565 
565 
565 
565 
565 
565 
565 
565 
565 
565 
375 
440 
500 
630 
702 

Effective 
Current 

(kA) 

9.2 
9.2 
9.2 
9.2 
9.2 
9.2 
9.2 

10.1 
10.1 
10.1 
10.1 
10.1 
12.3 
12.3 
12.3 
12.3 
12.3 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 

Weld 
Time 

(cycle) 

30 
40 
50 
55 
60 
70 
80 
30 
40 
45 
50 
60 
30 
35 
40 
50 
55 
45 
45 
45 
50 
50 
50 
50 
50 

Holding 
Time 

(cycle) 

48 
48 
48 
48 
48 
48 
48 
48 
48 
48 
48 
48 
48 
48 
48 
48 
48 
20 
35 
60 
48 
48 
48 
48 
48 

During 
Welding 

-
-
-
-
— 
— 
— 
— 
-
— 
— 

-do-
-do-
-do-
-do-
-do-

— 
— 
— 

-do-
-do-

— 
— 

During 
Tensile 

Shear Test 

Interface failure 
-do-<a> 
HAZ failure 
-do-
-do-
-do-
-do-
Interface failure 
-do-
HAZ failure 
-do-
Expulsion Interface failure 
-do-
-do-
-do-
-do-
-do-
-do-
HAZ failure 
-do-
Expulsion Interface failure 
-do-
-do-
HAZ failure 
Interface failure 

(a) "do" means same as above 

the increase in effective current from 9.2 
to 10.1 kA enhances the ultimate tensile 
shear strength of the weld but it is fol
lowed by a decrease in strength with an 
increase to 12.3 kA. 

Influence of Electrode Force 

The influence of varying the electrode 
force from 375 to 702 kg (825 to 1544 Ib) 

on the ultimate tensile shear load-bearing 
capacity of the weld is shown in Fig. 6. The 
effective current, weld time and holding 
time were kept constant at 10.1 kA, 50 
and 48 cycles, respectively. The figure 
shows that the increase in electrode force 
from 375 to 565 kg enhances the tensile 
shear strength of the weld, but it de
creases with a further increase in elec
trode force. 

50 
ELECTRODE FORCE 565 kg 
SHEET THICKNESS 3.2 mm 

HOLDING TIME £8 CYCLE 

EFFECTIVE CURRENT 9.2 KA 

EFFECTIVE CURRENT 10.1 KA 

EFFECTIVE CURRENT 12.3 KA 

60 

WELD TIME (CYCLES) 

50 

8:8 

Fig. 4 — The influence of variation in welding time on the ultimate tensile 
shear load of the weldment at different currents. 

-± 1.0 

30 

ELECTRODE FORCE 565 kg 
SHEET THICKNESS 3.2 mm 

sjo~^ "—-—— 

V " 
/ ^ 

-

- ' 

• 
• 
o 

HOLDING TIME £8 CYCLE 

^ ^ o ^ 

WELD TIME 40 CYCLE 

WELD TIME 50CYCLE 

WELD TIME 60CYCLE 

n 12 
EFFECTIVE CURRENT (KA) 

Fig. 5— The influence of variation in effective current on the ultimate 
tensile shear load of the weldment at different weld times. 
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HOLDING TIME 48CYCLE 

EFFECTIVE CURRENT 10.1 KA 
WELD TIME 50CYCLE 
SHEET THICKNESS 3.2mm 

SHEET THICKNESS 3-2 mm 
ELECTRODE FORCE 565 kg 
EFFECTIVE CURRENT 10 1 KA 
WELD TIME 65 CYCLES 

300 400 500 600 700 80C 

ELECTRODE FORCE (kg) 

Fig. 6 — Influence of electrode force on the ultimate tensile shear had of 
the weldment. 

HOLDING TIME (CYCLE) 

Fig. 7 — Influence of holding time on the ultimate tensile shear load of the 
weldment. 
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Fig. 8 —Microstructure of base metal. A — opti
cal microscope; B —scanning electron micro
scope. 

Fig. 9 - Typical macrograph of the spot weld. 

Influence of Holding Time 

The inf luence of hold ing t ime on the ul
t imate tensile shear load bearing capacity 
of the w e l d is shown in Fig. 7. It is s h o w n 
in the f igure that at a given ef fect ive cur
rent, w e l d t ime and e lect rode fo rce of 
10.1 kA, 45 cycles and 565 kg, respec
tively, the increase in hold ing t ime f r o m 20 
to 48 cycles shows a modera te enhance
ment in tensile shear st rength, but that is 
f o l l o w e d by a significant decrease in 
strength w i th a further increase in hold ing 
t ime to 60 cycles. 

