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Weldability Considerations in the 
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Carbon and sulfur have the greatest influence on spot 

weldability, and, in the case of hot-rolled steels, columbium and vanadium 

provide a better combination of strength and weldability than does titanium 

BY J. M. SAWHILL, JR., AND S. T. FURR 

ABSTRACT. In cold-rolled steels, carbon 
and sulfur had dominant effects on resis
tance spot weld peel test results and 
resistance spot weld mechanical proper
ties (e.g., ductility ratio). Phosphorus, in 
the range normally used for rephospho-
rized steels, had little statistical correlation 
with current range. The effects of manga
nese, silicon, columbium, and aluminum 
were significant but were much smaller 
than those of either carbon or sulfur. 

Carbon and sulfur also had the greatest 
influence on weldability in the resistance 
spot welding of hot-rolled steels. Colum
bium and vanadium were found to be 
superior to titanium for spot and arc 
weldability. Under certain conditions the 
maximum obtainable current range, in 
both cold and hot-rolled steels, could be 
improved with higher manganese con
tents. 

These variations in weldability with 
composition result from the effects of the 
elements on weld metal fracture and 
nugget growth. Weld metal fracture was 
promoted by elements (such as carbon) 
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that increased the hardness and those 
(such as titanium and sulfur) that 
decreased the fracture toughness with
out a significant hardness increase. Nug
get growth was affected by manganese 
and microalloy content in a complex way 
that appears to be related to resistivity 
effects. 

In resistance spot welding, the weld
ability requirement for low hardenability 
results in steels that have very low carbon 
equivalents and, therefore, good weld
ability in arc welding applications. Low 
sulfur was found to be beneficial for 
applications requiring superior impact 
toughness in arc welds. 

Introduction 

Recently, a variety of high-strength 
sheet steels have been developed 
that permit designers in the transporta
tion industry to reduce weight at mini
mum cost. These steels must simulta
neously meet the following require
ments: low cost, acceptable processing 
capability, high-strength, formability, 
weldability, and, in some cases, payabi l 
ity or coatability. Furthermore, the vari
ability of these properties must be limit
ed. The automotive industry dominates 
this market, and its requirements have a 
large influence on the development of 
sheet steels. 

The most common methods of joining 
sheet steels are resistance-spot welding 
(RSW) and gas metal arc welding 
(GMAW). A previously published paper 
(Ref. 1) established that the weldability of 
a steel with the resistance spot welding 
process (termed "spot weldability" 
throughout the balance of this paper) 
could be characterized for developmen
tal purposes by use of a short series of 
peel and weld tensile tests. The current 
range, which is determined from a series 
of peel tests, will usually give a quick and 
fairly reliable indication of the steel's spot 
weldability and ultimate acceptance by 
the customer. 

This paper describes the important 
chemistry and processing variables that 
affect the weldability of these steels; it 
also discusses how this information has 
been used, with other base metal and 
coating considerations, in developing a 
series of high-strength sheet steels. The 
paper is concerned primarily with batch-
annealed and recovery-annealed cold-
rolled and microalloyed hot-rolled 
steels. 

Materials 

Results given in this paper are from 
three experimental series of steels and 
approximately 75 production heats, both 
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Table 1—Production Steels Tested 

Strengthening AISI 
mechanism code 

Cold rolled steels: 
Solid solution 37SK 

Precipitation 50XK 
60XK 

Recovery-annealed 50SO 
60SO 
70SK 

Hot rolled steels: 
Precipitation 50XK 

50XF 
80XF 

Table 2—Experimental Cold-Rolled Steels 

Steel No. of 
type<a) steels 

C-Mn-P 15 

C-Mn-P 7 
Low S 
P-Si 4 

P-AI 3 

P-Si-Cb 8 

Typical 
composition, % 

0.06 C, 0.5 Mn, 0.08 P 

0.05 C, 0.5 Mn, 0.3 Si, 0.03 Cb 
0.02 C, 0.5 Mn, 0.09 P, 0.03 Cb 

0.06 C (plain carbon) 
0.06 C (plain carbon) 
0.06 C (plain carbon) 

0.08 C, 0.5 Mn, 0.03 Cb 
0.08 C, 0.5 Mn, 0.03 Cb, low S 
0.08 C, 1.3 Mn, 0.03 Cb, 0.08 V, low S 

Range of 
elements tested, °o 

0.02/0.08 C, 0.15/0.55 Mn, 0.04/0.10 P 
(base: 0.01 Si, 0.017 S) 
0.03/0.08 C, 0.06/0.10 P, 0.005/0.009 S 
(base: 0.35 Mn, 0.01 Si) 
0.02/0.06 C, 0.06/0.10 P. 0.3/0.6 Si, 
(base: 0.35 Mn, 0.017 S) 
0.09/0.19 Al, 0.007/0.019 S 
(base: 0.06 C, 0.35 Mn, 0.10 P, 0.01 Si) 
0.04/0.11 C, 0.01/0.10 P, 0.01/0.4 Si, 
0/0.08 Cb, 0.30/0.45 Mn (base: 0.017 S) 

(a>AII steels were aluminum killed 

plain carbon and high-strength. The pro
duction grades tested are listed in Ta
ble 1. 

A series of experimental cold-rolled 
sheets (Table 2) were produced to study 
the effects of chemistry on the spot 
weldability of steels that spanned the 
range of rephosphorized (37SK) and 
columbium-alloyed (50XK and 60XK) 
steels. Chemistry levels were chosen to 
allow statistical analyses of elemental 
effects within a range that was known to 
produce economical high-strength sheet 
of good formability. 

The first 15 steels consisted of a Box 
Behnken response surface design (Ref. 2) 
for C, Mn, and P that was modified 
slightly from the original design in melting. 
The other steels were varied from this 
grid to study the effects of S, Si, Cb and 
high Al. 

The steels were produced from 300 lb 
(136 kg), Al-killed heats that were hot 
rolled to 0.1 in. (2.54 mm) thick sheet, 
pickled and cleaned with fine steel grit, 
and then cold rolled to 0.035 in. (0.89 
mm) thickness. Annealing was performed 
in a 96% N2~4% H2 atmosphere at a 
peak temperature of 1330°F (720°C) 
using a thermal cycle that simulated a 
typical batch process. 

