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Abstract

Resistance spot welding studies at varying current with an 8 mm electrode on steel grades DP980, DP690, TRIP980, and
TRIP780, established that peak strength with sound weld could be achieved at a current range of 9 to 10 kA, where the
nugget diameter was between 6.9 and 7.5 mm. The joint efficiency, measured as hardening ratio was highest in TRIP690 at
2.22 and for higher strength grade it was between 1.37 and 1.51. The softening ratio in the HAZ associated with tempering
of preexisting martensite, was 0.86 to 0.9. Higher fusion strength was associated with alloying content that increased
resistance that increased weld pool fusion that further enhanced the nugget diameter and hence the strength. The TRIP steel
at high cooling rate showed martensite and retained austenite and the DP steel showed martensite content in higher grade
and dispersed ferrite with martensite in the lower DP grade. The Tensile shear strength was lowest (16kN) for DP780, while
for other grades it was between 20 and 22 kN. The strength enhancement in TRIP steel was due to higher weld diameter at
higher current, where partial pull out failure mode was observed. At lower current, the interfacial pull out failure mode was
observed with poor fusion and at high currents partial pull out at HAZ was observed. The Coach peel strength was highest
at 3.2 kN for DP780, 2.2 kN for DP980, 2 kN for TRIP 690 and 1.7kN for TRIP 980 which followed the trend in TSS. The
observed failure may be attributed to the high fusion strength in TRIP steel due to sound nugget and a microstructure of
martensite with retained austenite. The lower strength with DP steels was attributed to low alloyed lath martensite in DP
980 and the lower grade DP780 was softer which was associated with ferrite dispersion in martensite. At very high
currents, the fusion was good but there was a pull out at HAZ due to the softening associated with the tempering of
preexisting martensite that influenced the failure at HAZ failure mode.

Keywords: Dual phase steel; Transformation induced plasticity steel; Resistance Spot welding; Microstructure; Tensile
shear strength

1. Introduction AHSS weld fusion zone (FZ) in DP600 and TRIP780,

generates high heat in weld pool that could lead to

Advanced high strength steels (AHSS) such as
Dual phase (DP) steels with ferritic martensitic
microstructure and Transformation Induced Plasticity
(TRIP) steels with ferrite, bainite, and retained
austenite microstructure, are low carbon weldable
steels that enable light weighting fuel efficient
vehicles. In every vehicle about 2000 to 6000 spot
welds Resistance spot welds (RSW) are made. The
RSW microstructure and mechanical behavior depend
on the steel composition and welding process
variables that include clamping, electrode
configuration, welding current, electrode pressure,
time of current application, and cooling time.

AHSS has alloying element greater than 3%,
which impacts the physical properties mainly
resistivity and conductivity of the steel [1, 2]. Higher
electrical resistivity generates higher heat and high
weld pool volume in fusion zone and lower heat
conductivity retains the heat for longer time [1]. The
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expulsion [3, 4], lack of material to fill nugget or due
to solidification shrinkage, voids and weld defects and
the indentation pressure is critical [1]. The weld
microstructure has grain boundary allotriomorphic
ferrite with Widmanstatten ferrite formation, along
with martensite and retained austenite in FZ [1, 2, 4].
Increasing silicon content, increases resistivity and
during cooling retards carbides promoting retained
austenite [4]. Higher current influences the nugget
formation and martensite transformation [5].

