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Abstract

Structure-properties relationships in dissimilar resistance spot welding of AISI
304 austenitic stainless steel (SS) and AISI 1008 low carbon steel (CS) are investigated.
Differences in physical and mechanical properties of both steel sheets affect resistance
spot weldability of this combination. Weld nugget shape is asymmetrical and the final
fusion line shifts from sheet/sheet interface into the higher resistivity side (i.e. AlSI
304). Fusion zone microstructure was ranged from Ferrite-Austenite-Martensite to full
martensite depending on the melting/dilution ratio of base metals. Criteria for selection
optimum welding condition for dissimilar combination are discussed. It was shown that
generally there is a direct relation between mechanical performance (peak load and
failure energy) and FZ size of low carbon steel side. The peak load of CS/CS and
SS/LCS was nearly same due to the fact that the pullout failure mode of SS/CS welds is
initiated from CS base metal. However, the failure energy of the later was greater than
the former weld which is a function of higher ductility of SS that helps increasing
plastic deformation during process of pullout failure.
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Introduction

Resistance spot welding (RSW) is considered as the dominant process for joining
sheet metals in automotive industry. Typically, there are about 2000-5000 spot welds in
a modern vehicle. Simplicity, low cost, high speed (low process time) and automation
possibility are among the advantages of this process. Quality and mechanical behavior
of spot welds significantly affect durability and crashworthiness of the vehicle [1]
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Resistance spot welding is a process of joining two or more metal parts by fusion
at discrete spots at the interface of work pieces. Resistance to current flow through the
metal work pieces and their interface generates heat; therefore, temperature rises at the
interface of the work pieces. When the melting point of the metal is reached, the metal
will begin to fuse and a nugget begins to form. The current is then switched off and the
nugget is cooled down to solidify under pressure [2].

There are generally three indexes for quality control of resistance spot welds:

i) Fusion zone size (FZS): FZS which is defined as the width of the weld nugget
at the sheet/sheet interface in the longitudinal direction is the most important factors in
determining quality of spot welds.

ii) Weld mechanical performance

Spot weld mechanical performance is generally considered under static/quasi-
static and fatigue loading condition. The tensile-shear test is the most widely used test
for evaluating the spot weld mechanical behaviors in static condition [3]. Peak load,
obtained from the tensile-shear load - displacement curve, is often used to describe spot
welds mechanical behaviors. In addition to peak load, failure energy can be used to
better describe the spot weld mechanical behaviors. Failure energy is a measure of weld
energy absorption capability, and its higher value demonstrates the increase in weld
performance reliability against impact loads such as accidents [4, 5].

iii) Failure mode

Failure mode is the manner which spot weld fails. Generally, the resistance spot
weld (RSW) failure occurs in two modes: interfacial and pullout [6-8]. Fig.1 shows
typical fracture path during mechanical testing of spot weld. In the interfacial mode,
failure occurs via crack propagation through fusion zone (Path A); while, in the pullout
mode, failure occurs via nugget withdrawal from one sheet. In this mode, fracture may
initiate in BM (Path B), HAZ (Path C) or HAZ/FZ (Path D) depending on the base
metal and the loading conditions.
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Fig.1 General fracture path during mechanical testing of resistance spot welds, IF:
Interfacial Failure (Path A), PF: Pullout Failure (Path B, Path C and Path D)

Spot weld failure mode is a qualitative measure of the weld quality. Failure mode
can significantly affect load bearing capacity and energy absorption capability of RSWs.
Generally, the pullout mode is the preferred failure mode due its higher associated
plastic deformation and energy absorption. Thus, vehicle crashworthiness, as the main
concern in the automotive design, can dramatically reduce if spot welds fail via



Mansouri et al- Correlation between Macro/Micro Structure and Mechanical Properties... 135

interfacial mode. The pullout failure mode during quality control indeed indicates that
the same weld would have been able to transmit a high level of force, thus cause severe
plastic deformation in its adjacent components, and increased strain energy dissipation
in crash conditions [9]. Therefore, it is needed to adjust welding parameters so that the
pullout failure mode is guaranteed.