Two experimental series of hot-rolled 
steels (Tables 3 and 4) were produced in 
the same manner as the above proce

dure, except that the cold-rolling and 
annealing steps were eliminated. Four 
steels were hot rolled on special equip
ment that simulated hot strip mill cooling 
conditions; however, subsequent peel 
test results were nearly identical between 

steels rolled both with and without simu
lation. Strength data were within 7 ksi (48 
MPa) for all four steels. Therefore, all 
other steels were rolled without simula
tion to facilitate the experimental pro
gram. 

The experimental steels of Table 3 
encompassed four different microalloy 
approaches to a product having a mini
mum yield strength of up to 80 ksi (550 
MPa). A few steels in this series were 
produced to determine the effects of 
varying carbon and sulfur. The steels of 
Table 4 permitted further evaluation of 
sulfur and silicon effects. 

Since the experimental steels had a 
rougher surface than the mill-produced 
sheet, the results on experimental steels 
should not be extrapolated directly to the 
performance of mill-produced sheet. The 
results can be used instead to give an 
estimate of the relative effects of certain 
elements on weldability parameters. All 
sheets were oiled following rolling prior 
to welding. 

Experimental Program 

All the steels tested were subjected to 
at least one spot weld current range test. 
Typical spot welding conditions for these 
tests are given in Table 5. Steels were 
given a rating based on their current 
range and freedom from weld metal 
(interfacial) fracture in a peel test. These 
data were then analyzed statistically. 
Minimum button sizes for current range 
tests were in line with automotive speci
fications and equal to 60-75% of the 
electrode face diameter, depending on 
the thickness. 

Table 3—Experimental Hot-Rolled Steels—Effects of Microalloys 

Steel 
type(a) 

Ti 

Cb 

Cb-V 

V 

C/S 

No. of 
steels 

7 

4 

4 

3 

2 

Range of 
elements tested, % 

0.02/0.10 C, 0.4/1.1 Mn, 0.06/0.19 Ti, 
0.004/0.015 S. 0/0.05 Zr, (Base 0.01 Si) 
0.06/0.13 C, (Base 1.2 Mn, 
0.01 S, 0.2 Si, 0.14 Cb, +Ce) 
0.08/0.13 C, (Base 1.2 Mn. 
0.01 S, 0.2 Si, 0.06 Cb, 0.06 V, +Ce) 
0.06/0.13 C, (Base 1.2 Mn, 
0.01 S, 0.2 Si, 0.13 V, +Ce) 
0.4/1.2 Mn, (Base 0.015, 0.09 C) 

ta)AII steels were aluminum killed. 

Table 4—Experimental Hot-Rolled Steels—Effects of Sulfur and Silicon 

Analysis, % 

Steel 

1 
2 
3 
4 

C 

0.069 
0.071 
0.078 
0.068 

Mn 

0.69 
0.83 
0.86 
0.73 

P 

0.015 
0.012 
0.013 
0.014 

S 

0.004 
0.005 
0.019 
0.021 

Si 

0.04 
0.20 
0.29 
0.05 

Al 

0.040 
0.060 
0.060 
0.052 
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Weld tensile tests in both direct and 
tensile shear directions were used for 
testing some steels. The tensile specimens 
were welded using the same procedures 
employed in the peel tests. Tensile speci
men sizes conformed to AWS-recom-
mended dimensions. Various metallo
graphic techniques were also employed 
to determine the mechanisms controlling 
weldability. 

In addition to spot welding, a number 
of commercially produced steels were 
arc welded by various methods and then 
tested for strength, toughness, and ductil
ity. Most of the arc welding was perform
ed with the gas metal arc (GMAW) pro
cess, and typical welding conditions are 
given in Table 6. 

Table 5—Conditions for Spot Welding 

Weld time, cycles 
Hold time, cycles 
Electrode face 

diameter, in. 
(mm) 

Electrode force, lb 
(kN) 

Electrode type: 

Cold-rolled steels 

0.035 in. 
(0.89 mm) 

9, 15 
10, 30 

0.25 (6.4) 

660 (2.94) 

RWMA class II 
truncated cone 

Hot-rolled steels 

0.080 in. 
(2.0 mm) 

22 
30 

0.31 (7.9) 

0.100 in. 
(2.5 mm) 

33 
10, 30, 60 
0.35 (8.9) 

1485 (6.60) 1950 (8.67) 

RWMA class II 
truncated cone 

Table 6—Conditions for Gas Metal-Arc Welds(a) 

Weldability of Cold-Rolled Steels 

The spot weldability of an experimen
tal series of steels was evaluated and 
compared with results obtained from 
commercially produced steels. 

Experimental Steels 

Current Range. A summary of the peel 
and weld tensile data is presented in 
Table 7. Each current range was deter
mined from a series of peel tests as 
described previously (Ref. 1). If partial 
weld metal fracture occurred, the button 
size was reduced and, consequently, the 
current range between the expulsion cur
rent and current for a minimum-sized 
button was also reduced. 

Partial weld metal fracture was usually 
associated with a lower current range as 
shown in Table 7. The longer weld time 
of 15 cycles did not usually change the 
overall fracture mode. Instead, it permit
ted the formation of a larger-size weld 
before expulsion; this raised the whole 
peel curve as illustrated in Fig. 1 and 
significantly increased the current range. 
However, most users prefer to use the 
shorter weld time, and most of the fol
lowing analysis was devoted to the 9-
cycle data. 

The first 22 steels yielded the following 
equation: 

CR = 4.376 - 47.32(C) + 236.4(C2) 
- 62.8(S) - 0.853(Mn) (1) 

where the elements represent their 
weight percentages and CR is the current 
range in kA. 

Equation (1) applies to 0.035 in. (0.89 
mm) sheet, 9 cycles weld time and the 
conditions of Table 5. The analysis gave a 
correlation coefficient of 0.92 and a cur
rent range prediction within about 300 A 
of the actual value. Standard errors of the 
carbon and sulfur coefficients were 
about 0.25 times their value. At 0.06% C, 
sulfur was 2.3 times as strong as carbon in 
reducing the current range. 

