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Development of Requirements for 
Resistance Spot Welding Dual-Phase 

(DP600) Steels 
Part 1 — The Causes of 

Interfacial Fracture 
Weld fracture was investigated in relation to weld 

parameters and steel sheet characteristics 

BY M. MARYA and X. Q. GAYDEN 

ABSTRACT. The resistance spot welding 
of two galvanized DP600 steels with 1.8 
and 2.0-mm sheet thickness was investi
gated to enhance our understanding of 
weld fracture during a well-established au
tomotive quality control test. The effects 
of several process parameters (including 
weld current, weld time, and weld force) 
on zinc expulsion, mechanical properties, 
defects, and microstructures of resistance 
spot welds were all studied in relation with 
the two major types of weld fracture (i.e., 
interfacial and button pullout). It was es
tablished that the slight differences in 
chemical composition and galvanized 
coating between the two selected DP600 
steels affected negligibly weld microstruc
tures, and were of no measurable conse
quences to weld fracture. In contrast, the 
difference of 10% for their sheet thickness 
was responsible for smaller weld diame
ters, lower weld tensile-shear forces, 
larger shrinkage voids, and more frequent 
interfacial fractures in welds from the 
thicker DP600 steel. For the two steels, oc
currence of weld interfacial fracture was 
eliminated using long weld times (>20 cy
cles), low currents (<9 kA), and high 
forces (>900 lb. or 4.0 kN); i.e., process 
parameters that increased weld diameters 
while preventing zinc ingestion into the fu
sion zone. The effect of zinc was most 
prominent in welds that were made ab
normally fast (e.g., ~5 cycles), where both 
solidification cracking and a change in 
type of weld fracture were found due to in-
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Introduct ion 

The drive for vehicle mass reduction 
has led to the introduction of new engi
neering materials. The Ultra Light Steel 
Auto Body (ULSAB) project has shown 
that car body mass can be reduced by 25% 
using advanced high-strength steels 
(AHSS) and innovative processes (Ref. 1). 
Among the AHSS, the dual-phase (DP) 
steels have been the subject of particular 
attention owing to their good combination 
of high strength and ductility. The term 
dual-phase steel refers to the predomi
nance of two phases, the body-centered-
cubic (bcc) a-ferrite and the relatively 
harder body-centered-tetragonal (bet) 
martensite. These two phases are pro
duced by some annealing in the A!-A3 

"intercritical" temperature, where austen
ite and ferrite are formed, and a subse
quent rapid cooling where the austenite is 
eventually transformed into martensite. 
Since suitable amounts of ferrite and 
martensite in DP steels may be produced 
from a combination of heat-treating para
meters, compositions of DP steels may 
vary significantly between steel makers, as 
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found in Part 2 of this study (Ref. 4) to be 
published in the near future. To create 
yield strengths of 350 MPa and ultimate 
strengths of 600 MPa, the DP600 steels (as 
commonly referred by the ULSAB Con
sortium.) (Ref. 1) were all found to pos
sess about 15% martensite. Compared to 
precipitation-strengthened or solid-
solution-strengthened HSLA steels, 
DP600 steels exhibit a slightly lower yield 
strength, a continuous yield behavior due 
to enough active slip systems in the ferrite 
phase, and a more uniform and higher 
total elongation (over 21%) (Refs. 1, 2). 
These last two properties explain their rel
atively good formability; a property, which 
combined with their high strengths, has 
made DP steels attractive for automotive 
applications (Refs. 1-3). 

The acceptance of DP steels in manu
facturing environments has been ex
tremely gradual though DP steels offer ev
ident advantages, and they have 
demonstrated a good weldability (Refs. 3, 
5-8). However, on automotive factory 
floors and in testing laboratories, the def
inition for weldability can differ, and so 
are the tests and criteria used to differen
tiate "good" welds from "bad" welds. In 
the simplest of all quality-control tests, a 
handheld chisel is inserted in between 
spot-welded coupons to force the welds to 
fracture, and, based upon a visual inspec
tion, determine if the same welds would be 
appropriate in vehicle applications (Ref. 
9). In early chisel tests, spot welds in 
DP600 steels had been found to under-
perform welds in traditional automotive 
steels; i.e., non-AHSS (Ref. 1) (e.g., inter-
facial-free steels, low-carbon steels, 
rephosphorized steels, mild steels, or 
HSLA steels). Especially with the thicker 
DP600 steel gauges, welds were seen to 
fracture in the same plane as the sheet sur-
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Fig. 1 — Secondary electron images showing the galvanized layers on the 
two DP600 steels and electron dispersive spectra indicating their approxi
mate chemical compositions. 

Fig. 2 — Process map describing the effects of the current and weld time on 
zinc expulsion for both DP18 and DP20 (12004b weld force). 
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Fig. 3 — Process map describing the effects of the weld force on the zinc 
expulsion for the DP20 steel (1200-lb weld force). 