The majority of the research investigations in spot welding have been carried out
on the welding of similar sheets. However, in many applications, spot welds are made
between different materials as mechanical properties are tailored to local requirements
[10]. Despite various applications of dissimilar RSWSs, reports in the literature dealing
with their mechanical behaviors are limited. Resistance spot weldability diagrams and
guidelines are almost for low carbon resistance spot welds. There are few documented
data for spot welding of stainless steel. Dissimilar resistance spot welding of low carbon
steel and austenitic stainless steels has been studied by some researchers [11-14].
Alenius et al. [11] studied weldability of various dissimilar metal joint between
austenitic stainless steel and non-stainless steels. They concluded that the strength of the
dissimilar joint in tensile-shear test is dictated by strength and thickness of non-stainless
steels. Poggio et al. [14] studied spot welding behavior of Dissimilar
DP600/304stainless steel joint.

The aim of the present paper is to investigate and analyze structure-properties
relationships of dissimilar AISI 304/AISI 1008 resistance spot welds.

Experimental procedure

A 1.1 mm thick AISI 1008 galvanized low carbon steel (CS) and 1.2 mm thick
AISI 304 austenitic stainless steel (SS) sheets were used as the base metals, in this
research. The chemical composition of galvanized carbon steel (CS) and stainless steel
(SS) is given in Table 1.

Tablel. Chemical composition of test materials (%owt)
Element C Mn Si Cr Ni Mo
SS 0.035 | 1.08 | 0.388 | 18.47 9 0.561
CS 0.065 | 0.404 | 0.095 | 0.017 | 0.032 | 0.004

Spot welding was performed using a PLC controlled 120 kVA AC pedestal type
resistance spot welding machine operating at 50 Hz. Welding was conducted using a 45-
deg truncated cone RWMA Class 2 electrode with 7-mm face diameter. To dissimilar
RSW of SS and CS, welding time and electrode force were kept constant at 12 cycles
and 4.2 kN and welding current was varied step by step from 7 to 14 kA.

The tensile-shear test was used to explore mechanical properties of the joints.
Fig.2 shows the sample dimensions. Samples were prepared following AWS standard
[15]. Mechanical tests were performed at a cross head of 2 mm/min with an Instron
universal testing machine. Peak load and failure energy (measured as the area under the
load-displacement curve up to the peak load) were extracted from the load-displacement
curve (see Fig.3). The Failure mode was determined from the failed samples.
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170 mm

45 mm

105 mm

Fig.2 Sample dimensions of tensile-shear test
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Fig.3 A typical load-displacement curve of spot welds during tensile-shear test

Samples for metallographic examination were prepared using standard
metallography procedure. Optical microscopy was used to examine the microstructures
of the joints. Fusion zone size of the spot welds was measured using optical microscope.
Microhardness test was used to determine the hardness profile of the joints, using a
100g load on a Shimadzu microhardness tester. The microhardness traverses were
performed on a diagonal covering microstructural zones in both sheets. The indentations
were spaced 0.3 mm apart.

Results and discussion

Macro/Micro-struccture of dissimilar SS304/CS RSW

Fig.4 shows a typical macro/micro structure of a dissimilar resistance spot weld
between low carbon steel (CS) and austenitic stainless steel (SS). As can be seen, the
joint region consists of three distinct structural zones:

i) Fusion Zone (FZ) or weld nugget,

ii) Heat Affected Zone (HAZ), and

iii) Base Metal (BM).
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Fig.4 Structure of Dissimilar SS/CS spot weld

Two interesting features of the FZ are as follows:

(i) Asymmetrical shape of the weld nugget. The FZ size and the penetration
depth of the SS side are larger than those of the CS side. Differences in the thermal
conductivity and electrical resistivity of two steel sheets lead to an asymmetrical weld
nugget in dissimilar metal joints. Thermal conductivity and electrical resistivity
significantly affect weld nugget formation and weld nugget growth. It is reported that
the electrical resistivity of austenitic stainless steel and low carbon steels are, 72 and
12uQcem [11], respectively. Lower electrical resistance of carbon steels, which is even
lower for low carbon galvanized steel sheet, and its higher thermal conductivity
compared to stainless steel leads to smaller FZ size in the former.

(if) Unlike similar RSW joints, final solidification line is not located at
sheet/sheet interface but shifts to the higher resistively side; here, stainless steel. Since
the FZ size at sheet/sheet interface is the main controlling factor of the spot weld
mechanical performance; shifting the final solidification line form sheet/sheet interface
towards higher resistively side can affect the mechanical performance.