Figure 2 summarizes these effects for 
the 0.035 in. (0.89 mm) thick steels. Thick-

Current, A 
Voltage, V 
Travel speed, ipm (mm/s) 
Heat input, k)/in. (k)/cm) 
Electrode diameter, in. (mm) 
Shielding gas 

0.035 in. 
(0.89 mm) 

cold-rolled steels 

90 
18 

11 (4.67) 
8.8 (3.5) 

0.030 (0.76) 
75% AP-25% C 0 2 

0.131 in. 
(3.3 mm) 

hot-rolled steels 

250 
31 

31 (13.2) 
15 (5.9) 

0.035 (0.89) 

co2 
t a ,The conditions shown are tor typical single-pass welds. The heat input was varied tor some welds by changing the current and 
travel speed. 

ness was not varied in these tests, but it is 
generally known that the current range 
will increase with greater thickness. There 
was less certainty in the manganese 
effect (standard error equal to 0.75 of the 
coefficient), and the effect was smaller. 
For example, the equation above indi
cates a drop of only 250 A in current 
range for an increase of 0.30 Mn. 

Two steels in Table 7 (steels 1 and 17) 
contained insufficient aluminum for com
plete deoxidation and were dropped 
from the analysis. The inferior weldability 
of nonkilled steels is discussed below. 

Other elements had smaller effects 
than carbon or sulfur. Phosphorus was 
not particularly significant in the range 
investigated (0.04-0.09%), with only a 
45% probability of affecting the result. If 
there was a real effect, the best estimate 
was that phosphorus was only 0.15 times 
as strong as carbon in reducing the cur
rent range. Phosphorus had better corre
lation with fracture mode (discussed 
below). 

The remaining steels in Table 7 in
cluded samples with various silicon, 
columbium and aluminum additions. Sili
con additions improved the current 
range, and the standard error was rela
tively low, indicating good correlation. 
The improvement in current range was 
only about 260 A for an addition of 0.4% 
Si, but the absence of a negative effect 
makes it useful for solid solution strength
ening. Aluminum additions were shown 
to be negative (coefficient of —5.0). Large 
additions of aluminum {e.g., 0.15%) prob

ably have a small negative effect, but 
small variations from normal killing prac
tice are insignificant. 

Statistical analysis of all the steels (ex
cept for the two non-killed steels) 
revealed that columbium and manganese 
had a strong interaction. Current range 
was improved by increasing manganese 
when columbium was present, and no 
weld metal fracture occurred. Thus, man
ganese appeared to play a dual role. It 
increased hardenability and the tendency 
for partial weld metal fracture. However, 
when columbium was also present, it 
appeared to have a beneficial effect on 
nugget growth. This interaction was 
unexpected, and the mechanism needs 
further investigation before extrapolating 
the data outside the levels tested. Manga
nese had a similar effect in hot-rolled 
steels. 

Other investigators (Refs. 4,5) have 
indicated that the rephosphorized and 
columbium-alloyed steels can be readily 
spot welded. Dickinson and Natale (Ref. 
6) preferred a Cb-0.04% P steel to a 
0.09% P steel for spot weldability; how
ever, our data indicate that phosphorus 
variations in that range can easily be 
offset by relatively minor adjustments to 
the carbon level. A regression analysis of 
the 8-cycle-weld data of Goodman and 
Davis (Ref. 7) showed that, as in our 
work, sulfur had a dominant effect on the 
current range while phosphorus had 
almost no effect. 

A regression analysis of our fracture 
mode data showed that carbon and sul-
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CURRENT, KA 

Fig. 7 - Summary of peel test data for steel 37 
(0.057"„ C, 0.35% Mn, 0.27% Si, 0.012% S, 
0.082% P and 0.038% Cb). Lines represent the 
minimums of the scatter bands for the two 
peel series 

fur had the best correlation and strongest 
effects. Generally, partial weld metal frac
ture would not occur in the peel test if: 

C + 3.23(S) + 0.179(P) - 0.043 
(Si) < 0.095 (2) 

where the elements are their weight-
percentages. 

Phosphorus correlated better with 
fracture mode than current range, but it 
was only 0.18 times as strong as carbon. 
Silicon was again slightly beneficial. 

Scanning electron microscopy of par
tial weld metal fractures (Figs. 3A and 3B) 
did not reveal any significant differences 
between plain carbon and phosphorus-
containing steels. The top-left corner 
marks the edge of the fusion zone in 
these micrographs. Fracture surfaces con
sisted of cleavage fracture and fine dim
pled surfaces that were associated with 
sheets of fine particles. No phosphorus-
containing particles were found. As in our 
work, Hoult and Kerr (Ref. 8) could not 

Fig. 2 (right) — Contour plots showing the 
current range determined at 9 cycles weld 
time for the 20 base-composition rephospho-
rized steels. These contours are for 0.035 in. 
(0.89 mm) sheet containing 0.35% Mn and 
0.08% P 

find evidence of phosphorus at partial 
weld metal fracture surfaces. 

The effect of the high oxygen levels on 
spot weld fracture can be observed in 
Fig. 3C. This partial weld metal fracture in 
a nonkilled steel consists almost com
pletely of rows of fine dimples aligned 

0005 0.007 0009 OOll 00I3 0.0I5 0.0I7 0.0IS 
% SULFUR 

Table 7—Spot Weldability Results 

Steel type 

C-Mn-P 

C-Mn-P, Low S 

P-Si 

Steel 
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

16 
17 
18 
19 
20 
21 
22 

23 
24 
25 
26 

—Experimental Cold-Rolled Steels 

C 

0.02 
0.02 
0.01 
0.02 
0.01 
0.07 
0.06 
0.02 
0.07 
0.08 
0.03 
0.03 
0.03 
0.03 
0.05 

0.04 
0.03 
0.03 
0.04 
0.08 
0.08 
0.04 

0.04 
0.02 
0.04 
0.06 

Mn 

0.3 
0.3 
0.2 
0.5 
0.2 
0.5 
0.3 
0.6 
0.4 
0.6 
0.3 
0.3 
0.3 
0.3 
0.4 

0.4 
0.4 
0.4 
0.3 
0.3 
0.3 
0.3 

0.4 
0.4 
0.4 
0.4 

Analysis, % 

S 

0.014 
0.015 
0.017 
0.015 
0.018 
0.009 
0.019 
0.016 
0.016 
0.016 
0.020 
0.016 
0.011 
0.013 
0.015 

0.008 
0.008 
0.006 
0.008 
0.009 
0.005 
0.005 

0.016 
0.017 
0.020 
0.008 

P 

0.07 
0.07 
0.05 
0.05 
0.09 
0.04 
0.10 
0.10 
0.10 
0.10 
0.07 
0.10 
0.08 
0.10 
0.10 