The FZ weld strength is influenced by the weld
current and excess current result in metal expulsion
[6, 7]. A decrease in electrode force increases the
resistance and a higher force decreases heat and
impeded nugget growth [8]. Increasing the heat input
by welding current or time, reduces electrode force
and the cooling rate decreases. The FZ hardness
depends on the hardenability of the steels and the
sheet thickness as well [9]. The HAZ of AHSS goes
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through a softening zone due to tempering of pre-
existing martensite [1, 10]. The degree of softening
due to tempered martensite is a function of the
martensite volume fraction, base metal chemistry,
sheet thickness, heat input and welding process.
Improved weld joint strength in a shorter time pulse
welding causes softening associated with tempered
martensite where the HAZ is minimized [10]. The
amount of retained austenite in the weld metal reduces
after welding in TRIP steel compared to the base
metal [11]. TRIP steel with retained austenite,
increases amount of austenite in weld metal compared
with the base metal. Regions in the HAZ, where the
peak temperatures during welding reaches the inter-
critical (o + y) temperature region containes higher
amounts of retained austenite after welding compared
to other regions in the heat affected zones [12]. The
subcritical heat affected zone has tempered martensite
formation. Grade DP980 with higher content of
martensite is reported to give higher softening than
the lower strength grade of DP steel [13]. The
mechanical behavior of the weld is characterized by
tensile—shear test (TS), and coach peel (CP) test and
the material in FZ fail by interfacial failure (IF) or
material in HAZ by pull out failure (PF) mode [1]. In
a tensile shear test, the driving force for the IF failure
mode depends on the area of the weld nugget in the
sheet/sheet plane [10]. Thicker sheets of DP600 fail
by IF mode [14]. Higher FZ size and higher hardness
decreases the tendency for the IF failure mode. Full-
button pull-out fracture occurs when the weld nugget
size is large, and interfacial fracture occurs, when the
nuggets are small [15]. In PF failure mode, tensile
stresses around the nugget cause plastic deformation
across the thickness that causes some rotation [1, 10,
14, 15, 16]. The PF mode is driven by the tensile
stress induced by the bending moment due to the
overlapping of the two sheets and rotation of the weld
nugget. The necking initiation of PF mode is decided
by the hardness in the FZ and in HAZ or BM.
Interfacial failure to Pullout failure mode transition is
correlated to the increasing FZ size and improved
toughness of the weldment by martensite tempering
both in the FZ and the SCHAZ in a DP 590 steel [14].
Tensile shear test failure is decided by the shear
plastic deformation of the FZ [10]. The tendency for
PF failure is proportional to the ratio of the hardness
of the FZ to the hardness of the pullout failure
location. The DP600 and DP 780 fail at BM and
DP980 fails at HAZ due to low BM hardness. AHSS
with common semi-brittle fracture in hard
bainitic/martensitic microstructures, can be found in
the HAZ and weld nugget of relatively high alloyed
DP or TRIP steels. Fracture surface in soft FZ and for
IF mode exhibits near equiaxed dimples, indicating
that a ductile fracture occurres under tensile stress.
Higher the HAZ strength, the lower the tendency is to

fail in the PF mode.

Literature on spot welding of AHSS as mentioned
above, deals with specific AHSS grades and is
focused on lower strength grades and the welding
process. In the present study the spot welding
characteristics of a DP-980 and TRIP-980 is
compared with lower strength grades DP-690 and
TRIP-780. There is limited information available on
the higher strength grades. The higher strength grades
in the present study, in addition, has higher alloying
elements than those in literature. The relation between
composition and base microstructure and its
correlation to weld quality has been brought out.

2. Experimental

Four cold rolled AHSS steel grades of 1.2 mm
thickness, made at JSW Steel Ltd. were chosen for the
study, namely DP-780, DP-980, TRIP-690 and TRIP-
980. The chemical analysis of the base metal used for
welding studies was determined using ARL 3800
spectrometer. The base metal phase constitution was
established using XRD technique using PANalytical
model. The RSW studies were made using type IS-
800A Amada Miyachi spot weld machine, with power
of 170 kVA/650V and weld checker type MM-370C
(Amada Miyachi). Electrodes of 8.0 mm face
diameter flat tip and a cooling water flow rate of 25
L/min was maintained. The welding machine was
equipped with a medium-frequency inverter to
produce dc current and operate at SOHz frequency.
RSW was carried out as per parameters shown in
Table 1. The welding was carried out on identical
strips overlapped as per geometrical shape of tensile
shear and coach peel shown in Fig.1.

Table 1. Welding parameter chosen as per details shown

S No Parameters Values
| Material DP 690, DP780, TRIP
780, TRIP 980
2 Sheet thickness, mm 1.2
3 Type 3
4 Dressed face dia, mm 8
5 Force, kN 3.6t04.0
6 Cooling, I/min 4
7 Weld time Cy 16
8 Short hold time, cy 5
9 Long hold time cy 90
10 Welding rate (w/min) 20

The samples were welded with flat electrode face
diameter of 8 mm, force varied between 3.6 to 4 kN,
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Figure 1. Schematic of (a) tensile-shear testing specimen,
(b) Coach peel test specimen

a squeeze time of 60 cycle, welding time of 16 s and
hold time of 90 s. The welding current varied between
5 to 13 kA. At each current value, three separate
specimens in each steel, were welded. While two
samples were used for tensile test, the third sample
was used for weld metallography and hardness
evaluation.