Fig. 4 — Reduction in thickness or thinning vs. current and weld time for welds 
made in DPI 8 and DP20 steels (1200-lb weld force). 

faces, causing the so-called "interfacial 
fracture." The occurrence of weld interfa
cial fractures in DP600 steels was in con
trast with the traditional automotive 
steels, where weld fracture is known to 
occur consistently in the fusion zone pe
riphery, promoting the so-called "weld 

button." For spot welds to be reliable dur
ing vehicle lifetime, they are required to 
tear a button during quality control. The 
formation of a weld button during quality 
control indeed indicates that the same 
weld would have been able to transmit a 
high level of force, thus cause severe plas

tic deformation in its adjacent compo
nents, and increased strain energy dissipa
tion in crash conditions. 

In Part I of this investigation on the 
weldability of DP600 steels in production 
environments, fracture in spot welds from 
two commercial steels was induced mainly 
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Fig. 5 — Weld diameter (as measured after peeling) vs. current for welds 
made in DPI 8 and DP20 steels (20-eycle weld time and 1200-lb weld force). 

Fig. 6 — Fracture force (peak force recorded during tensile-shear testing) 
vs. current for spot welds made in DP18 and DP20 steels (20-cycle weld 
time and 1200-lb weld force). 
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Fig. 7— Process maps showing effects of both current and weld time on the 
type of weld fracture encountered during chisel testing on DP18 (left) and 
DP20 (right) steels (1200-lb weld force). 

Fig. 8—Percent weld interfacial fracture vs. current and force for spot welds 
made on DP20 (20-cycle weld time). 

by the chisel test (Ref. 9). When this study 
was initiated in 2003, it was primary to first 
establish a relationship between process 
parameters and occurrence of weld inter
facial fracture using a minimum of two 
DP600 steels. Since weld diameter is well-
known to be a key player in weld fracture 
(Refs. 6, 9-14), weld diameters were mea
sured and correlated to the process para
meters, as were the weld microstructures. 
In this first study, the weld microstructures 
were thoroughly examined due to well-

establ ished re la t ionships with the me
chanical p roper t i es , and thus fracture 
(Refs. 5-8). In this article, the reader will 
discover that the weld microstructures are 
first discussed and linked to the steel com
posi t ions, as suggested by the Nippon 
Steel carbon equivalent (CE) here pre
sented as Equation 1 (Refs. 12-14). This 
CE, developed from non-AHSS spot 
welds that were quasi-statically cross-
tension tes ted (Refs. 12-14) , connects 
chemical composition with one of the two 

types of weld fracture. This CE, yet un-
proven for A H S S steels, p resen ted a 
means for measuring DP steel spot weld
ability with a load orientation that was not 
too different from the chisel test load ori
enta t ion. Equa t ion 1 for this C E infers 
that a relatively hard and brittle weld (i.e., 
one that is made of mar tens i te) having 
enough sulfur and phosphorus (i.e., ele
ments that segregate to boundaries and in
crease solidification cracking susceptibil
ity, Refs. 15, 16) will fail interfacially 
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Fig. 9 — Microhardness profiles for welds in DP18 and DP20 produced 
using widely different welding conditions (microhardness was measured 
using a 200-g load and 30-\xm away from the weld centerline). 

Fig. 10 — Optical micrographs of microstructures in a spot weld 
made in DP20 steel (12-kA current and 20-cycle weld time), and EDS 
results revealing the presence of nontrunsition metals, including sulfur. 

during testing if CE is greater than 0.24 
(Refs. 12-14). 

CE, Si + ̂  + 2P + 4S 
30 20 (i) 

Although not detailed here, but sug
gested elsewhere (Ref. 14), zinc contami
nation from the coatings is also another 
potential contributor to weld fracture. 
Consequently, the effects of process para
meters, sheet thickness, steel composi
tion, and coating were all important to 
consider for fully explaining the weldabil
ity of DP600 steels, since they all influence 
weld dimensions, weld microstructures, 
and weld mechanical properties, including 
fracture characteristics (Refs. 4-19). 

Experimental 
Procedure 

Materials 

Following suggestions by manufactur
ing engineers, two hot-dipped galvanized 
DP600 steels of commercial availability 
were selected with two distinct gauges. 
The thinner steel, designated as DP18, 
was 1.8 mm thick, whereas the second, 
DP20, was supplied in a 2.0-mm sheet 
thickness. For testing, the steel sheets 
were sheared into 38 x 127-mm coupons. 
Guided by Equation 1, the steel chemical 
compositions were precisely measured 

and verified using a 
combination of tech
niques: X ray fluores
cence (XRF), induc
tively coupled plasma 
(ICP) spectroscopy, and 
wavelength dispersive 
spectroscopy (WDS). 

Welding 

All resistance spot 
welds were fabricated 
using a mid-frequency 
DC welding machine, 
where current was de
livered through C15000 
Cu-Zr alloy caps with a 
5.0-mm face diameter. 
To minimize weld-to-
weld variations intro
duced by cap wear, the 
caps were regularly in
spected using reference 
welds, which were gen
erated each time new 
caps were inserted. 
These reference welds 
were all produced using 
typical process parame
ters (e.g., 9 kA, 20 cycles 
and 1200 lb, or 5.3 kN). 
When the repeat of a reference weld with 
used caps resulted in a weld with a new di
ameter and type of weld fracture, new caps 
were systematically mounted. This pre
caution guaranteed that the welding con-

0.23 

1.00 
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Fig. 11 — X-ray compositional maps near the center of an unetched 
spot weld made in DP20 steel (12.5 kA current and 20-cycle weld time) 
with line scans for three alloying elements, all revealing some mi-
crosegrgation. 

ditions were not drifting over time, and 
that the two steels could be compared 
under identical conditions at any time if 
needed. 