0.08 
0.10 
0.07 
0.06 
0.09 
0.10 
0.09 

0.06 
0.06 
0.10 
0.10 

Other 

0.3 Si 
0.6 Si 
0.2 Si 
0.6 Si 

Current 

9 Cy 
weld 
time 

1.3 
2.5 
2.4 
1.8 
2.7 
1.4 
0.9 
2.0 
0.9 
0.6 
2.2 
1.2 
2.6 
2.0 
1.8 

2.3 
1.8 
2.2 
1.8 
1.2 
1.7 
2.3 

1.9 
2.1 
2.0 
2.2 

range 

15 Cy 
weld 
time 

1.5 
2.4 
2.6 
2.4 
2.8 
2.1 
1.8 
2.5 
1.1 
1.5 
2.9 
1.7 
3.0 
3.1 
2.8 

2.8 
2.3 
2.4 
2.3 
1.7 
2.2 
2.8 

2.5 
2.6 
2.3 
2.5 

Fracture 
Type(a) 

1 
0 
0 
0 
0 
1 
1 
0 
1 
1 
0 
1 
0 
0 
1 

0 
0 
0 
0 
1 
1 
0 

0 
0 
1 
0 

P-AI 27 
28 
29 

0.07 
0.06 
0.07 

0.4 
0.4 
0.3 

0.007 
0.019 
0.016 

0.09 
0.10 
-! If) 

0.19 Al 
0.09 Al 
0.14 Al 

1.7 
1.3 
1.3 

2.5 
2.2 
2.0 

0 
1 
1 

Si-Cb 30 
31 
32 
33 

0.04 
0.09 
0.11 
0.07 

0.4 
0.4 
0.4 
0.4 

0.014 
0.019 
0.010 
0.005 

0.01 
0.00 
0.01 
0.00 

0.04 Si, 0.06 Cb 
0.04 Si, 0.07 Cb 
0.04 Si, 0.06 Cb 
0.04 Si, 0.05 Cb 

1.6 
1.2 
1.0 
1.5 

2.3 
1.7 
1.8 
2.0 

0 
1 
1 
0 

P-Cb 

P-Si-Cb 

34 
35 
36 

37 

0.04 
0.03 
0.05 

0.06 

0.3 
0.4 
0.4 

0.4 

0.015 
0.021 
0.02 l 

0.012 

0.10 
0.07 
0.09 

0.08 

0.03 Cb 
0.04 Cb 
0.08 Cb 

0.4 Si, 0.04 Cb 

1.2 
1.3 
0.5 

1.3 

2.1 
2.1 
1.8 

2.2 

1 
1 
1 

1 

'"'Fracture type in peel tests (for 9 and 15 cycles, wefd time) where: 1 = partial weld metal fracture within the current range; 0 = complete pull-out fracture within the current range 
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Fig. 3—Scanning electron micrographs of partial weld metal fracture in steel spot welds; A — rephosphorized steel— 0.05% C 0.56% Mn, 0.03% Si, 
0.021% S, 0.10% P, and 0.08% AI;B-plain carbon steel-0.07% C, 0.52% Mn, 0.01% Si, 0.023% S, 0.01% P, and 0.08% Al; C-nonkilledplain carbon 
steel-0.07% C, 0.25% Mn, 0.01% Si, 0.018% S, 0.01% P, and <0.01% Al. X500 (reduced 49% on reproduction) 

with the cellular dendritic solidification 
structure. The high oxygen content 
results in a larger number of fine particles 
at cell boundaries; the particles weaken 
the boundaries during loading and 
increase the tendency for partial weld 
metal fracture in these steels. Hoult and 
Kerr (Ref. 8) also observed detrimental 
effects of small oxides in rimmed steels. 

In chemistry studies on cold-rolled 
steels, Tanaka (Ref. 9) found that partial 
weld metal fracture did not occur in the 
cross tension test if: 

C+1.91(S) + 0.64(P)< 0.153 (3) 
The relative carbon and sulfur effects 

are very close to our analysis — equation 
(2). The difference in phosphorus factors 
is not surprising given the wider phos
phorus range Tanaka studied (0.007-
0.22% P) as well as different test criteria 
(weld metal fracture in normal tension 
tests). Yamauchi and Taka (Ref. 10) 
claimed that carbon and phosphorus 
were nearly equal in promoting weld 
metal fracture, but they did not consider 
the effect of sulfur. Homma ef al. (Ref. 
11), while studying basic mechanisms of 
hot cracking, found that sulfur had a 
much greater effect than phosphorus on 
high temperature cracking. Our assess
ment of the literature indicates that the 
relative ranking of the elements given in 
equations (1) and (2) is valid. 

Mechanical Properties. The fracture 
mode in peel tests was generally repeat
ed in the weld tensile tests. Tensile shear 
properties followed the same relationship 
observed in previous work on mill-
produced steels (Ref. 3): 

TSS = F X D X UTS X TK (4) 
where TSS is the weld tensile shear 
strength, D is the weld diameter, UTS is 
the base metal ultimate tensile strength, 
and TK the thickness. 

An average F value of 3.2 with a 
standard deviation of 0.2 is close to a 
value of 3.1 for commercial steels (Ref. 
3). This value for F was calculated only for 
steels that were free of partial weld metal 
fracture so as to eliminate errors in the 
measurement of weld size. 

The ductility ratio (ratio of strength in 

the normal direction over the strength in 
the shear direction) was generally higher 
for steels that had a greater current range 
as demonstrated in Fig. 4; however, the 
scatter was large. Statistical analysis of 
chemistry effects gave the following 
equation for ductility ratio: 

DR = 1.393 - 7.20(C) - 41.0(S) 
+ 730(S2) + 0.395(Si) (5) 

where the elements are their weight-
percentages and DR is the ductility ratio 
when using 9 cycles weld time. 

Equation (5) had a correlation coeffi
cient of 0.92. Sulfur was roughly five 
times stronger than carbon; thus, sulfur 
had an even greater relative effect in 
reducing normal strength than in lower
ing current range. Similarly, Goodman 
and Davis (Ref. 7) related cross-tension 
strength (and ductility ratio) to carbon 
and sulfur, while phosphorus was 
observed to have only a small effect. 