The samples were drawn along the direction of
rolling. The current ranges were identified by
determining the lowest welding current that produced
the minimum acceptable weld size. Then, the current
was gradually increased till the weld metal expulsion.
The range of current between I . and I was
regarded as the welding current range. After the RSW,
the samples were tested for nugget diameter (in mm)
of weld joints with respect to weld current. Welded
specimens were sectioned in half and the optical weld
microstructures were observed using model DSX-
510, make OLYMPUS microscope along with base
metal microstructure. The tensile-shear strength
(TSS) test was conducted on the Zwick RKP-250
make universal testing machine at constant strain rate
of 0.008/s. Vickers micro-hardness across the
weldment was measured on polished sample
measured across the cross-section, using a HX-40
model microhardness Tester of Zwick/Roell,

Table 2. Composition of the steels studied

Germany, with a normal load of 0.5 kg and
application of load for a dwell time of 10 second. The
test welds were peeled open and the weld size was
measured using caliper. The failure features of the
tensile shear test and coach peel tests were recorded.

3. Results and Discussions

The present study examined the spot welding
characteristics of 1.2 mm thick steel strips of two
grades each of a cold rolled DP steels (DP-780 & DP-
980) and TRIP steels (TRIP-690 & TRIP-980)
produced at JSW Steel as in Table 1. The effect of
steel composition, welding parameters and their
influence on strength in the FZ, and HAZ that
influenced the weld failure were examined.

3.1. Base Material Characteristics

The carbon equivalent, CE varied between 0.46
and 0.61 as in Table 1 [13]. The high strength steels
DP 980 and TRIP 980 were relatively more difficult to
weld due to higher CE. Both the DP and TRIP steels
had Nb content between 0.01 to 0.07%, which
promoted finer grain sizes in the base metal as shown
in Fig. 2. The DP-980 had 1% higher Mn content than
DP-780, which enlarged austenite field that resulted in
larger fraction of martensite that resulted in higher
hardness in the weld FZ. The higher alloying elements
in DP-980, and TRIP 980 had the C-curve shifted to
right resulting in martensite at lower cooling rate. The
DP-780 had 0.17% Mo, which was a solid solution
strengthener that enhanced bainite. TRIP 980 had
0.05% higher studies carbon than TRIP 690 which
enhanced martensite and retained austenite. The Si
content in TRIP 690 was 1.2% and TRIP 980 was
1.5%, which suppressed the carbide formation that
promoted retained austenite and enhanced higher heat
generation during spot welding.

The higher alloying content in AHSS (Table 1)
enhanced resistivity and the alloying decreased
thermal conductivity which created weld pool at faster
rate and reduced cooling rate that influenced
microstructure [1]. Excessive or uncontrolled heat

Grade wt. % CE
C Mn Si S Al P Nb Cr Mo A% Cu Ni
DP-780| 0.1 2.02 | 0.37 |0.002 | 0.071 | 0.011 | 0.053 | 0.07 | 0.02 | 0.168 | 0.005 | 0.005 | 0.005 | 0.48
DP980| 0.085 | 3.12 0.2 |0.003 | 0.078 | 0.018 | 0.017 | 0.046 | 0.022 | 0.002 | 0.004 | 0.006 | 0.01 | 0.61
T;;{)P 0.2 1.5 1.2 | 0.004 | 0.062 | 0.028 | 0.03 | 0.01 | 0.018 | 0.01 | 0.001 | 0.006 | 0.008 | 0.46
TRIP
930 0.25 2 1.5 0.004 | 045 0.03 0.03 0.04 | 0.023 | 0.01 | 0.001 | 0.011 | 0.009 | 0.59

Carbon Equivalent(CE) = C+Mn/6+(Cr+Mo+V)/5+(Cu+Ni)/15 (as per International Institute of Welding )
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generation resulted in undesirable weld metal
expulsion [4]. Higher strength steels were prone for
lower contact and hence higher electrode force may
be required [4]. A current range higher by 1 kA may
be required for AHSS compared to other structural
steel [1]. Use of higher force may end in electrode
indentation, which had to be controlled below 25%

Table 3. Volume fraction of various phases of as-received
samples of DP & TRIP steels

Phases in %
Steel
Ferrite |Martensite|/Austenite|Pearlite/Bainite

DP 780 56 28 4 12

DP980 52 37 3 8
TRIP690 67 -- 9.3 23.7
TRIP980 49.9 -- 17.4 32.7

HV,, =630 CEY + 188; H,,= 884(1-0.03 C2) +294

[1]. Very high indentation may sometime act as stress
risers [7, 9].

There was a fine distribution of white martensite
phase in a fine grained brown bainite and gray ferrite
matrix (Fig.2). The DP steels had higher fraction of
soft gray ferrite phase and harder phases than TRIP
steel as in Table 3. The hardness and strength were
influenced by the harder bainite, martensite in Table 3.
The presence of higher retained austenite in the TRIP
steels was evidenced in the XRD analysis in Fig. 3.
The base metal mechanical properties is shown in

Table 4 and their stress-strain curves are shown in Fig.
4.