Metallography 

The microstructure of the base metal , 
as revealed under opt ical and scanning 
electron microscopes, shows a dual phase 
consisting of martensite colonies in a fer
rite matrix —Fig. 8. A typical macrograph 
of the transverse section of the spot w e l d 
is s h o w n in Fig. 9. The macrograph clearly 
shows the presence of an HAZ sur round-

Table 3—Mechanical Properties of the Base 
Plate 

UTS Elongation YS Microhardness 
(kg/mm2) (%] (kg/mm2) (VHN) 

58.0 23 53.1 250 

ing the w e l d nugget. The microstructure 
of the w e l d center and t w o di f ferent re
gions of the HAZ shows distinctly d i f ferent 
morpholog ies as one goes away f r o m the 
we ld center —Figs. 10 and 11 . The welds 
we re p roduced at comparat ive ly l o w and 
high we ld times o f 30 and 60 cycles, 
respectively, and the ef fect ive current , 
e lect rode fo rce and hold ing t ime w e r e 
kept constant at 10.1 kA, 565 kg and 48 
cycles, respectively. The central region o f 
the w e l d nugget was f o u n d to have bain
ite along w i t h acicular p roeu tec to id ferr i te 
of a Widemansta ten nature. It became 
coarser w i t h the increase in w e l d t ime at 
a given ef fect ive current as s h o w n in Figs. 
10A and 11 A. The microstructure o f the 
HAZ (Figs. 10B and 11B) close t o the w e l d 
nugget has a f ine bainite and acicular fer
rite structure; whereas, the other regions 
o f the HAZ (Figs. 10C and 11C) away f r o m 
the we ld nugget are possibly t empered 
martensite. A compar ison of HAZ micro-
structures as dep ic ted in Figs. 10B and C 
and Figs. 11B and C reveals that the 
increase in w e l d t ime also coarsens the 
HAZ microstructure. The temper ing of 
martensite observed at the outer region 
of the HAZ is revealed in Fig. 12. 

Microhardness Study 

The microhardness behavior across 
welds made at w e l d t imes of 30, 45, 50 
and 60 cycles is s h o w n in Fig. 13. The ef-

Table 4—Cross-Tensile Strength of the Weldments Prepared with Different Welding 
Parameters 

Squeeze 
Time 

(cycle) 

65 
tr, 
65 
65 

Electrode 
Force 
(kg) 

565 
565 
565 
565 

Effective 
Current 

(kA) 

9.2 
9.2 

10.1 
10.1 

Weld Time 
(cycle) 

60 
70 
45 
50 

Holding 
Time 

(cycle) 

48 
48 
48 
48 

Ultimate 
Tensile 

Load (kN) 

18.38 
17.62 
18.84 
20.0 

Remarks 

HAZ failure 
HAZ failure 
HAZ failure 
HAZ failure 
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fective current, electrode force and hold
ing time are kept at 10.1 kA, 565 kg and 
48 cycles, respectively. The figure shows 
that the center of the spot weld has a 
comparatively lower hardness than that of 
its surrounding matrix. This behavior is 
found to be more pronounced with a 
higher weld time of 60 cycles as com
pared to when a lower weld time is used. 
The hardness of the weld region also de
creases with the increase in weld time. As 
one reaches the HAZ, the hardness goes 
down after showing an initial enhance
ment. It is also interesting to note that the 
weld prepared at the weld time of 45 cy
cles shows a valley of hardness at the 
HAZ, which vanishes with the increase in 
weld time. 

Fracture Behavior 

Fracture behavior of spot welds in a 
load vs. extension plot of the tensile shear 
test for welds prepared at various param
eters is typically shown in Fig. 14. The 
curves depicted in the figure represent 
two different modes of fracture. One 
fractured at the weld and the other took 
place in the HAZ. In the case of the frac
ture in the weld, the curves drop immedi
ately after reaching the ultimate load, but 
the fracture in the HAZ showed a smooth 
reduction in load over a range extending 
after the test was withdrawn. However, 
the curves do not show a typical yield 
point. 

A typical failure in the HAZ and the lo
cation of initiation of fracture in this type 
of failure are shown in Figs. 15 and 16, re
spectively. The microhardness study car
ried out on the longitudinal section of the 
weld fractured in the HAZ, as shown in the 
macrograph presented in Fig. 16, has been 
depicted in Fig. 17. The figure shows that 
the fracture initiated from the region of 
the HAZ where there exists a valley of low 
hardness. 