Commercial Steels 

A variety of normal-sulfur plain carbon 
steels (0.013-0.024% S) were tested as 

above; the results are given in Table 8. In 
general, the killed steels performed much 
better than the nonkilled steels in these 
tests. It is also interesting to note that 
most of the nonkilled steels would not 
pass some spot weldability requirements 
for high-strength steels even though most 
of the carbon levels are well within the 
0.05-0.08% C range of nonkilled cold-
rolled steels typically employed by the 

CURRENT RANGE, kA 

Fig. 4 —Ductility ratio vs. current range for 
0.035 in. (0.89 mm) steels welded with 9 cycles 
weld time 

Table 8—Spot Weldability 

Steel Thickness, 
no.<a> in.<b> 

Killed steels: 
1 0.038 
1 0.038 
2 0.028 
3 0.028 
4 0.031 
5 0.030 
5 0.030 

Nonkilled steels: 
1 R 0.034 
2 R 0.042 
2 0.042 
3 0.023 
4 0.047 
5 R 0.029 
6 R 0.029 

Results Commercial Plain Carbon Steels 

C, % 

0.06 
0.06 
0.06 
0.04 
0.013 
0.05 
0.05 

0.07 
0.07 
0.07 
0.09 
0.06 
0.04 
0.06 

s, % 

0.024 
0.024 
0.017 
0.021 
0.016 

— 
-

0.023 
0.018 
0.018 
0.013 
0.023 
0.016 
0.016 

Electrode 
diameter, 

in. 

0.25 
0.25 
0.25 
0.25 
0.25 
0.18 
0.18 

0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 

Weld 
time, 
cy. 

10 
15 
10 
10 
10 
10 
15 

10 
11 
11 
10 
18 
10 
10 

Hold 
time, 
cy. 

30 
30 
30 
30 
30 
30 
30 

30 
10 
30 
10 
10 
30 
30 

Current 
range, 

A ( c ) 

1900 
2050 
1800 
2000 P 
2200 
1000 
1000 

1400 P 
100 P 
600 P 

0 
0 

1350 
1450 

(a)R —Rimmed steel; other nonkilled steels are capped steels. 
(b>1 in. = 25.4 mm. 
(C)P —Partial we ld metal fracture within current range. 
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Table 9 -

Steel 

no. 

1 
1 
2 
2 
3 
3 
4 
4 
5 
5 
6 
6 
6 
7 

- S p o t Weldabi l i ty 

Thickness, 

in. 

0 .028 

0.028 

0.033 

0.033 

0.028 

0.028 
0.028 

0.028 

0.042 

0.042 
0.049 

0.049 

0.049 

0.038 

Results-

c 
0.06 

0.06 
0.04 

0.04 
0.03 

0.03 
0.04 

0.04 

0.03 

0.03 

0.03 
0.03 

0.03 
0.02 

- C o m m e r c i a l Cold-Rol led 

Analysis, % 
S 

0.016 
0.016 
0.014 
0.014 
0.015 
0.016 
0.019 
0.019 
0.012 
0.012 
0.011 
0.011 
0.011 
0.014 

P 

0.05 
0.05 
0.05 
0.05 
0.06 
0.06 
0.09 
0.09 
0.08 
0.08 
0.10 
0.10 
0.10 
0.07 

High-Strength 

Other 

-
— 
-
— 
— 
— 
-
-
-
-

0.03 Cb 

— 
-

0.03 Cb 

Steels 

Electrode 
diameter, 

in. 

0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.28 
0.28 
0.25 
0.25 

Weld time, 
Cy. 

9 
15 
9 

15 
9 

15 
9 

15 
9 

15 
13 
17 
14 
11 

Hold time, 
Cy. 

30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
60 
60 
30 
30 

Current range, 
A 

1700 
2220 
1600 
2000 
2000 
2000 
1500 
2200 
2000 
2200 
1900 
3500 
1930 
1550 

automotive industry. 
Steels that exhibit some weld metal 

fracture and low current ranges in this 
type of test can be useful for many 
applications (Ref. 5). Furthermore, in most 
production welding of cold rolled steel, 
the hold time is considerably less than 10 
cycles and, under such conditions, the 
current range obtained from this type of 
test would be considerably wider. Also, 
these tests for current range are limited 
by expulsion. Nonetheless, much produc
tion welding is performed in the expul
sion range, a practice that widens the 
useful range of current and favors pull-
out (base metal) fracture when peel test
ing. Consequently, most of the nonkilled 
steels in Table 8 are useful for many 
automotive applications. 

Some typical results on mill-produced 
high-strength steels are listed in Table 9. 
These steels also had normal sulfur levels. 
Note that the results for the rephospho-
rized steels are not significantly different 
from the killed plain carbon steels at 
equivalent thickness and carbon level but 
far superior to the nonkilled plain carbon 
steels —Table 8. Note also that the cur
rent ranges for the high-strength steels in 
Table 9 are in line with the values calcu
lated from the experimental steel 
series —Fig. 2. 

Weldability of Hot-Rolled Steels 

The effects of the elements in resis
tance spot welded hot-rolled steels were 

similar to effects in cold-rolled steels. 
However, hot-rolled steels could tolerate 
higher alloying than cold-rolled steels and 
still have good spot weldability, because 
the weld zone cools more slowly as 
thickness increases. With increasing thick
ness, the water-cooled copper-alloy elec
trodes are less effective in cooling the 
weld during the hold period (clamping 
time after the weld current is termi
nated). 

Results of the first experimental series 
of hot-rolled steels listed in Table 3 are 
presented in Table 10. The longer hold-
time welds were harder and more 
inclined to exhibit weld metal fracture 
and, thus, a smaller current range. Weld 
metal fractures, when they occurred, 
were more likely to propagate a farther 

Table 10-

Steel 
type 

Ti 

-Spot Weldability 

No. C 

1 0.02 
2 0.03 
3 0.06 
4 0.09 
5 0.08 
6 0.08 
7 0.10 

Results—Experimental Hot-Rol led Steels, 

An 

S 

0.008 
0.007 
0.015 
0.013 
0.004 
0.013 
0.013 

alysis. % 
Other 

0.06 Ti, 0.4 Mn 
0.15 Ti, 0.4 Mn 
0.19 Ti, 0.4 Mn 
0.18 Ti, 0.4 Mn 
0.18 Ti, 0.4 Mn 
0.10 Ti, 1.1 Mn 
0.04 Ti, 1.1 Mn, 

0.05 Zr 

Microalloyed Effects 

Current range, A, 

11 Cy 

2300 
2000 
2000 
2800 
2300 
3400 
2900p 

hold time of:(a) 