3.2. Preferred Process Parameters for Spot
Welding

The combination of current, load and time ensured
stronger weld in TRIP than DP steel as shown in Table
5. The current range varied between 5 kA and 13 kA
depending on the steel grade, as in Table 5. The lower

Table 4. Mechanical properties of the base material steels studied

Steel Grade Measured Hardness| Calculated Hardness, YS (MPa) | UTS(MPa) %E YS/UTS
(HV,,) HV,,
DP-780 440+17 418.24 574+13 791+35 19.5+2 0.7
DP-980 472+15 446.83 714+21 1040+42 11.4+3 0.66
TRIP-690 554421 504.62 422+17 693+17 43+4 0.62
TRIP-980 566+29 604.24 467+20 945+33 35+3 0.51
Calculated Hardness, HVFZ =630 CEY + 188
Where [12], HVFZ is fusion zone hardness and CEY is carbon equivalence calculated
CE,=%C+A(C) {(5 %B+%S1/24+%Mn/6+%Cu/15+%Ni/20 +%(Cr+Mo+Nb+V)/5}
Where, parameter A(C)= 0.75 + 0.25 tanh [ 20 (%C-0.12)]
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Figure 2. Microstructure of DP 780 and DP 980 in Nital
and LePera etching respectively [Gray - ferrite;
brown — bainite; white — martensite or retained
austenite]

o
2Theta (')

Figure 3. XRD analysis of typical DP and TRIP steel base
metal of equivalent strength showing presence of
minor austenite peaks in TRIP steel and the

absence of the same in DP steel
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Figure 4. Engineering stress strain diagram of the base metal

limit was decided by the minimum weld size and the
upper limit was decided by the expulsion. The lowest
current was 5 kA for DP780 with lower alloying
content and the highest current of 11 kA for both in
TRIP 980 and DP 980 with higher alloying. The range
of current for expulsion of metal [3, 4] during spot
welding of AHSS was found to be between 9.5 and
12.5 kA for a material thickness of 1.5 mm and a
welding time of 10 cycles [18] similar to that in the
present study. The weld strength was highest for TRIP
980 followed by DP980 due to the higher alloying
elements, which enhanced the steel resistance that
promoted larger weld pool and associated nugget
diameter.

The minimum weld size was 4.38 mm in thickness
(4Nthickness) for the sheet thickness of 1.2 mm [12]
and the actual welding was carried out with a 8§ mm

diameter electrode. The RSW of DP and TRIP steel
samples at a current of 9 kA showed that the fusion
buttons were sound with smooth surface morphology
in all the grades (Fig. 5). The diameter of the weld
fusion zones for the different grades, was measured as
shown in Fig. 5. The weld diameter was reported to be
a measure of weld strength [5]. It was seen that the
nugget diameter increased for TRIP steels compared
to DP steel, due to its larger weld pool associated with
higher resistance associated with higher alloying
elements. The fusion zones in all the grades were
sound and integral, without any shrinkage cavity or
defect in the weld surface nugget suggesting that weld
quality for the chosen parameters produced good
quality welds (Fig. 6).

Weld nugget microstructures in FZ and HAZ in
the conventional RSW at a 10 kA was compared for

Table 5. Welding current (kA) range and the highest strength (kN) level

Total Alloying |Weld Start current| . TI'an.SItIOIl of Highest strength| Expulsion Sticking Start
Grade clements % (kA) T interfacial to button (kN) Start (kA) I (kA)
’ min pull-out failure (kA) max

DP 780 2.8 5 10 18.3 11 12

DP 980 3.526 5 11 24 12 12
TRIP 690 2.877 5 9 22.92 10 12
TRIP 980 4.108 5 10 24.5 11 12

TRIP 980 DP 780 DP 980 TRIP 690
6.5 mm 6.9 mm 7.5 mm 7.1 mm

Figure 5. Surface morphology indentation of AHSS at 10 kA
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Figure 6. Resistance spot welding of steels studied at 10kA
showing the joint region can be divided into three
distinct microstructural zones including BM,
HAZ and FZ

all the grades as in Fig. 6. The microstructure showed
a fine equiaxed grain structure close to the surface,
followed by columnar grains grown from the surface
towards the core with a crystal meeting zone. The core
region was completely free of any defects such as
shrinkage porosity, weld discontinuities, cracks etc.
The fineness of the columnar grains was an indicative
of the solidification of liquid pool at a high cooling
rate. The electrode force was adequate as minor
bulging of squeezed metal was seen between the
sheets welded. In the DP780 steel, a small
discontinuity was observed at the edges.