Discussions 

The mechanical properties of a spot 
weld primarily depend on its nugget size, 
which is essentially governed by welding 
current and time; depth of electrode im
pression on the surface, which causes the 
thinning of the nugget; and the morphol
ogies of the nugget and HAZ, which gov
ern their strength and ductility. To achieve 
maximum strength, a spot weld must have 
a nugget volume large enough to provide, 
greater resistance to fracture as com
pared to the base metal or the HAZ, 
whichever is stronger. In the case of resis
tance spot welding of plain carbon steel, 
the HAZ does not become weaker than 
the base metal due to the formation of 
primarily martensite/bainite in it (Ref. 28). 
But during spot welding of dual-phase 
steel, there is always a possibility of form
ing a tempered martensite region at the 

m &> 

Fig. 10—Microstructure of the 
weldment. A — weld center; 
B — HAZ; C —outer region of 
HAZ. Effective current = 10.1 
kA, weld time = 30 cycles, 
electrode force = 565 kg and 
holding time = 48 cycles. 

' i ~(,i'"i2'' 
40 um 
i i 

Fig. 11 — Microstructure of the 
weldment. A — weld center; 
B — HAZ; C —outer region of 
HAZ. Effective current = 10.1 
KA, weld time = 60 cycles, 
electrode force = 565 kg and 
holding time = 48 cycles. 

Fig. 12 —Scanning electron micrograph of the 
outer region of HAZ showing the presence of 
tempering of martensite. 
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Fig. 13 — Microhardness across weld prepared at different weld times. 

EXTENSION ( mm ) 

Fig. 14—Load vs. extension plot of tensile shear test. 

HAZ where the temperature is in the 
range of 600-650°C (1112-1202°F) 
(Refs. 17, 29). This region possesses a 
strength sometimes even lower than that 
of the base metal (Ref. 30). Thus, the 
strength of resistance spot welded dual-
phase steel is competitive in nature be
tween the load-bearing capacity of the 
nugget and the HAZ. 

The morphology of the HAZ, which 
governs its strength and ductility, is prima
rily controlled by the weld thermal cycle 
and the morphology of the base metal. 
The thermal cycle is essentially governed 
by the energy input of the welding current 
and time. The reduction in energy input 
decreases the nugget size; whereas, an 
excessive energy input causes a coarsen
ing in the HAZ microstructure. Moreover, 
at a given electrode force, the use of an 
excessive energy input, or at a given en
ergy input the use of too low an electrode 
force, results in expulsion from the weld 
nugget, weakening it and causing a dis
continuity. However, at a given energy 
input, the use of a high electrode force is 
also not advisable because it creates a 
deep impression in the weld region. 

Influence of Weld Time at Different 
Currents 

During resistance spot welding of 3.2-
mm-thick, intercritical annealed, dual-
phase steel at a comparatively low effec
tive current of 9.2 kA, the weldments 
failed at the interface (nugget), due to a 
small nugget diameter (~ 8.0-8.5 mm), 
when the weld time was kept within 40 
cycles. However, an increase in weld time 
to 50 cycles and above was found to 
weaken the HAZ, causing fracture in this 
region —Table 2. At a comparatively low 
welding current, there was a slow in
crease in nugget size with the increase in 
weld time accompanied by a weakening 
of the HAZ. This is possibly responsible for 
the restriction of the tensile shear strength 
of the joint at a low level —Fig. 4. 

During welding at 10.1 kA, the weld
ment was found to fail at the interface 
when the weld time was kept within 40 
cycles — Table 2. This happened when the 
nugget diameter was in the range of about 
8.5-9.0 mm (0.33-0.35 in.), a diameter 
which cannot withstand a high tensile 
shear load. However, with an increase in 
weld time up to 50 cycles, the nugget di-

m 

2 0 0 0 um 
i 1 

Fig. 15 — Typical nature of failure from the HAZ. Fig. 16—Macrograph showing the nature of 
fracture at the outer region of the HAZ. 

ameter increased to about 11.75 mm 
(0.46 in.) with the increase in weld time 
beyond 45 cycles, the increase in nugget 
diameter beyond that of the electrode 
may have occurred due to excessive con
duction heating of the metal around the 
electrode. The weld joint prepared at a 
weld time of 50 cycles achieved its max
imum strength as reflected in its ultimate 
tensile load-bearing capacity — Fig. 4. But it 
was observed (Table 2) that in the tensile 
shear test the joint prepared at 10.1 kA 
started rupturing in the HAZ when the 
weld time reached a level of 45 cycles. 
The increase in weld time weakened the 
HAZ, as depicted in the microhardness 
study across the weld —Fig. 13. This was 
due to the coarsened HAZ morphology as 
evident in the micrographs presented in 
Figs. 10B and C and 11B and C where the 
weld time was 30 and 60 cycles, respec
tively. However, the relatively higher hard
ness observed in the HAZ adjacent to the 
weld nugget may have been caused by 
some favorable metallurgical transforma
tion in this region, possibly due to com
paratively faster cooling under the influ
ence of a self-cooled electrode. It was also 
observed that the fracture in the HAZ al
ways takes place from its outer region, as 
typically shown in Figs. 15 and 16. The mi
crohardness study carried out across the 
weld that ruptured in the HAZ (Fig. 17) 
showed that the fracture took place in the 
weakest region in the HAZ, which is 
sometimes softer than the base metal 
(Figs. 13 and 17), due to tempering of 
martensite (Fig. 12) in this region. During 
welding at a weld time of 60 cycles, 
significant coarsening of the tempered 
martensite region (Fig. 11C) may have 
caused an early failure of this region, 
resulting in reduced strength (Fig. 4) in the 
weld joint. 