30 Cy 

2300 
2000 
1800 
2800 
2300 
3000P 
1400P 

for 

60 (.v 

2300 
2000 
2300 
2000 
2300 
800P 

OP 

Average weld 
hardness, HV10 

11 Cy 

190 
221 
252 
253 
255 
259 
287 

hold time of: 

30 Cy 

188 
227 
264 
272 
258 
274 
305 

60 Cy 

211 
237 
301 
359 
318 
358 
379 

Cb 

Cb/V 

V 

C/S 

8 
9 

10 
11 

12 
13 
14 
15 

16 
17 
18 

19 
20 

0.06 
0.06 
0.09 
0.13 

0.08 
0.08 
0.09 
0.13 

0.06 
0.10 
0.13 

0.08 
0.09 

0.009 
0.016 
0.011 
0.009 

0.003 
0.015 
0.013 
0.014 

0.009 
0.011 
0.009 

0.012 
0.013 

0.14 Cb 
0.14 Cb 
0.14 Cb 
0.15 Cb 

0.06 Cb, 
0.06 Cb, 
0.07 Cb, 
0.06 Cb, 

0.125 V 
0.125 V 
0.13 V 

0.4 Mn 
1.2 Mn 

0.06 V 
0.05 V 
0.05 V 
0.06 V 

4200 
3000 
3800 
1300P 

4100 
3900 
25O0P 

OP 

3000 
3800 

OP 

3200 
3300 

4200 
3000 
3800 
600P 

4100 
3400 
2500P 

OP 

3000 
2500 

OP 

2800 
2300P 

4200 
700P 

21 OOP 
OP 

3700P 

1000P 

900P 
OP 

1000P 
1200P 

OP 

200P 

1400P 

293 
296 
303 
355 

303 
290 
316 
352 

282 
297 
366 

198 
301 

300 
300 
315 
361 

311 
307 
318 
363 

286 
314 
374 

206 
302 

355 
355 
376 
421 

361 
365 
371 
399 

338 
366 
417 

307 
361 

(a)P —partial weld metal fracture within current range. 
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Fig. 5 —Effect of weld metal hardness on the current range of 0.1 in. (2.5 mm) 
hot-rolled steels. Points without tails represent 30 cycles hold time; points with tails 
represent 60 cycles hold time 

Fig. 6 — Effect of weld size at expulsion on the current range 
of 0.1 in. (2.5 mm) hot-rolled steels. In this figure, low-
hold-time data was used to eliminate weld metal fracture 

distance through the weld than in cold-
rolled steels. 

Table 10 indicates that lower carbon 
usually resulted in a lower weld metal 
hardness and a wider current range for 
any hold time; however, Fig. 5 shows that 
at equal hardness levels the width of the 
current range was lower for the titanium-
alloyed steels than for the steels alloyed 
with columbium and/or vanadium. In 
fact, the best current ranges obtainable 
with titanium-alloyed steels at very low 
carbon levels were only barely capable 

of meeting certain high-strength weldabil
ity specifications. 

Interfacial (weld metal) fracture was 
not a problem with these very-low-
carbon titanium steels. Rather, the button 
size was smaller than in the other microal
loyed steels. Figure 6 illustrates the effect 
that the maximum button size has on the 
current range using low-hold-time data to 
eliminate weld metal fracture. The aver
age slope of button size vs. current was 
essentially the same for the titanium and 
other microalloyed steels; therefore, the 

smaller maximum button size for the 
titanium steels resulted in smaller current 
ranges. 

The titanium steels also have much 
lower manganese contents than the oth
er steels. Most of the steels of Table 3 
and 10 were produced to achieve a 
product of the same nominal strength. 
However, to achieve this strength level, 
titanium steels typically have lower man
ganese and higher microalloy content. 
Two high-manganese titanium-alloyed 
steels, marked " M n " in Fig. 6, have wide 

WELD METAL 

- . STEEL 14 
\ * 09C-l.25Mn-.07Cb-.05V 

D>^ STEEL 20 
09C-I 2Mn 

MPa 

. 2 0 2 4 6 
DISTANCE FROM THE FUSION LINE.mrr 

Fig. 7 —Hardness traverses of spot welds in 0.1 in. (2.5 mm) hot-rolled 
steels (hold time of 30 cycles). Steels numbers are from Table 10 

Fig. 8 (right) — Weld strength as a function of base metal strength. Most 
tensile shear specimens exhibited interfacial fracture whereas most 
direct tension specimens exhibited pull-out fracture except where 
noted. Numbers refer to the steel number in Table 3 
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current ranges. Low manganese appears 
to have an adverse effect on the nugget 
growth of titanium-alloyed welds and 
lowers the current range by a mechanism 
that is separate from weld metal embrit
tlement effects. 

Microhardness traverses of spot weld 
cross sections (Fig. 7) were performed on 
several of the experimental hot-rolled 
steels in an attempt to determine why 
higher manganese produced a larger 
weld size. The higher manganese steels, 
both microalloyed and plain carbon, had 
higher heat-affected zone hardnesses 
which would tend to force pull-out frac
ture farther away from the fusion line. 

A larger " l ip" on peeling would 
produce a larger button size. Examination 
of failed specimens revealed that the lip 
was slightly larger in the higher manga
nese steels; however, the difference was 
not enough to account for the larger 
measured button sizes. Additional factors 
that could affect the weld fusion zone 
size are characteristics such as resistivity 
and hot strength. These factors could 
influence the growth and stability of the 
molten zone near the expulsion limit. 

Mechanical properties of the hot-
rolled steel welds are related to their base 
metal strength and weld fracture appear
ance as illustrated in Fig. 8. The tensile 
shear properties were relatively insensi
tive to the material type and were related 
to base metal strength and weld geome
try by equation (4) with an average F 
value of 2.6. The normal tension proper
ties fell within the lower band except 
where interfacial fracture occurred (from 
higher C, S, and/or Ti levels) or where 
stepped-type fractures appeared. 