The steels were weldable over a wide range of
welding current and it was seen that the nugget

mTRIP 690 A DP780 X TRIP 980 = DP980

10
-~ 91
£ 8-
57
L
£
Q 54
ko]
g 4
=
ZzZ 34

2 T T T T T

2 4 6 8 10 12 14
Welding Current (kA)

Figure 7. Effect of welding current on nugget diameter
with acceptable current range

diameter increased from 6 kA and 11 kA as in Fig. 7,
which ultimately improved the weld strength. The
nugget diameter peaked at an optimum current of
11kA. Above the optimum current the decrease in
nugget diameter was attributed to the expulsion [1, 6,
7,9, 12, 13]. Expulsion occurred when the molten
metal from the molten weld pool experiences a force
caused by weld nugget expansion (growth) exceeding
the applied electrode force [6, 8, 12]. The weldment
diameter was larger than the minimum required by
standard [4Vthickness or 5Vthickness [12, 13].

(¢) Resistance Spot Welding Characteristics:

The macrostructure of the steel (Fig. 8(a)) and
hardness across FZ and HAZ of the steel BM, FZ and
HAZ microstructures are revealed in Fig. 8(b)-(c).
The micro-hardness measurements, taken across the
weld cross section in samples welded at 10 kA
current, is shown in Fig. 8(b-c). The weld FZ hardness
was twice that of the base metal hardness as in Fig.
8(b)-(c). The TRIP 980 and TRIP 690 showed the
highest hardness due to the higher amount of
martensite and retained austenite formed, in these
grades. The higher alloying element, TRIP effect
added to the base martensite hardness in FZ. The
hardness of DP780 showed lower hardness than
DP980 and the TRIP 690 showed higher hardness
than DP980 due to lower alloying content. The
weldment macrostructures for both DP and TRIP
steels showed fine equiaxed grains nucleated at the
copper surface followed by columnar grains growing
from the sheet surface. This was due to the
solidification of the weld pool due to heat transfer on
the metal surface opposite to metal surface as in Fig.
8(a). The fusion zone showed cast structure and the
HAZ showed the heat-treated microstructure. The
microstructure was governed by solidification phase
transformation where it followed from liquid weld
pool (L) to other phases:

L—> (L +5ferrite) — 406 — ferrite + Austenite —>

6 — ferrite + Martensite + Bainite + Ferrite

The critical cooling rate for martensite formation,
v (K/h), for the steels was given by [12],

log (v) =7.42 =3.13C —0.71 Mn—0.37 Ni —0.34 Cr—
0.45 Mo

It was found that when a critical cooling rate was
more than about 5 K/h, there would be the formation
of martensite in the fusion zone. The fusion zone
showed lath martensite microstructure and the fusion
zone hardness (HV,,) was given by:

HV,, = 630 CE, + 188
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Where, the carbon equivalent, CE, as a function of
steel composition.

% Si/24+% Mn/6+

CE, = % C+A4| % Cu/15+% Ni/20+ )
(%Cr +%Mo+%Nb+%V )/ 5

Where, the parameter,

A(C) = 0.75 +0.25 tanh [20 %C (%C-0.12) Q)

The FZ of TRIP 690 and TRIP 980 showed
martensite and retained austenite phases. Higher
amount of retained austenite with martensite
increased the hardness of the fusion zone. The TRIP
effect ensured higher hardness than DP steel. The
martensite hardness was also a function of carbon
content and alloying elements. The microsegregation
associated with cellular solidification enhanced the
retained austenite streaks embedded with martensite
laths. The fusion zone consisted of large lath type
martensite grains [Fig. 9 & 10]. In TRIP steel, the
microstructure showed bainite and martensite due to

the presence of high Si content. The white streaks
along the laths were retained austenite which showed
TRIP effect [Fig.9].

At the HAZ, the TRIP980 steel showed lath type
martensite and TRIP690 had bulky martensite in the
HAZ. 1t exhibited lower fraction of retained austenite
near the base metal due to transformation to
martensite. The percentages of ferrite, retained
austenite and martensite changed along the HAZ
thickness. The measured hardness in one half sections
of the weld zone, is shown in Fig. 8(c). The weld
strength was influenced by the hardenability and solid
solution strengthening by the Mn and Si contents. The
HAZ in a AHSS weldment may be divided into three.
The upper critical HAZ, where temperature was
above A ,, where coarse grained structure with
martensite formation in TRIP780 [12]. Intercritical
HAZ, where the temperature was between A and A ,,
where ferrite and austenite were formed, which on fast
cooling transformed the HAZ to martensite, bainite,
pearlite or bainite. Sub-critical HAZ below A, where
the martensite or bainite formed initially got tempered
resulting in a lower hardness than BM in a narrow

Table 6. Hardness characteristics of resistance spot welds in 1.2 mm thick steel sheets [12]