Fig.5 shows the hardness profile of the CS/SS RSW. As can be seen, the
hardness of the FZ is significantly higher than the hardness of both BMs. Weld FZ
microstructure of dissimilar CS/SS RSWs can be predicted by constitution diagrams
e.g., Schaeffler diagram [16]. It should be noted that the application of this diagram
might be inaccurate due to the very high cooling rates of RSW process. The FZ
microstructure of dissimilar CS/SS RSWs depends on the chemical composition of the
BMs and the dilution (defined as the carbon steel to the weld nugget volume ratio).
Dilution is controlled by welding parameters. In the applied welding conditions the
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dilution was measured as 40%. According to Schaeffler diagram, a martensitic structure
is expected to from in the FZ, as confirmed by the much higher hardness of the FZ
relative to the BMs.

450

BMSS BMCS

400

350

300

250

200 A

Hardness (Hv,100g)

150 A

N
<:
I

' HAZ

100 r r r r r r r
5 -4 -3 -2 -1 0 1 2 3 4 5
Distance From Nugget Center (mm)

Fig.5 A typical hardness profile of SS/CS RSW

The HAZ of CS side experienced significant microstructure alterations as
indicated by by hardness profile. However, it should be noted that, since austenitic
stainless steel base metal is not transformable, no phase transformation occurs in the
HAZ. However, grain structure of this region is affected by welding process. Some
grain growth was observed adjacent to the weld nugget. It worth mentioning that the
extent of grain growth for austenitic stainless steels is a lot less than ferritic steels [17].

A serious matter during austenitic stainless steel welding is the precipitation of
chromium carbides in grain boundaries which can dramatically reduce corrosion
resistance of the joint [17]. In this study, Murakami etching solution (10g KOH, 10g
Ks[Fe(CN)g], 100 ml H,0), which is very sensitive to chromium rich particles, was used
to investigate the formation of chromium carbides in HAZ. However, no such particles
were observed in this region which can be ascribed to resistance spot welding high
cooling rate which in turn significantly reduces the holding time in the temperature
range of chromium carbide precipitation. Low carbon content of the investigated steel
hinders the formation of these detrimental precipitates, too.

Effect of welding parameters on weld attributes

Welding parameters can significantly affect the weld nugget growth and FZ
microstructure. FZ sizes were measured at the sheet/sheet interface in the longitudinal
direction on the metallographic cross section of the welds. Since the weld nugget shape
is asymmetrical, the FZ size were measured at both side: weld nugget width at the
sheet/sheet interface in carbon steel side (CS FZ size) and weld nugget width at the
sheet/sheet interface in stainless steel side (SS FZ size). Fig.6 shows variation of FZ
sizes as a function of welding current. Fig.7 shows macrograph of dissimilar SS/CS
RSWs at various welding current. As can be seen, the FZS of both stainless and
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galvanized steel sides increases with the welding current at a decreasing rate with the
exception of really high currents (more than 11.5 kA) which show a slight decrease in
the FZS due to expulsion.
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Fig.6 Effect of welding current on the FZ size in both SS and CS side

Fig.7 Effect of welding current on the weld nugget growth:
(a) 8KA, (b) 9kA, ()10 kA, (d)11kA,(e)12kA,()13kA,(g)14 kA

Fig.8 shows variation of FZ hardness as a function of welding current. FZ
Hardness of CS/SS RSWs is a function of its microstructure which in turns governs by
the FZ chemical composition which is a mixture of composition of SS and CS.
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According to the Schaeffler diagram the FZ microstructure dictated by dilution ratio. As
can be seen, increasing welding current up to 8.5 KA increases dilution ratio. However,
after this point, dilution ratio is almost independent from welding current. As can be
concluded from Schaeffler diagram increasing dilution ratio of SS304 and CS beyond
21% leads to formation a martensitic structure. According Schaeffler diagram and
corresponding dilution ratios, spot welds made at welding current lower than 8.5kA
exhibit Ferrite+Austinite+Martensite microstructure as verified by low FZ hardness
value of these welds.
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Fig.8 Effect of welding current on the FZ hardness, dilution, failure mode and the
predicted microstructure using Schaeffler diagram

Criteria for selection of optimum welding parameters

In order to selection of optimum welding parameters for SS/CS dissimilar
resistance spot welding the following points should be considered:

i) FZ size is the most important parameters in determination of mechanical
properties of RSWs.The larger the FZ size, the higher the strength is. FZ size is
governed by heat generated during welding process which is in turn controlled by
welding parameters. Generally, the higher the heat input (i.e. higher welding current,
higher welding time and lower electrode force), the higher FZ size is.

ii) Electrode indentation depth should be kept at a minimum value. It has been
shown that increasing indentation depth; decreases the weld load carrying capacity and
the energy absorption capability [6, 18]. The electrode indentation depth depends on
electrode pressure and the temperature of electrode/sheet interface. The later is a
function of heat generated during welding. Increasing heat input increases the electrode
indentation depth.