The increase in current to 12.3 kA 
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Fig. 17 —Microhardness 
across the longitudinal 
section of the weld 
fractured at the HAZ, as 
shown in Fig. 16. 

resulted in expulsion, even at a low weld 
time of 30 cycles, and weakened the weld 
nugget, which always caused a failure the 
same as shown in Table 2. Thus, at this 
level of effective current, though the 
nugget size was increased with the en
hancement of weld time, the strength of 
the weldment could not be raised to a 
maximum — Fig. 4. 

It is interesting to note in the above dis
cussion that during welding at the effec
tive current in the range of 9.2-10.1 kA, 
the weldment started fracturing at the 
HAZ when the weld time was kept in the 
range of 45-50 cycles (Table 2). This be
havior infers that during resistance spot 
welding of the present type of dual-phase 
steel (3.2 mm thick), keeping the weld 
time at the level of 45-50 cycles is suffi
cient for a significant weakening of the 
HAZ by tempering of martensite. The re
sults depicted in Fig. 5 further confirm the 
phenomenon observed above, where it is 
clearly seen that good strength of the 
weldment is obtained when the workable 
range of effective current does not ex
ceed 10.1 kA, and the weld time does not 
exceed 50 cycles. The cross-tensile 
strength of the weldments prepared at 9.2 
kA and 10.1 kA presented in Table 4 also 
shows an agreement with the observa
tions of the tensile shear strength results 
(Fig. 4), where the tensile load-bearing ca
pacity of the weldments was found to be 
maximum at 60 and 50 cycles, respec
tively. The fracture was found to occur at 
the HAZ-Table 4. 

Influence of Electrode Force 

At a low value of electrode force (500 
kg), only a few contact bridges are estab
lished, resulting in a high local current 
density and a melting/fusion at some 
spots, which causes an expulsion during 

welding —Table 2. However, with the in
crease in electrode force, more contact 
bridges are established, resulting in uni
form heating and melting of larger areas. 
This has minimized expulsion during weld
ing and improved the strength of the 
weldments, displaying a maximum 
strength when the electrode force 
reached 565 kg (Fig. 6), a point at which no 
expulsion was observed — Table 2. But a 
further increase in electrode force in
creased the depth of electrode impres
sion considerably and reduced the 
strength of the weldment (Fig. 6) signifi
cantly due to a thinning of the joint region. 

Influence of Holding Time 

During holding time, the weld joint 
cools down under electrode force, which 
possibly affects the behavior of the phase 
transformation at the weld nugget. This 
may have manipulated the strength of the 
weldment— Fig. 7. However, to under
stand this behavior, a further study has to 
be carried out in detail. 

Conclusions 

In this class of steel, the welding param
eters of effective current and weld time 
primarily govern the thermal cycle of the 
weldment and control the weld strength 
to a great extent due to the tempering of 
martensite in the outer region of the HAZ. 
The tempering of martensite may have 
improved the overall ductility of the weld, 
but its response to early local necking un
der tensile loading possibly impairs the 
strength of the weldment. The workable 
effective current that produces no expul
sion, but causes a reduction in joint 
strength, is approximately 10.1 kA. The 
increase in weld time beyond about 45-
50 cycles causes a significant weakening in 

the HAZ due to the tempering of marten
site at its outer region, which acts as a sus
ceptible zone of rupture. The electrode 
force and holding time also were found to 
influence the joint strength. The maximum 
joint strength was achieved when the 
welding parameters of effective current 
weld time, electrode force and holding 
time are kept at 10.1 kA, 50 cycles, 565 kg 
and 48 cycles, respectively. However, it is 
observed that the resistance spot weld
ability of this steel is relatively poor as re
vealed by its ductility. This may be attrib
utable to the high carbon equivalent and 
high sulfur content of the steel. 
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This fourth edition represents a major revision of WRC Bulletin 303 issued in 1985. It retains the three 
sections on pressure transients, fluid structure interact ion and seismic analysis. Significant revisions 
were made to make them current. A new section has been included on Dynamic Stress Criteria which 
emphasizes the importance of this technology. A new section has also been included on Dynamic 
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Programming and Control of Welding Processes—Experience of the USSR 

By V. Malin 

This report is an in-depth look at technical welding studies and their implementat ion in the USSR, a 
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the USSR over the last three decades were examined, and 177 are referenced in this report. 
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