Referred [12] Hardening Ratio Softening ratio
Grade (1.5 mm) Waw | BVaw 1 WVe gy av,) | |V, HY,,)
DP780 1.68 298 257 440 1.47 0.86
DP980 1.9 343 312 472 1.37 0.9
TRIP 690 251 218 554 2.22 0.86
TRIP 980 373 329 566 1.51 0.88
Weld efficiency: Hardening Ratio =(Hardness),/ (Hardness)g, .. yieuts
Softening Ratio= (Hardness)min /(Hardness)Base Metal
® 600 4DP980 _ ©DP780__ =TRIP690 - TRIP 980
550 - 600
500 - G
S 400 A y ; S ,
= 350 - '\.—-/'{ \ i > 400 1
; 300 - ®-TRIP 690 \/._' ; 300
2 250 DP780 ) - a g 1
E 200 &-TRIP 980 E —
150 DP980
100 — T T 7T T T T 100 5 . . :
12 3 4 5 6 7 8 9 1011 12 0 2 a 6 8 10

Distance from Nugget Centre

Distance from Base Metal to Nugget Centre

Figure 8. The location of micro-hardness indentations (a) and micro-hardness profiles in the entire cross-section of spot
weld (b) and hardness on one half of weld nugget (c)
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zone [12]. The martensite content in a HAZ increased
with increase in heating temperature. It was seen that
there was a weld softness observed in the HAZ
towards the base metal zone (Fig.8(c)) similar to other
studies [16]. The softness was associated with the
tempering of the preexisting martensite in the steel as
shown in Fig. 8(c) [12]. This softness in HAZ led to
pull out failures. The lowering of hardness in the HAZ
was related to grain growth, and the softening in a
narrow range in the subcritical heat affected zone was
due to the tempering of the pre-existing martensite in
the steel. Depending on the chemical composition of
AHSS and the initial BM microstructure, the hardness
profile of spot welds of carbon steels may exhibit
hardening in FZ and softening in the HAZ. The
hardening ratio and softening ratio, an equivalent of
weld efficiency is given in Table 6 [12]. The
hardening ratio for TRIP steel was higher than DP
steel, which may be attributed to higher relative
hardness between the FZ hardness and the base metal.

Base metal

Heat affected zone _

it
3

e

The TRIP 980 steel showed comparable hardening
ratio marginally higher than DP steel due to higher
hardness of base metal with highest alloying with Mn
and Si. The hardening ratio for TRIP690 was higher
due to the lowest base metal hardness. In fact, because
of this grade’s strong intrinsic hardenability,
undesirable hard microstructures could be produced
quite quickly in the heat affected zone (HAZ) of
welded joints [19].

The predicted hardness and the measured hardness
of the welds are shown in Table 4. In the DP steels, the
measured hardness was higher than calculated
hardness probably due to finer grain size, as the
equation did not have a grain size factor. In addition,
the equation did not factor in the effects of retained
austenite. In the DP steel, the martensite fraction
decided the hardness. In the case of TRIP steels, the
measured hardness was either equivalent or lower
than theoretical hardness. This may probably be due
to the presence of retained austenite phase. The DP

Fusion zone

Figure 9. The optical micrograph of weld sample including base metal, heat affected zone and fusion zone.spot weld (b)
and hardness on one half of weld nugget (c)




A.K. Akela et al. / J. Min. Metall. Sect. B-Metall. 59 (1) (2023) 155 - 167

163

steel base metal had martensite dispersion in ferrite. It
was reported in thin samples 0.8 to 2 mm thick AHSS,
the cooling rate at the FZ was of the order of 8000 to
2000 °C/s [5]. The critical cooling rate for AHSS was
of the order of 500 °C/s. Hence, the formation of
martensite was predominant in TRIP 980 and TRIP
690 which made them brittle. The DP980 and DP780
grades had lower hardness associated with lower
alloying content.

The HAZ went to temperature below Acl
temperature, and the cooling rate was still fast enough

#TRIP 690 +DP780

30

to form martensite. The microstructure showed island
of ferrite [Fig. 9 than HAZ] which was the reason the
steel was softer compared to FZ. The extent of
martensite decided the hardness (Fig. 8(b)). Peak
temperatures at HAZ during welding was typically
below the martensite tempering temperature (i.c., <
200 °C) earlier reported by Hsu et al. [11]. Within the
HAZ, the peak temperature was well above Ac,,
resulting in complete austenitization and grain
growth.