Each welded sample was made of two 
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Fig. 12 — Secondary electron images of an interfacially failed spot weld in DP20 steel (12 kA current. 10-cycle weld time, 1200 lb weld force). 

Table 1 — Measured Chemical Composition ofthe Two DP600 Steels (wt-%) with CE, as Defined by Equation 1 

C Mn 

DP18 0.13 1.40 

DP20 0.11 1.50 

Cr 

0.21 

0.27 

Mo 

0.05 

< 0.005 

Ni 

0.02 

0.02 

Ti 

0.01 

<0.005 

V 

<0.01 

0.06 

Al 

0.02 

0.06 

Si P S B N O CE 

0.4 0.02 <0.002 <0.001 0.0051 0.0025 0.253 

0.1 0.02 <0.003 <0.001 0.0065 0.0028 0.228 

identical coupons. On each, three spot 
welds, separated by about 35 mm, were 
produced. Weld current and weld time 
were varied between 7 and 40 kA and be
tween 2 and 40 cycles, respectively. The 
weld force (i.e., the compressive force in
duced by the electrodes) was applied 90 
cycles before the current, and lasted 5 cy
cles longer. Although several force levels 
were selected, primarily to differentiate 
the two DP600 steels, the weld force was 
preferentially held at 1200 lb (5.3 kN). 

Property Measurements 

The overwhelming majority of the 
welded samples was either peeled to force 
the formation of weld buttons and mea
sure their diameters, or chisel-tested to 

identify the predominant type of fracture 
(Refs. 9, 10). Other welded samples were 
tensile-sheared at a low-crosshead veloc
ity of 4 mm/min to precisely capture and 
quantify weld static characteristics. This 
test was preferred over cross-tension and 
coach-peel tests because of greater data 
reproducibility, reliability, and accuracy: 
all necessary to compare the two DP600 
steels. For tensile-shear testing, the welds 
were centered in the overlap section, 
which like the coupon width was 38-mm 
long. The same test configuration is de
scribed in other studies (Refs. 5, 6). 

Several welds were cross-sectioned, 
cold-mounted, ground, and polished with 
carbide paper, diamond paste, and fine 
colloidal silica. The microstructures were 
then revealed by etching with a 2% nital 

reagent and examined by optical and scan
ning electron microscopy (SEM). Chemi
cal compositions, including high-
resolution mapping, were measured using 
electron/wavelength dispersive spec
troscopy (EDS/WDS). The Vickers mi
crohardness under a 200-g load was also 
measured, and linked to the observed 
microstructures. 

Results and Discussion 

Base Material Characteristics 

Measured chemical compositions, 
summarized in Table 1, show that the 
DP 18 steel had slightly more carbon than 
the DP20 steel. This greater carbon content 
of DP 18 appeared to counterbalance a rel-
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fig. i i — Percent voids in weld fusion zones vs. weld time for spot welds made 
in DP18 and DP20 steels (12-kA current and 1200-lb weld force). 

Fig. 14 — Percent voids in weld fusion zones vs. current and weld force 
for spot welds made in DP20 steel (20-cycle weld time). 

ative shortfall of strengthening elements 
such as manganese, chromium, and vana
dium. In both DP 18 and DP20, the boron 
contents were also less than 10-wt-ppm; a 
concentration that therefore neither could 
increase steel hardenability (Ref. 17) nor 
cracking susceptibility (Ref. 14). 

Table 1 provides the carbon equiva
lents for DP18 and DP20. Although the 
CE was determined with Equation 1 that 
normally applies to non-AHSS steels 
(Refs. 12-14), the CE could still be uti
lized as a relative indicator of hardenabil
ity and weldability. Since the CE for both 
steels was close to the limit of 0.24, vari
ability in the types of weld fracture was ex
pected to be greater than in non-AHSS 
steels, where the CE is typically smaller. 
Also, note that the carbon equivalent of 
DP 18 not only exceeded that of DP20, but 
also the value of 0.24 given by Equation 1 
(Refs. 12-14). Consequently, with only the 
CE to describe weld fracture, the spot 
welds in DP 18 could have been expected 
to fracture interfacially more frequently 
than in DP20. The question as to whether 
this statement is correct or not is answered 
later in this paper. 

As for the as-received microstructures 
(not shown), they were comparable in 
DP 18 and DP20. Both steels had average 
grain sizes of about 10 yum and contained 
approximately 15% martensite. However, 
hardness of the DP18 steel was greater 
than that of DP20, averaging 205 kg/mm2 

vs. 185 kg/mm? for the DP20 steel. Coinci-
dentally or not, this difference in hardness 

agrees with the CE values. 
SEM observations revealed that the 

galvanized layer was 9 jam thick in DP20 
and nearly twice as thick in DP18 (Fig. 1), 
while EDS and XRF measurements 
showed that coating compositions were 
similar with at least 99 wt-% zinc and less 
than 1 wt-% aluminum. Therefore, the 
possibility that coating compositions af
fected weld fracture in the two DP600 
steels could be eliminated. 

