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Abstract: The failure of resistance spot welds through the fusion zone along the sheet/sheet interface
(i.e., interfacial failure) is critical for automotive crashworthiness. This paper investigates the effect
of fusion zone hardness on the interfacial failure behavior of resistance spot welds during the
tensile-shear test. AISI 1040 medium carbon steel, producing a high level of hardness mismatch
during resistance spot welding, was selected as the base metal. By ex situ tempering heat treatment,
various levels of fusion zone hardness are achieved in the welds with constant fusion zone size. It is
shown that the interfacial failure of the spot welds is a competition between ductile shear failure and
rapid crack propagation. It is found that there is a critical fusion zone hardness beyond which the
interfacial failure mechanism transitions from ductile shear failure to rapid crack propagation. In
welds with high fusion zone hardness, the mechanism of interfacial failure is rapid crack growth, and
fusion zone fracture toughness is the governing factor for the interfacial failure load. Conversely, in
welds with low FZ hardness, the mechanism of interfacial failure is a ductile shear failure, and fusion
zone hardness would be the governing factor for the interfacial failure load.

Keywords: interfacial failure mechanism; ductile shear failure; rapid crack propagation; hardness;
fracture toughness

1. Introduction

Steel has long been the primary material of choice for automotive manufacturers due
to its capability to meet the requirements of the automotive industry, such as performance
flexibility, low cost, weight reduction, crash safety, fuel economy, durability, and recycla-
bility. Typically, more than 50% of the total weight of a modern vehicle consists of steel.
Most of this steel is found in the skeleton structure of the automobile, which is called
body-in-white (BIW). A newer generation of automotive steel grades called advanced high
strength steel (AHSS) with an excellent combination of strength and ductility has been
introduced to reduce vehicle components” weight by up to 25% without compromising
crashworthiness [1-5].

BIW assembly is the process where various sheet metal components are welded to-
gether. Among different welding methods, resistance spot welding (RSW) is the primary
joining method to assemble steel car body components due to its low cost, high-speed oper-
ation, and automation possibility. Generally, BIW in a modern vehicle contains thousands
of spot welds [6,7]. However, the RSW of AHSS is accompanied by metallurgical challenges.
The specialized multiphase microstructure of AHSS is destroyed due to RSW thermal cycle.
Extremely rapid cooling rate induced by water-cooled copper electrodes leads to martensite
formation in the fusion zone (FZ) of AHSS RSWs (except for 2nd generation AHSS) [8-10].
The brittleness of the hard martensite can result in an overmatched hardness in the FZ
of spot welds affecting weld ductility and failure mode transition [7,8,11,12]. Although
an overmatched nugget is beneficial from the failure mode point of view, an excessive
hardness in FZ could result in brittle cleavage fracture [13,14]. Moreover, Zhang et al. [15]
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showed that the hardnessmismatch factor (i.e., hardness ratio of the fusion zone to the
base metal) directly affects the degree of strength loss caused by LME cracks in RSW of
Zn-coated AHSS. It was found that LME cracks have a far more detrimental impact on
RSW strength under a low hardness ratio compared to when the hardness ratio is high.
Another challenging issue that was reported for AHSS RSWs is their high suscep-
tibility to fail in interfacial mode (IF) while exposed to mode II loading conditions (e.g.,
tensile—shear loading) [14,16,17]. According to Pouranvari [18], there are two distinct
mechanisms for the interfacial failure of AHSS spot welds during tensile-shear loading:

(i) Ductile shear failure: interfacial failure occurs when the induced shear stress at the
sheet/sheet interface exceeds the ultimate shear strength of the FZ (trz). Under such
circumstances, the failure load in IF mode (P ;) can be expressed as Equation (1):

37'[ 2
Pjp= —D 1
1F= 7D Trz 1)

where D is the nugget diameter and 7ry is the ultimate shear strength of FZ. Since there
is a linear relationship between shear strength and hardness of steels, Equation (1) can be
modified as follows:

Pjp= 1.11D%*Hg, (2)

(ii) Rapid crack propagation: interfacial failure occurs when stress intensity factor Ky at
the notch tip reaches the critical stress intensity factor K¢ or fracture toughness of the
FZ. Under such circumstances, Equation (3) can be applied to estimate the failure load
in IF mode.

Prp= 1.44DV/tK¢ (3)

Therefore, interfacial failure strength in the ductile shear failure mechanism is gov-
erned by the FZ hardness, while interfacial failure in the second mechanism is dictated by
the FZ fracture toughness [18].

In the previous study by Pouranvari [18], the ratio of the fracture toughness to the
hardness of the FZ was introduced as the critical governing factor determining the interfacial
failure mechanism. However, experimental determination of fracture toughness of RSW
nuggets is impossible by traditional methods. Therefore, the FZ hardness value is the main
criterion governing the interfacial failure mechanism in the current study. This study aims
to determine in what range of hardness values the interfacial failure load is dictated by
FZ hardness and in what range it is governed by FZ fracture toughness. For this purpose,
examining interfacial failure behavior in a wide range of FZ hardness is necessary. AISI
1040 steel, containing a relatively high amount of carbon, can produce high hardness after
martensitic transformation. By conducting ex situ tempering heat treatment after RSW, it is
possible to achieve different hardness levels in the FZ. This characteristic enables us to study
the effect of FZ hardness on interfacial failure behavior while the nugget size is constant.