The stepped fractures were associated 
with large sheets of elongated inclusions 
as in lamellar tearing. The appearance of 
these fractures was usually associated 
with lower normal strength —Fig. 8. 
Dickinson and Natale (Ref. 6) also 
observed that sheets of inclusions could 
promote interfacial or "lamellar" tearing. 
They tested steels having high numbers 
of oxides and/or surface laps and came 
to similar conclusions. 

Table 11 -

Steel 

1 
2 
3 

4 

-Spot Weldability Results-

Alloy 

Base metal(a) 

4-0.20 Si 
4-0.29 Si 
4-0.019 S 
4-0.021 S 

-Experimental Hot-Rolled Steels, Sulfur Effects 

Max. 
current, 

A 

13,900 
14,200 
13,200 

14,700 

Estimated 
min. current, 

A 

12,600 
12,100 
13,200 

14,200 

Current 
range, 

A 

1300 
2100 

0(b) 

500<b> 

'"'Average base metal composition: 0.07% C, 0.75% Mn, 0.04% Si, 0.004% S, 0.01% Cb, 0.002% V. 0.05% Al. 
(b,Current range limited by weld metal fracture. 

Spot weldability results from the sec
ond series of hot-rolled steels are pre
sented in Table 11. The beneficial effect 
of lower sulfur on the spot weldability of 
these steels is obvious. As in the cold-
rolled steels, silicon had no detrimental 
effect. 

In general, our results are in line with 
other reports on hot-rolled steels. Several 
investigators (Refs. 1, 12, 13) observed 
that titanium-alloyed steels were not as 
weldable as other microalloyed steels. 
The carbon equivalent equation devel
oped by Mitchell and Chang (Ref. 12) 
described the general trend of our hot-
rolled data —Table 10. By adding a sulfur 
term to this equation and modifying the 
coefficients slightly, the scatter in the 
prediction could be reduced. Our results 
indicated that columbium and vanadium 
were essentially equivalent whereas the 
Mitchell-Chang equation would indicate 
that vanadium is only 0.43 times as strong 
as columbium in reducing the current 
range. 

Arc Welding 

Cold-Rolled Steels 

In this phase of the test program, 
mill-produced high-strength steels were 
arc welded. The gas metal arc (GMAW) 
process in the short-circuiting or pulsed-
spray mode was found to be the pre
ferred technique. This was because this 
process was easy to control on thinner 
materials, and adequate weld strength 

Table 12—Maximum Heat Input for Recovery—Annealed Steels 

Maximum heat input, k|/in. (k)/cm) 

Thickness, 
in. (mm) 

0.045-0.055 
(1.0-1.4) 

0.055-0.070 
(1.4-1.8) 

Steel 
grade 

B50S0 
B60S0 
B70S0 
B80SK 

B50S0 
B60S0 
B70S0 
B80SK 

95% joint 
efficiency 

5.0 (2.0) 

12 (4.7) 
8.2 (3.2) 
4.2 (1.7) 

90% joint 
efficiency 

11 (4.3) 
7 (2.8) 
4 (1.6) 

>15 (>6.0) 
14 (5.6) 
10 (4.1) 
8 (3.1) 

85% joint 
efficiency 

>15 (>6.0) 
13 (5.1) 
10 (3.9) 
6 (2.4) 

>15 (>6.0) 
>15 (>6.0) 
>15 (>6.0) 

13 (5.2) 

was readily obtainable. The flux cored 
arc (FCAW) and shielded metal arc 
(SMAW) processes may also be used, but 
control is difficult in thicknesses less than 
0.080 in. (2.0 mm). Oxyfuel gas welding 
(OFW) should not be used to weld the 
high-strength grades, because OFW can
not be controlled to produce the low 
heat input required for a full-strength 
joint. 

The rephosphorized steels (37SK) were 
found to exhibit 100% joint efficiency and 
ductile Olsen cup* failures when using 
electrodes of the ER70 classes and the 
GMAW process. Autogenous gas tung
sten arc (CTAW) welds also exhibited 
100% joint efficiency and ductile behav
ior. 

The columbium-alloyed grades (50XK 
and 60XK) could be welded with any of 
the previously mentioned processes to 
obtain 100% joint efficiency. Single-pass 
welds met strength requirements when 
using the same 70-class electrodes. 

The recovery-annealed steels (50SO, 
60SO, and 70SK) were found to be more 
sensitive to softening in the heat-affected 
zone. This was because they are basically 
plain carbon steels that gain strength 
from residual work hardening which 
remains after incomplete recrystallization. 
Autogenous GTAW welds exhibited 
poor strength. The SMAW process pro
duced higher strength welds but general
ly less than 90% joint efficiency. The 
GMAW process produced the highest 
strength using ER70-class electrodes for 
B50SO and B60SO steels and ER80-class 
electrodes for B70SO and B80SK steels. 

A regression analysis revealed that 
joint efficiency could be predicted from 
thickness, heat input, and strength level. 
Based on this analysis, the maximum heat 
input that could be tolerated for any 
thickness or strength level was deter
mined as shown in Table 12. In using this 
table it should be recognized that single-

* "Olsen ductility test. A cupping test in which 
a piece of sheet metal, restrained except in the 
center, is deformed by a standard steel ball 
until fracture occurs. The height of the cup in 
thousandths of an inch at the time of failure is a 
measure of the ductility." (Ref. 14) 
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TEST TEMPERATURE,F 

Fig. 9 —Results of subsize Charpy impact tests of a B80XF 
weld heat-affected zone (0.09% C, 1.3% Mn, 0.02% P, 
0.005% S, 0.35% Si, 0.05% Cb, and 0.09% V). Welding 
parameters are in Table 6 

Weld 
Metal 

Fusion HAZ 
Line 

NOTCH LOCATION 

Base 
Metal 

Fig. 10 — Impact toughness from the weld of Fig. 9 notched in several locations and 
tested at -20°F (-29°C) 

pass welds can be produced in these 
steels using about 6-9 k)/in. (2.5-3.5 
kj/cm) if the reinforcement is not exces
sive. Smaller heat inputs must be 
achieved using two passes. 

Hot-Rolled Steels 
Hot-rolled steels could also be arc 

welded using the same processes 
employed for plain carbon steels but with 
higher strength electrodes. The 70-class 
electrodes are satisfactory for the B50XK 
and B50XF steels. The 100-class elec
trodes can be used for the B80XF steels, 
but ER80S-D2 electrodes can also be 
used with the GMAW process. Full 100% 
joint efficiency is readily obtainable with 
these HSLA steels. Microhardness tra
verses across a B80XF GMAW weld indi
cated a deviation of only 25 HV5 from 
the average base metal hardness. 