Spot Weld Expulsion 

In the resistance spot welding of galva
nized steels, the expulsion of zinc (i.e., the 
element that melts and vaporizes first) is 
important to examine, as it limits the se
lection of the process parameters. Zinc 
can be expulsed both at the electrode-
sheet interfaces, and at the interface be
tween the two sheets where the weld forms 
(Refs. 18-20). Due to water cooling within 
the electrodes, the temperature is nor
mally greater at the interface between the 
sheets and expulsion occurs there first 
(Ref. 18). Because this expulsion is more 
difficult to detect when it first occurs, only 
the expulsion from the electrode-sheet in
terface is considered here. 

Figure 2 describes the effects of weld 
current and weld time on zinc expulsion. 
To determine with precision the threshold 
of zinc expulsion for the two steels, each 
data point was generated from at least 
three welds. Judging from Fig. 2, the pos
sibility that the thicker zinc coating of 

DP18 (Fig. 1) could have promoted more 
expulsion was ruled out since a single 
boundary between the expulsion-free and 
the expulsion regions was found for the 
two steels. Although both DP 18 and DP20 
were indistinguishable here, Fig. 2 was 
later found to be extremely useful for se
lecting appropriate process parameters, 
and to further compare DP 18 and DP20. 

In Fig. 2, the solid line demonstrates 
that the current at the beginning of expul
sion is inversely related to the weld time. 
Consequently, to create large welds, cur
rent and weld time must be selected such 
that they are positioned close to this 
boundary line, and, to prevent expulsion, 
they must be also on the left of this bound
ary line. Moreover, to enhance weld 
process repeatability, the best-controlled 
variable (i.e., weld time) must be extended 
as much as possible, whereas the current, 
the second variable of Fig. 2, must be min
imized to alleviate its relative contribution 
in the weld formation, and to prevent ex
tensive cap wear (Ref. 6). Unlike the weld 
time, the current is self-regulated and 
varies as contact resistance, material prop
erties, alignment, and cap wear gradually 
change from one weld to another (Refs. 6, 
15, 18-20). For this study, where a high 
level of reproducibility between welds was 
needed to compare DP18 and DP20, ex
tended weld times (> 20 cycles) and cor
respondingly small currents (<9 kA) were 
particularly appropriate. 

Figure 3 is a complementary figure de
scribing weld force effect on zinc expul-
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fig. /5 — Secondary electron images of a spot weld produced using unusual process parameters (24-kA current, 5-cycle weld time, 1200-lb weld force). Weld 
button formation appeared to be promoted by zinc ingestion. 

sion with weld times of 20 and 30 cycles. 
For currents of 12 kA and less, zinc expul
sion was prevented by reasonably low-
weld forces. In contrast, the currents over 
12 kA were found to be impractical as the 
required forces to prevent expulsion were 
then too high for many industrial welding 
machines. Despite this new constraint, we 

occasionally selected currents of 12 kA 
and higher, as justified later. 

Weld Joint Properties 

Spot Weld Morphology 

In addition to preventing zinc expulsion. 

the compressive force applied by the elec
trodes forges the fused region to a thinner 
gauge. Such thinning caused by indenta
tion can alter spot weld properties, as 
quantified in a recent study (Ref. 21), and 
was therefore another factor guiding the 
selection of the process parameters. For a 
weld force of 1200 lb (5.3 kN), Fig. 4 de-
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scribes current and weld time effects on 
the thinning seen across more than 60 spot 
welds from DPI 8 and DP20. Exactly like 
in Fig. 2, the results for both DP18 and 
DP20 were nearly identical. In Fig. 4, note 
that we superimposed a dash line to show 
regions of expulsion and no expulsion (left 
to the dash line). At the onset of expulsion, 
thinning never exceeded 30%, and was 
less than 20% for most welds. With this 
limited indentation, numerous studies 
have shown that the indentation effect is 
negligible compared to that of weld diam
eter (Refs. 15, 20, 21). Consequently, the 
effect of process parameters on weld di
ameter (measured after peeling to pro
mote weld buttons) had to be examined 
before a link with the types of weld frac
ture could be researched. 

Figure 5 shows that weld (button) di
ameter increases with the current at a rate 
that is gradually and monotonically de
creasing, as observed elsewhere (Refs. 20, 
22-24). When the current exceeded 11 
kA, the weld button diameters in both 
steels stabilized slightly above 6.0 mm. At 
lower currents, the welds were noticeably 
larger in DP18, particularly when button 
diameters were less than 5.5 mm. This re
sult revealed that welds in DP 18 formed 
at lower heat inputs than in DP20, and 
that could be reasonably well explained by 
the fact that DP18 was 10% thinner than 
DP20. With thickness emerging as the 
main explanation for the discrepant weld 
diameters in DP18 and DP20, we were ex
pecting a number of spot welds from 
DP18 and DP20 to exhibit different types 
of fracture, even with identical process 
parameters. The effects of process para
meters on weld mechanical properties, in
cluding types of weld fracture, were there
fore important to clarify, first under 
well-controlled conditions, and then 
using the chisel test; i.e., as if welds were 
quality controlled on factory floors. 