iii) Severe expulsion (i.e. molten metal ejection from weld nugget) should be
prevented during welding. Increasing heat input increases the temperature of
electrode/sheet interface which in turn increases the degree of plastic deformation that
can occur in the sheet surface under electrode pressure. Spot welds with expulsion
exhibit severe electrode indentation. Also, expulsion can reduce weld nugget size [6].
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iv)Welding parameters should be adjusted such that the pullout failure mode is
obtained during mechanical testing. Spot welds during their service life experience
complex loading condition including shear, tensile, compression, bending and torsion
stresses. In this work, however, the tensile-shear laboratory test can be considered as the
baseline for failure mode based on the fact that the RSWs show greater tendency to fail
in interfacial failure mode during this loading condition in comparison to other ones
such as peel test, coach peel test and cross tension [9]. Accordingly, failure mode during
tensile-shear test is a conservative measure for quality control of spot welds. RSWs
failed in pullout mode during tensile-shear test are expected to fail in pullout mode
during cross-tension, peel and chisel tests. Pouranvari et al. [7] proposed a simple
analytical model to predict minimum FZS required to ensure pullout failure mode of
spot welds during the tensile-shear test. Critical FZS (dc;) was attributed to sheet
thickness (t) and weld nugget to failure location hardness ratio (Hwn/Hg ), as follows:

d —8th
H

“ WN (1)

According to this model, the ratio of the hardness of FZ to the hardness of pullout
failure location is the most important metallurgical factors governing the failure mode
of RSWs. For a constant sheet thickness, those spot welds having low Hez/Hg exhibit
higher susceptibility to the interfacial failure mode. High hardness of the fusion zone
relative to the failure location encourages the failure initiation in the base metal or HAZ.

According to this model, it is needed to adjust welding parameters so that the
dilution is sufficiently high to produce a martensite structure in the FZ. For a
quantitative analysis of failure mode, the minimum FZ size to ensure pullout failure
mode during the tensile-shear test can be calculated as follows:

Failure location during tensile-shear test is where the hardness is lower.
Therefore, the failure location during tensile-shear test of SS/CS RSWs is at CS base
metal. By substituting Hwn/Hes=2.7 (the value is approximately constant for all spot
welds made with Iw>8kA) and tgs=1.1mm in the equation, critical weld size is
calculated to be 3.26mm. Therefore, welding parameters should be adjusted such that
spot weld with nugget size greater than 3.26 mm can be obtained. Effect of welding
current on the failure mode of SS/CS RSWs is shown in Fig.7.

v) Welding parameters should be adjusted such that the carbide precipitation in
the HAZ of stainless steel kept at the minimum value. The precipitation of Cr-carbide
depends on the peak temperature which experienced by the HAZ and the holding time
in the temperature range of chromium carbide precipitation [17]. Increasing the welding
current and welding time increases the risk of carbide formation.

vi) To achieve a sound weld (i.e. without porosity and void), a sufficient
electrode force and holding time should be used. Sufficient electrode force and holding
time guarantees the complete solidification of liquid weld nugget under proper electrode
pressure. It has been proved that longer holding times and higher electrode force help to
reduce shrinkage voids. However, excessive electrode force may reduce the weld
nugget size.

Fig.9 shows the effect of welding current on the peak load and energy absorption
of SS/CS RSWSs. As can be seen increasing welding current up to 11.5kA leads to
increasing peak load and energy absorption. However, increasing welding current
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beyond 11.5 kA does not affect peak load. However, welding currents beyond 11.5kA
reduce energy absorption of spot welds. According to above criteria, the following
welding parameters were selected to obtain a spot weld with good quality:

Electrode force: 4.2 kN

Welding time: 12 cycles

Welding current: 11-12 kA
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Fig.9 Effect of welding current on the peak load and failure energy of SS/CS dissimilar
RSW

With the use of these welding parameters a spot weld with sufficient weld nugget
size (about 6.2-6.5 mm), without expulsion, with a limited electrode indentation,
without porosity and voids in the welds and without carbide-precipitation was obtained
(' See Fig.10). Also, this specimen was failed in pullout failure mode (see Fig.10).