Spot welds in automotive structures in service,

+¢TRIP 980 +«DP980

25

20 -

15 -

10 -

Tensile Shear Strength (kN)

0 T T

4 6 8

10 12 14

Welding Current (kA)

Figure 11. Tensile shear strength increases with increase in current and above a peak current the shear strength
decreases due to weld expulsion
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experienced significant shear loading, due to the
relative displacement hence the Tensile shear strength
(TSS) was measured. The TSS of the weld measured
the force experienced by the joint for failure. Larger
the TSS, better was the strength. The TSS increased
with increasing current, peaking at about 10 kA
current, as in Fig.11, due to the better bonding in the
weld. At very high currents the TSS taper due to
expulsion [17]. The TSS was found to increase in
proportion to nugget diameter [5]. The highest weld
strength was observed in TRIP980 and TRIP 690 and

Weld Current
S KA

(Interfacial)

9 kA
(Partial Pullout
fracture)

TRIP 980

TRIP 690

TRIP 690

the least with DP780 probably due to higher retained
austenite in the steel. The TSS test failure mode at
lower current of 5 kA showed interfacial pull out of
the weld fusion zone (Fig. 12), associated with lower
strength at the fusion zone. At higher weld current of
9 kA, where the strength was highest the failure
transformed to partial pull out fracture mode. At still
higher current of 9 kA, the failure mode transformed
to partial pull out especially initiated in the HAZ. The
softer tempered martensite initiated the failure due to
its soft strength. AHSS predominantly fail by

Failure mode were observed after the Tensile-Shear Test
TRIP 980

DP 780 DP 980

L-al "ol "6l N %

Failure mode were observed after coach peel test

DP 780 DP 980

S5 kA
(Interfacial)

9 kA
(Partial Pullout
fracture)

Figure 12. Failure Modes in the tensile shear test samples and coach peel test at 10 kA

Tensile Shear Strength (kN)

27

Coach Peel Strength (kN)

24
21
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15
12

19.2

Weld Strength (kN) at 9KA

S W N O

DP780

DP980

22.92 22.98

TRIP 690 TRIP 980

Steel Grade
Figure 13. Tensile shear & Coach peel strength at 10 kA current
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interfacial failure mode [10]. In TRIP steels there was
the formation of retained austenite along the
martensite laths that enhanced the TSS. In DP980, as
well more martensite in FZ enhanced strength, while
in DP780 the presence of ferrite deteriorated the
strength.

The coach peel test on the steel, showed highest
strength in TRIP980 and TRIP690. The lowest
strength was realized with DP780 steel. This followed
the trend same as that of the TSS (Fig. 12). The peel
test at 5 kA showed interfacial failure in peel test,
which implied poor weld strength. In DP800 and
TRIP800 welds, the failure mode had a very strong
influence on both peak load and energy, failure energy
was significantly affected by the way in which spot
weld fails [10, 15]. The tortuosity of crack path in the
pullout mode would dissipate more energy and was
preferable to the interfacial failure mode, which did
little to deflect the direction of crack propagation.
Spot welds with good mechanical performance had
spot welds that failed in the pullout mode, rather than
in the interfacial mode [10, 15].

The TRIP980 and TRIP 690 had the highest
strength TSS and lowest coach peel resistance at 10
kA (Fig.13) welding current in accordance with the
weld hardness of FZ shown in Fig. 8(b), where the
microstructure in Fig. 9 showed, lath martensite with
retained austenite. The DP steel grades at same
conditions showed lower shear strength and higher
coach peel strength (Fig,13) due to lower hardness of
FZ as in Fig.8(b) with softer bainitic fraction with
martensite fraction Fig. 9.

4. Conclusions

1. Resistance spot welding characteristics of the steel
grades DP780, DP980, TRIP690, and TRIP980 steel
grades, with an 8 mm electrode, over a range of
current, showed that the weld strength peaked for a
current range of 9 to 10 kA current, where nugget
diameter was high and harder martensite and retained
austenite phases are formed.

2. The weld strength was highest in TRIP steel
associated with higher alloying content that increased
the steel resistivity that resulted in the ease of molten
pool formation in Fusion zone. At low current
inadequate fusion resulted and at very high currents
there was metal expulsion.

3. The weld fusion zone at 10 kA gave sound nugget
with nugget diameter varying between 6.5 and 7.5.
The weld microstructure showed columnar grains
indicative of high cooling rate during solidification
where columnar grain was observed.

4. TRIP steel showed lath martensite with bainite
with retained austenite which enhanced the hardness.
The DP steel showed lath martensite with low
alloying content and some ferrite was retained in

lower DP grade. The HAZ in the TRIP steel showed
softening associated with tempering of pre-existing
martensite.