2. Materials and Methods
2.1. Materials

A 2 mm thick uncoated AISI 1040 steel sheet was selected as the base metal for this
study. The chemical composition and room-temperature mechanical properties of this steel
were determined by quantometer analysis and tensile test (based on ASTM E8 standard),
the results of which are given in Table 1. Figure 1a illustrates the engineering stress—strain
curve of the as-received AISI 1040 steel showing discontinued yielding behavior. This grade
of steel was selected due to its high hardenability leading to a high level of hardness mismatch
after resistance spot welding. The relatively high carbon concentration in this steel (0.4%wt.)
enabled us to produce a high level of hardness mismatch after RSW that can be reduced to
various levels by ex situ tempering heat treatment, as will be discussed later. AISI 1040 steel
exhibits a ferrite-pearlite microstructure, as illustrated in Figure 1b. This microstructure does
not undergo any phase transformation while exposed to tempering heat treatment.
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Table 1. Chemical composition and mechanical properties of the investigated AISI 1040 steel.

Chemical Composition (%owt.) Mechanical Properties
C Mn Si Cr Ni P S YS(MPa) UTS(MPa)  EL (%)
0.4 0.54 0.27 0.09 0.064 0.004 0.002 350 575 29

YS, yield strength; UTS, ultimate tensile strength; and EL, total elongation.
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Figure 1. (a) Engineering stress—strain curve, and (b) Light optical micrograph of the investigated
AISI 1040 steel.

2.2. Resistance Spot Welding Procedure

The steel sheet was cut into 100 x 25 mm coupons along the transverse direction.
Sheet specimens were overlapped by 25 mm, and a resistance spot was welded at the center
of the overlapped region, as seen in Figure 2. RSW was performed using a PLC-controlled,
120 kVA AC pedestal-type RSW machine. 45-degree truncated-cone RMWA class two
electrodes with an 8 mm face diameter were used for spot welding. Since this research aims
to investigate the interfacial failure of spot welds, welding parameters must be optimized
to produce a weld to fail in IF mode during the tensile—shear test and simultaneously be
larger than the 4t%5 weld sizing criterion. The best welding schedule that can produce such
a weld with a nugget diameter of 6.5 mm is given in Table 2. These parameters were kept
constant for all specimens to produce the same weld nugget sizes.

F gl T

25 mm

175 mm

Figure 2. Schematic of specimen dimensions for tensile-shear test.

Table 2. Welding parameters applied in RSW process.

Electrode Pre Squeeze Squeeze Weld Weld Time Hold Time
Force (kN) Time (ms) Time (ms) Current (kA) (ms) (ms)

55 600 800 9 400 200
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2.3. Ex Situ Tempering Heat Treatment

After welding, the tensile-shear and metallographic specimens were subjected to
tempering heat treatment in a salt bath furnace. They were tempered within the 250-650 °C
temperature range with a dwell time of 15 min by being immersed in a molten salt bath.
It is well known that heat treatment in salt bath furnaces can lead to more accurate and
reproducible results due to the fact that the heat transfer rate in molten salt is much greater
than in other heating mechanisms, such as radiation or convection through the gas. Owing
to the wide tempering temperature range in this study, three combinations of salt types with
different operating temperatures were chosen following their melting and decomposition
points, as shown in Table 3. Note that the listed mole fractions for KNO3-NaNOj; and
NaCl-CaCl, refer to their eutectic compositions according to the phase diagrams of the
corresponding salts. Temperature checks were frequently made with a laser thermometer.
Specimens subsequently cooled down to room temperature in the air. Specimens were
coded as AW and PT; the former refers to the as-weld condition, and the latter refers to
the post-weld tempered condition. Two tensile-shear specimens and one metallographic
specimen were prepared for each condition.

Table 3. Tempering heat treatment condition of each specimen after RSW.

Specimen Code Tempering Temp (°C)  Tempering Time (min) Salt Composition
AW - - -

PT1 250

P12 300 KNO3-NaNOj3
P13 350 15 (54-46 mol.%)
PT4 400 Yo
PT5 450

PT6 500

PT7 550 15 KNOs
PT8 600 15 NaCl-CaCl,
PT9 650 (52-48 mol.%)

2.4. Microstructure and Micro-Hardness Characterization

As-weld and tempered specimens were cut at the middle section, followed by a
conventional metallographic procedure including mounting, grinding, polishing, and
chemical etching (2% Nital reagent). Optical microscopy (OM) was used to observe the
FZ microstructure of spot welds. In addition, micro-hardness tests were carried out on
metallographic specimens to measure the FZ hardness in as-weld and tempered conditions.
A Buehler Vickers micro-hardness tester did these measurements with an applied load of
500 g and a dwell time of 15 s. These measurements were conducted at six points with a
spacing of 0.5 mm located at the center of the nugget, as seen in Figure 3. The mean of the
six values was calculated and reported as the FZ hardness of the welds.