Tensile-Shear Test Results 

Many welds, fabricated with identical 
parameters as in Fig. 5, were tensile-
sheared to quantify their load-carrying ca
pabilities, and, despite loading conditions 
different than in the chisel test, determine 
if one steel was also more prone to spot 
weld interfacial fracture than the other. In 
Fig. 6, peak force recorded during testing 
(i.e., the weld fracture force) is repre
sented as a function of current. Figure 6 
shows that the weld fracture forces were 
consistently greater in DP18. Although 
the trend lines for the two steels were 
alike, the trend line for DPI8 was also 
shifted to the left of that for DP20; a con
firmation that the welds began to form at 
smaller currents in DP 18, and that the 

greater fracture forces seen in the welds 
of DP18 were primarily due to its thinner 
gauge. 

Among the welds in Fig. 6, six out of 
the 38 (all in DP 18) created buttons. With 
several, the fracture forces were seen to 
reach a maximum at intermediate cur
rents (i.e., 10 to 10.5 kA). At these cur
rents, interfacial fracture was also seen to 
fully disappear. With a further increase in 
current, interfacial fracture continued to 
be avoided, but the sheets were also 
alarmingly indented. As confirmed by Fig. 
4, with currents near 10 kA, thinning 
across welds was about 20%. For the welds 
produced with greater currents, thinning 
not only exceeded 30%, but the welds 
were also observed to form buttons along 
the indentation. The possibility that in
dentations over 20 to 30% influenced weld 
fracture during tensile-shear testing, and 
especially during chisel testing, was there
fore raised. 

Quality (Chisel) Test Results 

Figure 7 compares chisel test results 
for spot welds also made with a 1200-lb 
(5.3 kN) force. The two types of fracture, 
interfacial (white squares) and button-
pullout (black squares), are mapped as a 
function of current and weld time. Since 
each data point was generated by testing 3 
to 12 welds depending upon the observed 
repeatability, results from more than 400 
welds are summarized in Fig. 7. While 
both steels exhibit regions where only a 
single type of fracture occurred, the DP20 
steel is characterized by having a region 
with the two types of weld fracture. This 
region is bound by currents between about 
10 and 14 kA and weld times between 
about 15 and 25 cycles. As currents and/or 
weld times were increased, the percentage 
of each type of fracture varied from zero 
to one hundred, and vice versa. For DP20, 
interfacial fracture was also found to van
ish when expulsion started. Of these two 
observations, the first indicated that the 
chisel test was largely reproducible, and 
the second inferred that zinc expulsion 
was potentially related to weld fracture, as 
hypothesized previously. 

To determine if zinc expulsion had in
fluenced the type of weld fracture, some 
welds were produced by varying currents 
and forces, which, as seen in Fig. 3, both 
affect expulsion remarkably well. The 
welds, made with selected forces of 600 lb 
(2.7 kN), 900 lb (4.0 kN), 1200 lb (5.3 kN), 
and 1700 lb (7.6 kN), were subsequently 
chisel tested, and correlations between 
type of weld fracture and occurrence of ex
pulsion were searched. The results of 
these tests are summarized in Fig. 8, where 
percentage of a given type of weld fracture 

is represented as a function of current and 
force. For a given force, Fig. 8 shows that 
the occurrence of weld interfacial fracture 
gradually decreased with the current. 
More specifically, at 600 lb (2.7 kN), ex
pulsion of zinc started before the current 
could be raised high enough to fully elim
inate interfacial fracture. In contrast, at 
1700 lb (7.6 kN), zinc expulsion was de
tected after interfacial fracture had been 
prevented. For the process conditions of 
Fig. 8, it became clear that zinc expulsion 
was not primarily related to weld fracture, 
and the common boundary in Fig. 7 for the 
regions of mixed fracture and expulsion 
could only be coincidental. 

Figure 8 also points out that the high 
weld forces reduced the minimum current 
to prevent interfacial fracture. Indeed, 
once weld force exceeded 900 lb (4.0 kN), 
weld buttons were produced at smaller 
currents (10 kA vs. 12.5 kA at 600 lb, or 2.7 
kN). This result confirmed that the level of 
applied force affected weld formation, 
presumably by affecting contact area and 
contact electrical resistance (Refs. 18-20, 
24, 25). Since Fig. 8 also shows that weld 
current was negligibly affected by forces 
over 900 lb (4.0 kN), we concluded in 
agreement with another study (Ref. 19) 
that the contact resistances were practi
cally unchanged once a certain force, or 
pressure, is exceeded. 