Fig.10 Macrostructure and fracture surface of dissimilar SS/CS RSW made at optimum
welding conditions
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The mechanical strength of spot welds is determined mainly by the weld nugget
size at sheet/sheet interface. As mentioned above, the weld nugget of SS/CS RSW is
asymmetrical and the FZ size of CS side is lower than SS side. Therefore, the
mechanical strength of SS/CS RSWs is determined by CS side FZ size. Fig.11 shows
the effect of CS side FZ size on the peak load and failure energy of SS/CS RSWs. As
can be seen there is direct relations between mechanical performance (peak load and
energy absorption) and FZ size of CS side.
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Fig.11 Effect of FZ size of CS side on the a) peak load and b) failure energy of SS/CS
dissimilar RSW

Comparsion of mechanical properties of similar and dissimilar joints

Peak load of the RSWs depends on several factors including the physical weld
attributes (mainly FZ size and indentation depth), the failure mode and the strength of
the failure location.

Failure energy of RSWs, measured as the area under the load-displacement curve
up to the peak point, can be expressed as follows:

Imax

Energy Absorption = j F dl oc Ppax % Imax
° )

Where, Pn. is the peak load and Il is the maximum displacement,
corresponding to the peak load. Maximum displacement (l,sx) Which represents ductility
of the spot welds depends on the ductility of the failure location. Therefore, the energy
absorption depends on the factors governing the peak load and the ductility of the
failure location.

Three sheet combinations including SS/SS, CS/CS and SS/CS were spot welded
as per welding parameters given in Table 2.

Table2. Welding schedules used to produce spot welds with set-up weld size of 5.5(t)"/2

Joint type Welding current Welding time Electrode force
CSs/CS 11.5 kA 12 cycles 4.2 kN
SS/SS 10 kKA 12 cycles 4.2 kN
CS/SS 11 kA 12 cycles 4.2 kN
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The selected welding schedules were designed to produce a target weld size of
6mm or 5.5(t)"%, where t is the sheet thickness, which is commonly used as maximum
weld nugget size without expulsion. To account for the differences in FZ sizes, the
values of peak load and failure energy were normalized by dividing to FZ size (D). As
can be seen in Fig.12a, peak load of SS/SS is higher than CS/CS RSWs. This is function
of its higher BM strength. However, peak load of CS/CS and SS/CS is nearly same.
This is due to the fact that the PF failure mode of SS/CS welds is initiated from CS base
metal, as indicated in Fig.10. As a direct result of this phenomenon, it can be concluded
that the pullout peak load of the SS/CS is dictated by the CS base metal tensile strength.
Despite the same peak load of SS/CS and CS/CS, the failure energy of former is higher
(see Fig.12b). This can be related to higher ductility and strain hardening coefficient of
SS which helps increasing plastic deformation during process of pullout failure. High
failure energy of SS/SS weld is a function of SS base metal higher peak load and high
ductility as well as its high strain hardening coefficient.
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Fig.12 Comparison of mechanical properties of similar and dissimilar combination a)
Peak load b) failure energy

Conclusions

Resistance spot welding of dissimilar AISI 304 austenitic stainless steel and AlSI
1008 low carbon steel is investigated. From this study the following conclusions can be
drawn:

1-Compared to similar welds, weld nugget of dissimilar SS/CS RSWs has two
distinct features: Asymmetrical shape ( FZ size of SS side is greater than that of for CS
side due to its higher resistivity) and shifting of final solidification line from sheet/sheet
interface into the SS side. As a direct result, the mechanical performance of dissimilar
SS/CS is determined by FZ size of CS side.

2-In dissimilar RSWs of low carbon and austenitic stainless steel, microstructure
and hardness of the fusion zone which are controlled by dilution and fusion zone size of
low carbon steel side mainly govern the failure mode. By increase in welding current,
increasing fusion zone size coupled with the formation a martensitic fusion zone will
lead to transition from interfacial to pullout failure mode.

3-It was shown that generally there is a direct relation between mechanical
performance (peak load and failure energy) and FZ size of low carbon steel side.
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4- The peak load of CS/CS and SS/LCS was nearly same due to the fact that the
pullout failure mode of SS/CS welds is initiated from CS base metal. However, the
failure energy of the later was greater than the former weld which is a function of higher
ductility of SS that helps increasing plastic deformation during process of pullout
failure.
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List of abbreviations:
BM: Base Metal
CS: Carbon Steel
FZ: Fusion Zone
FZS: Fusion Zone Size
HAZ: Heat Affected Zone
IF: Interfacial Failure Mode
Imax :Maximum displacement corresponding to the peak load.
Pmax :Peak load
PF: Pullout Failure Mode
RSW: Resistance Spot Weld
SS: Stainless Steel
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