The thicker steels may also be required 
to meet toughness requirements. There
fore, several GMAW welds were sub
jected to subsize Charpy V-notch tests. 
The impact toughness of a typical B80XF 
heat-affected zone at different tempera
tures is given in Fig. 9, and the toughness 
at -20°F (-29°C) is illustrated in Fig. 10 
for several regions in the weldment. One 
user required an energy absorption at this 
thickness of 6 ft-lb (8 J) at -20°F (-29°C) 
for critical applications; the B80XF materi
al meets these severe requirements. The 
good toughness of this weldment is part
ly the result of its low sulfur level. 

Other steels were tested with the 
same techniques and the values of the 
lowest-toughness regions are compared 
in Table 13. Note that the low-sulfur 
Cb-V steel (B80XF) compares favorably to 
a higher-sulfur Cb-V steel with inclusion 
shape control as well as a titanium-
alloyed steel. Low sulfur was initially used 
to improve the formability of HSLA steels, 
but low sulfur is also helpful in meeting 
critical weld toughness requirements. 

Unless moisture is present, preheat is 
neither necessary nor desirable when arc 
welding these high-strength sheet grades. 
Their extremely low carbon equivalents 
(dictated by spot weldability considera
tions) effectively eliminate hydrogen 
cracking problems. As a result of the 
excellent performance of the rephospho-
rized cold-rolled and microalloyed sheet 
steels, arc weldability has not been as 
strong a factor in determining the chem
istry of these steels. 

Conclusion: Weldability 
Considerations in Development 

The strength properties of batch 
annealed product are a known function 
of steel chemistry. The strength data can 
be combined with our spot weldability 
results on cold-rolled steels to develop 
the relationships given in Fig. 11. Silicon 
gives the best strength/weldability rela
tionship and sulfur the worst. Phosphorus 
is one of the better elements (at least up 
to 0.09%); however, at a higher manga
nese level, columbium would affect the 
current range less and be more desirable. 

Of the elements that can be used for 
strengthening, carbon is the worst. 

Using these results, one can see that 
simple rephosphorized steels are the best 

-0.5 o 0.5 
A CURRENT RANGE,kA 

Fig. 11 — Change in yield strength and current 
range as a result of adding the indicated 
elements to a batch annealed steel of base 
composition: 0.05% C, 0.35% Mn, 001% Si, 
0.005% S, 0.05% P, and 0% Cb. The effect of 
columbium on current range depends on the 
manganese level, and the effect of phospho
rus is not strongly correlated (see text) 

Table 13—Subsize Charpy Impact Results for GMAW Welds in Commercial Hot-Rolled Steels 

Impact Toughness"" at -20CF(-29QC). ft-lb (I) 

Steel(a) 

0.09C-1.3Mn-0.05Cb-0.09V 
-0.005S (B80XF) 

0.06C-1,0Mn-0.06Cb-0.11V 
-0.010S-0.02Ce 

0.07C-1.0Mn-0.15Cb-0.12Zr 
-0.012S 

0.07C-0.4Mn-0.21Ti 
-0.014S 

Fusion 
line 

13-16 
(18-22) 

9-11 
(12-15) 

4-15 
(5-20) 
4-11 

(5-15) 

Heat-affected 
zone 

20-25 
(27-34) 
10-25 

(14-34) 
12-19 

(16-26) 
2-18 

(3-24) 

<a>A!l steels were fully killed and exhibited yield strengths of between 84 and 90 ksi (580 and 620 MPa); all steels were machined to 
0.13 1 in, (3,2 mm) thickness before welding using the conditions of Table 6. 
(b )All Charpy specimens were machined to 0.125 in. (3.18 mm). 
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choice for steels of about 40 ksi (275 
MPa) yield strength. Lower carbon con
tents obtainable without special steel
making techniques can readily compen
sate for the small detrimental effect of 
phosphorus on partial weld metal frac
ture. With control of carbon, low sulfur 
contents are not required for good spot 
weldability in these steels. These steels 
generally have better formability and can 
be produced at less cost than steels 
having small columbium additions. With
out low-sulfur treatment, phosphorus 
additions above 0.1% are not desirable 
for spot weldability (Ref. 3). 

Silicon and/or manganese can be add
ed to the rephosphorized base composi
tion to achieve higher solid solution 
strengthening in batch-annealed steels. 
Silicon may be added without any signifi
cant adverse effect on weldability. How
ever, very high levels of silicon can cause 
steelmaking difficulties and surface prob
lems. Manganese will also add solid-
solution strengthening, but lower carbon 
and/or sulfur may be required to prevent 
weld metal fracture of spot welds. Fur
thermore, high levels of manganese are 
more difficult to produce while maintain
ing a low carbon content. 

In general, it is relatively less costly to 
obtain the higher strength levels by add
ing a few points of columbium instead of 
large amounts of silicon and/or manga
nese. In this case, low levels of manga
nese may cause nugget growth problems 
as discussed previously. Again, with good 
control of carbon and a proper balance 
of Cb, Mn, P, and Si, low sulfur contents 

are not needed to produce a weldable 
steel up to 60 ksi (410 MPa) minimum 
yield strength. Very low carbon contents 
can be produced using BOF mixed blow
ing techniques and provide more flexibili
ty in the choice of alloys for the highest 
strength levels. 

Although low sulfur is not necessary to 
meet weldability requirements in the 
cold-rolled steels, it can be desirable in 
hot-rolled steels, particularly to meet 
formability requirements. The low sulfur 
content in the more formable hot-rolled 
grades imparts superior spot weldability 
and excellent toughness in arc welds. 
Compared to normal-sulfur steels with 
inclusion shape control, desulfurized 
steels allow the steelmaker to produce 
chemistries that meet critical weldability 
requirements in combination with high 
strength and good formability. 

Results reported here show that, com
pared to columbium and vanadium 
steels, titanium steels will not give as 
good a combination of strength and 
weldability. In addition, lowering carbon 
and/or sulfur in titanium steels may not 
be sufficient for some spot weldability 
requirements. Columbium and vanadium 
have approximately equal effects on 
weldability; therefore, the level of each 
chosen depends upon the ease of obtain
ing the proper strength in a specific mill. 
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