In Fig. 8, also note that the minimum 
weld diameter to eliminate interfacial 
fracture was consistently in the vicinity of 
5.5 mm regardless of weld force and cur
rent. This 5.5-mm value, measured after 
chisel testing, was confirmed by some of 
the test data presented earlier. For cur
rents of 9 and 10 kA, Fig. 7 showed that 
weld interfacial fracture fully disappeared 
once weld times exceeded 25 cycles in 
DP 18 and about 30 to 35 cycles in DP20. 
With these process parameters, Fig. 5 then 
revealed that interfacial fracture would 
not occur for weld button diameters over 
5.5 mm in DP18 and 6.0 mm in DP20. 
Based upon this analysis and the data of 
Fig. 8, we therefore confirm that some 
minimum weld diameters could be recom
mended to prevent weld interfacial frac
ture, as further investigated in Part II of 
this work (Ref. 4). 

As complementary remark resulting 
from a comparison of Figs. 6,7, and 8, note 
that many of the tensile-sheared welds of 
Fig. 6 that fractured interfacially would 
have produced buttons if instead they 
would have been chisel tested. This 
demonstrates that the chisel test is less se
lective than the quasi-static tensile-shear 
test, and that any weld identified as a 
"good" weld by the tensile-shear test 
would also be a "good" weld if tested in 
production using the chisel test. 
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Weld Heterogeneity 

To complete this study, metallurgical 
analyses were needed in view of various 
opinions that came to us. We had to de
termine if differences other than sheet 
thickness explained the greater suscepti
bility of DP20 toward weld interfacial frac
ture. Since steel chemical composition 
first appeared to be important (Equation 
1), variations in hardness (i.e., strength), 
microstructure, and local composition 
were examined to attempt determining all 
causes, primary or secondary, of spot weld 
fracture in DP600 steels. 

Variations in Microhardness 

For both DP18 and DP20, Fig. 9 de
picts microhardness profiles for welds 
produced with both regular and unusually 
fast welding schedules (12.5 kA, 20 cycles 
vs. 40 kA, 2 cycles). The average hardness 
values of the weld fusion zones are also 
shown by the horizontal straight lines. Av
erage hardness was higher in the rapidly-
made high-current weld, as seen by com
paring the upper and lower graphs. Also, 
for all welds, microhardness fluctuated 
slightly and always peaked in the HAZ. 
marked as HAZ. Near the fusion zone, 
where microstructure was the hardest, 
hardness exceeded 400 kg/mm2 and was 
about twice greater than in the base mate
rial. Like many non-AHSS, which have all 
consistently produced buttons after chisel 
testing, no measurable softening was de
tected near the base metal (Refs. 6, 27). A 
softening in the HAZ would have helped 
plastic strain to localize and fracture to 
follow outside the hard fusion zone (Refs. 
27-29). Therefore, this feature alone 
would have explained why welds in DP600 
fracture more interfacially than tradi
tional automotive steels. 

Regardless of the welding parameters, 
the HAZ and the fusion zone were harder 
in DP18, a result that agrees with the CE 
values of Table 1. While microhardness in 
both fusion zone and HAZ were greater in 
DP18, the hardening with respect to the 
initial microstructure (or percent increase 
in hardness) was greater in the welds of 
DP20. This hardening was 2.17 in DP20 vs. 
2.05 in DP 18. If comparing strength of fu
sion zone or HAZ with that of base metal 
is important, as suggested by mathemati
cal modeling (Refs. 28, 29), then examin
ing hardening was not helpful here in ex
plaining the greater susceptibility of DP20 
to weld interfacial fracture, because a 
greater hardening generally correlates 
with less interfacial fractures (Ref. 27). If. 
instead, the CE of Equation 1 is used to 
differentiate steels by types of spot weld 
fracture, then CE cannot explain the su
perior performance of DP18 during chisel 

testing. Of all factors, only sheet thickness 
has to this point explained the dissimilar 
behavior and different weldability of 
DP18 and DP20. 

Variations in Microstructure 

Examination by optical microscopy of 
weld cross sections neither distinguished 
DP18 from DP20, but did reveal mi
crostructural features that potentially af
fected weld fracture in DP 18 and DP20. 
Fig. 10 depicts four optical micrographs of 
a characteristic spot weld in DP20. The 
low-magnification micrograph of Figure 
10A shows that microstructure was more 
heterogeneous in the fusion zone than in 
the HAZ. Figure 10B, for the colder sec
tion of the HAZ, demonstrates that its mi
croconstituents were considerably finer 
than those of either the base metal or the 
fusion zone (Figs. 10C and 10D). This is 
explained by the fact that austenitizing 
was incomplete in the colder section of the 
HAZ. and even when austenite grains 
formed, grain growth was restricted by the 
thermal cycles. In this section of the HAZ 
where austenite grains are fine, the result
ing high density of grain boundaries con
stitute obstacles against the formation of 
large martensite laths. As opposed to the 
coarser martensite of Fig. 10E, observed 
in the fusion zone, the fine martensite of 
the HAZ was not well resolved by SEM. 
As shown in Fig. 9, hardness correspond
ing to the fine microstructures of the HAZ 
was also greatest. 