5. Hardness measurement across the weld nugget
showed that the weld efficiency as measured by
hardening ratio was 2.22 for TRIP690 and for other
grades it was between 1.37 and 1.51. The softening
ratio associated with tempering of pre-existing
martensite was found to be between 0.86 and 0.9. The
measured hardness was higher than theoretically
predicted hardness probably due to the absence of
grain size and presence of retained austenite fraction
in the steel.

6. Tensile shear strength and Coach Peel test were
done in RSW done at 10 kA current. The tensile shear
strength was lowest for DP780 where the strength was
lowest (16kN) while it was between 20 and 22 kN for
other grades. The Coach peel strength was highest for
DP780 at 3.2kN, DP 980 at 2.2 kN, TRIP690 at 2kN,
and TRIP980 at 2.2 kN.

7. The observed failure in the steel in the tests could
be related to the weld fusion zone and HAZ.
Interfacial failure was observed at lower currents due
to inadequate fusion zone formation. TRIP steel with
high TSS could be obtained with martensite and
bainite with retained austenite. Lower TSS strength
and Peel strength in DP steel was associated with low
strength lath martensite. In lower DP grade, the
presence of ferrite softened the weld zone. When the
weld zone was strong at high currents with sound
nugget, pull out failure occurred in the HAZ which
was softer, associated with the tempering of pre-
existing martensite.
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STUDIJA ZAVARLJIVOSTI DVOFAZNOG CELIKA I CELIKA SA
TRANSFORMACIJSKI INDUKOVANOM PLASTICNOSCU U AUTOMOBILSKOJ
INDUSTRLJI

A.K. Akela, H. Shashikumar, J.N. Mohapatra, R. Singh, D.S. Kumar, G. Balachandran

JSW Steel Ltd. Torangal, Karnataka, Indija
Apstrakt

Studije elektrootpornog tackastog zavarivanja pri promenljivoj elektricnoj struji i sa elektrodom od 8 mm na Ccelicima
DP980, DP690, TRIP980 i TRIP780, pokazale su da se maksimalna cvrstoc¢a na dobro zavarenom spoju moze posti¢i kada
Jje struja u opsegu od 9 do 10 kA i kada je precnik zavarenog otiska izmedu 6,9 i 7,5 mm. Efikasnost spoja koja se merila
kao odnos stvrdnjavanja, bila je najveca kod TRIP690 sa vrednoscéu od 2,22, dok je kod celika sa vecom cvrstocom iznosila
izmedu 1,37 i 1,51. Odnos omeksavanja u toplotnoj zoni iznosio je izmedu 0,86 i 0,90, a povezan je sa temperovanjem
postojeceg martenzita. Veéa cvrstoca fuzije povezana je sa sadrzajem legura koji povecava otpor i stvara veci otisak fuzije
zavarenog spoja, §to dalje poveéava cvrstocu. Celik TRIP pri brzom hladenju pokazuje prisustvo martenzita i zaostalog
austenita, dok celik DP u visem rangu pokazuje veci sadrzaj martenzita, a u niZem rangu rasprSeni ferit u martenzitu.
Smicajna cvrstoca bila je najniza (16 kN) kod DP780, dok je kod ostalih celika iznosila izmedu 20 i 22 kN. Poboljsanje
¢vrstoce kod TRIP Celika se javlja kao rezultat veceg precnika zavarenog otiska pri vecoj struji, kada se javlja i delimicno
otkazivanje. Pri nizoj struji primecuje se otkazivanje interfejsa sa loSom fuzijom, a pri visokim strujama delimicno
izvlacenje u toplotnoj zoni utvrdeno je kao nacin otkazivanja. Cvrstoca ljustenja (Coach peel strength) bila je najveca kod
DP780 (3,2 kN), zatim kod DP980 (2,2 kN), TRIP690 (2 kN) i TRIP980 (1,7 kN), Sto prati trend rastezne cvrstoce (TSS).
Primeceno otkazivanje moze se pripisati visokoj cvrstoci fuzije kod TRIP Ccelika usled prisustva dobrog otiska i
mikrostrukture martenzita sa zadrzanim austenitom. Niza cvrstoca kod DP Celika pripisuje se nisko legiranom prizmenom
martenzitu kod DP980, dok je nizi rang DP780 bio meksi, sto je bilo povezano sa disperzijom ferita u martenzitu. Pri veoma
visokim strujama, fuzija je bila dobra, ali se javljalo izvlacenje u toplotnoj zoni usled omekSavanja povezanog sa kaljenjem
prethodno postojeceg martenzita, Sto je uticalo na otkazivanje u toplotnoj zoni.

Kljuéne redi: Dvofazni celik; Celik sa transformacijski indukavanom plasticnoséu; Elektrootporno tackasto zavarivanje;
Mikrostruktura; Smicajna c¢vrstoca
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