Figure 10C shows a region of the fusion 
zone near the HAZ. Large aggregates of a 
white blocky phase (presumably ferrite) 
can be observed in between finer micro-
constituents. Due to their unique mor
phology, these fine microconstituents 
were also identified by SEM as martensite. 
Figure 10D depicts a narrow view of the 
fusion zone center. Tiny cracks (approxi
mately 50 jam long) were regularly seen, 
especially in the DP20 steel welds. The ir
regular topography seen in these cracks 
and revealed by Fig. 10E suggests shrink
age cracks, or solidification cracks; the 
later being more likely, as indicated by 
EDS measurements of sulfur, calcium, 
potassium, and silicon (i.e., many ele
ments that are found in slags for deoxidiz
ing and desulfurizing steel and that are 
normally removed to minimize solidifica
tion cracking tendency) (Ref. 2). 

Although all our observations indicate 
that the role played by microscopic cracks 
on weld fracture is unlikely significant 
compared to that of the sheet thickness, 
this section has brought another explana
tion for the greater susceptibility of DP20 
for weld interfacial fracture. These micro
scopic cracks, most distinctively encoun
tered in the DP20 steel welds, were given 
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further attention as chemical composition 
nearby internal defects was further 
investigated. 

Variations in Chemical Composition 

For DP20, Fig. 11 shows six X-ray com
positional maps captured at a weld center, 
and three horizontal line scans across the 
maps for the major alloying elements. In 
addition to voids and cracks along the 
weld centerline. Fig. 11 shows that the 
most abundant element, manganese, was 
most distinctively microsegregated. Its re
distribution within the microstructure re
vealed a fine columnar substructure that 
grew from the fusion line to the weld cen
terline. Close examination ofthe map and 
line scan of manganese indicates periodic 
depletion and accumulation every 10 to 20 
mm. This microstructural feature alone 
can be well explained by the classic 
Scheil's model (Ref. 15), where the man
ganese-lean regions would be first to so
lidify and the manganese-rich regions last. 
Manganese profiles could thus be used to 
track the solidification substructure. 

The line scan of Fig. 11 shows that the 
peaks for manganese, silicon, and 
chromium were superimposed. Unlike 
manganese, chromium distribution was 
quite uniform, as explained by the iron-
chromium partitioning coefficient (nearly 
one) (Ref. 30). Although zinc was also 
fairly well dispersed throughout the fusion 
zone, Fig. 11 raises the possibility of zinc 
buildup near voids; an observation that is 
well justified by zinc and iron's limited mu
tual solubility, and zinc's property to re
main liquid long after iron has solidified. 
In Fig. 11, note that the regions of high X 
rays for carbon, silicon, and oxygen not 
only correlated with one another, but were 
also aligned with the solidification sub
structure (revealed by the microsegre
gated manganese). Another important 
feature is that all three elements were 
clearly identified in the larger voids, 
thereby suggesting that they were proba
bly in the form of carbides and silica par
ticles left by the sample preparation. By 
tracking these last three elements, micro
scopic voids could be also revealed. In Fig. 
10, recall that sulfur, calcium, and potas
sium were detected in microscopic voids 
and cracks; an observation that first sug
gested that these elements could be linked 
to the formation of internal defects. In this 
section, we observe that only the contri
bution of zinc to the formation of internal 
defects could not be ruled out yet. 

Spot Weld Interfacial Fracture 

Internal Defects 

The numerous weld fracture surfaces 
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made available by this study were finally 
examined, as a last attempt to link fracture 
characteristics, microstructure, and com
position. Figure 12A is a low-magnifica
tion secondary electron image of a typical 
weld interfacial fracture in DP20. In welds 
with sizeable voids, like in Fig. 12A, the 
possibility that defects such as voids influ
enced fracture was not dismissed, knowing 
that voids notoriously decrease spot weld 
properties (Refs. 15, 31). Figure 12B is a 
high-magnification view of the large 
round void of Fig. 12A. The fine dendrites 
at its surface present additional strong ev
idence that this void resulted from solidi
fication shrinkage. Also, the cracks at its 
perimeter indicate that shrinkage caused 
sufficient tension to split the fine inter
locked dendrites apart; i.e., induce a 
cracking that this time could not be linked 
to a local change in chemical composition, 
as was found in Fig. 11. For the interme
diate region between the void and the 
edge of the weld, Fig. 12C shows that a 
substantial part of the weld exhibits the 
characteristic microvoids of a ductile frac
ture, in spite of the high hardness values 
(Fig. 9) associated with the martensite mi
crostructures (Fig. 10E). Figure 12D 
shows that brittle fracture by cleavage also 
occurred, particularly on the side of the 
weld (i.e., HAZ) where the microstructure 
was the hardest — Fig. 9. 

As for the zinc expulsion, the weld but
ton diameter, and the type of weld frac
ture, the effects of current, force, and time 
on the shrinkage voids were all investi
gated for both steels. Quantitative results 
to compare voids in DP 18 and DP20 are 
provided first in Fig. 13, which like Fig. 14, 
was constructed after estimating pro
jected areas of all sizeable voids seen on 
the interfacial fracture surfaces. Figure 13 
clearly shows that the percentage of the 
fused area covered by the voids was 
greater in DP20 than in DP18, a feature 
that is also in line with the greater suscep
tibility of DP20 welds toward interfacial 
fracture. 

Figure 13 shows that increasing the 
weld time, thus the weld diameter, re
duces the percentage area made by voids 
in the fusion zone, and thus any contribu
tion voids might have to fracture. Figure 
14 confirms these results by showing that 
an increase in weld diameter, as achieved 
by raising the current, also decreased the 
voids rapidly and eliminated weld interfa
cial fracture (beyond 12 kA). Of the two 
process variables in Fig. 14, weld force af
fected most distinctively the relative im
portance of voids. Voids were reduced 
dramatically at 1200 lb (5.3 kN) and 1700 
lb (7.6 kN), where they were nearly 
nonexistent. This contrasted with the 20% 
of the fusion zone they covered at 600 lb 
(2.7 kN). 

Despite evidence that voids could be 
controlled by process parameters, and in 
particular reduced by high forces, we 
found no indication that voids directly 
caused interfacial fracture. However, we 
proved that voids and sheet thickness were 
related by showing that more voids were 
present in the thicker steel — Fig. 13. 

Crack Initiation 

Among all fracture surfaces, we dis
covered that those associated to abnor
mally fast weld schedules (e.g., 24 kA and 
5-cycle weld time) provided a new expla
nation for spot weld fracture in DP600 
steels. Unlike the welds examined previ
ously, the chisel testing of welds made 
with high currents and extremely short 
current pulses produced buttons with un
common characteristics. Figure 15A-F 
detail one of those welds. First, note the 
presence of several large eccentric voids, 
including two on the right of Fig. 15 A that 
appear to be superimposed. Figure 15B, 
for a part of the fusion zone periphery, 
shows an abrupt separation between a 
ductile region with microvoids, and a den
dritic solidification structure. Typical 
characteristics of ductile fracture are also 
visible in Fig. 15C, as are those of a cleav
age brittle fracture. Also, carbon-rich in
clusions (likely carbides) were frequently 
detected in the ductile regions, where 
they were found deep inside microvoids. 
Their concentrations were not quantified, 
since they would have improbably ex
plained DP20's greater weld interfacial 
fracture susceptibility. 

The microstructure shown in Fig. 15D 
revealed another characteristic feature of 
these welds made with abnormally fast 
schedules. Figure 15D is a high-magnifi
cation view of the crack that was seen in 
Fig. 15B. In Fig. 15D, a heavy coating of 
zinc, confirmed by EDS, is seen on den
drites. Zinc was also encountered for the 
microconstituent of glassy appearance of 
Fig. 15E. EDS measurements revealed 
that its composition matched that of an 
iron-zinc spinel; i.e., FeZn ;04 , a phase we 
however did not try to validate. In Fig. 15F, 
where part of the circular void of Fig. 15A 
is depicted, zinc was also found quite ho
mogeneously distributed over its surface. 
The fact that zinc was found at dendrites 
and voids simply confirms that solidifica
tion cracking occurred. This cracking, best 
revealed in Fig. 15D, can be well under
stood from the binary phase diagram with 
iron (Ref. 30). The Fe-Zn phase diagram 
indicates that zinc rejection from the iron 
solid solution stabilizes a zinc-rich liquid 
at temperatures as low as the zinc melting 
temperature; i.e., a perfect condition for 
cracking to occur, even under normal 
shrinkage conditions. Although this crack

ing is clearly detrimental to the welds, we 
found that chisel-testing zinc-infiltrated 
welds had consistently produced buttons; 
an example that demonstrated that chisel 
testing, and other mechanical tests alone 
would be inappropriate for these particu
lar welds. 

Conclusions 

1) The two DP600 steels were success
fully resistance spot welded to produce 
welds resisting interfacial fracture during 
chisel testing. Low currents (< 10 kA), ex
tended weld times (>25 cycles), and high 
weld forces (> 900 lb, or 4.0 kN) promoted 
weld button formation by producing large 
fusion zones and occasionally deep (but 
acceptable) electrode indentations. The 
greater susceptibility of the DP20 steel to 
produce weld interfacial fracture was con
sidered to be the results of its thicker 
gauge (2.0 mm) compared to the DP18 
steel (1.8 mm). 

2) As explained by carbon equivalents, 
weld fusion zones in DP600 steels contained 
mainly martensite, and weld microstruc
tures in the DP 18 steel were harder than in 
the DP20 steel. The dominant effect of 
sheet thickness was demonstrated by the 
fact that 1.8-mm-thick DP180 steel showed 
lower susceptibility to weld interfacial frac
ture than the thicker DP20 steel, despite its 
higher carbon equivalent number. 

3) Galvanized coatings generally have 
insignificant effects on weld fracture. How
ever, decreasing weld time and increasing 
weld current (not typical in production) re
sulted in zinc ingestion into the fusion zone, 
which caused solidification cracks. In this 
investigation, ingestion of zinc was observed 
at the same time type of fracture changed 
from one type to the other. 

4) Shrinkage voids, recognizable by their 
dendritic surface morphology, were ob
served in many welds. High current, long 
weld time, and high weld force all helped re
duce shrinkage voids. Shrinkage voids were 
less pronounced in the thinner DP 18 steel, 
which also had lower susceptibility for weld 
interfacial fracture. 
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