BM

FZ 3%

Figure 3. Schematic positioning of the hardness measuring points (FZ: fusion zone, BM: base metal).

2.5. Mechanical Testing and Post-Failure Analysis

To compare the mechanical properties of spot welds in as-weld and tempered con-
ditions, tensile-shear tests were carried out at a crosshead speed of 5 mm/min using
an Instron universal testing machine. Figure 4 shows a typical load—displacement curve
obtained from an experimental tensile—shear test along with the corresponding specimen



Metals 2023, 13, 1076

5o0f 14

gripped into the testing machine. To describe the mechanical performance of the welds,
two important parameters were extracted from the corresponding load—displacement
curves, including peak load (Pmax) and failure energy (Wmax). Pmax is measured as the
peak point in the load—displacement curve, and Wi,y is measured as the area under the
load—displacement curve up to the peak load. An Olympus stereograph microscopy was
used to examine the interfacial fracture surfaces after the tensile-shear test. Field emission
scanning electron microscopy (FESEM) fractography was also conducted to determine the
failure mechanisms of spot welds.

Load (kKN)

Displacement (mm)

Figure 4. Typical load—-displacement curve of spot welds during tensile shear test.

3. Results and Discussion
3.1. Microstructure and Hardness Characteristics

Figure 5a illustrates the overall macrostructure of the AISI 1040 steel resistance spot
weld made at 9 kA, indicating a microstructural gradient across the weldment. It can
be divided into three different regions, including fusion zone (FZ), heat-affected zone
(HAZ), and base metal (BM). It can be seen that FZ consists of columnar grains which grow
directionally from the fusion boundary toward the weld centerline. Figure 5b shows a
needle-like martensitic structure inside the columnar grains due to the quenching effect
of water-cooled copper electrodes and the short welding cycle. Due to the formation of
medium-carbon martensite in the FZ, the average hardness of this zone reached 610 HV,
which is more than triple that of BM hardness (190 HV). Figure 5c shows the transition zone
between HAZ and BM at a closer view. The HAZ is divided into inter-critical HAZ (ICHAZ)
and upper-critical HAZ (UCHAZ). ICHAZ exhibits a dual-phase microstructure consisting
of ferrite and martensite, while UCHAZ exhibits a fully martensitic structure with coarse
grains. The hardness of UCHAZ was similar to that of FZ. Note that no significant phase
transformation occurred in the sub-critical HAZ (SCHAZ) of the investigated steel since it
has a ferritic—pearlitic structure.

Tempering spot welds at different tempering temperatures creates FZ microstructures
consisting of martensite with different degrees of tempering. The degree of tempering is
fundamentally determined by carbon diffusion, controlled by time and temperature. The
latter one is variable in this study. Figure 6 shows the effect of tempering temperature on
the extent of martensite tempering. FZ microstructure of the as-weld specimen consists
of an entire lath martensitic structure (Figure 6a). Martensite laths have been somewhat
recovered at 300 °C (Figure 6b). FZ microstructure of the PT7 specimen, tempered at 550 °C,
shows fine dispersion of cementite precipitates (Figure 6¢). Tempering at an even higher
temperature (650 °C) leads to a coarsening of cementite particles, as seen in Figure 6d.
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Figure 5. (a) Overall macrostructure of AISI 1040 steel resistance spot weld made at 9 kA, (b) FZ
microstructure, and (c) HAZ/BM microstructure.

(a) - o

50 um

Figure 6. Optical micrographs of FZ microstructure in (a) AW, (b) PT2, (c) PT7, and (d) PT9 conditions.

Figure 7a shows the average FZ hardness values for as-weld and tempered specimens.
As expected, the FZ hardness decreased gradually by increasing the tempering temperature.
The average FZ hardness of the PT9 Specimen, which is heavily tempered, became equal
to the hardness of the base metal. Figure 7b illustrates the tempering temperature effect
on the FZ hardness of AISI 1040 steel spot welds. It can be seen that the hardness drop is
sharper in temperature ranges of 300400 °C and 500-650 °C.
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Figure 7. (a) Variation in FZ hardness for different tempering conditions, and (b) effect of tempering
temperature on average FZ hardness of AISI 1040 steel spot welds.

3.2. The Tensile—Shear Properties

Figure 8a shows the tensile shear load—displacement curves of the as-weld and tem-
pered specimens. To avoid overlapping, the load—displacement curves of PT2, PT4, PT6,
and PT8 specimens have not been plotted. The failure mode of all specimens under various
conditions during the tensile shear test was interfacial or partial interfacial. As can be
seen, tempering heat treatment and reduction in FZ hardness have a profound effect on
the load-displacement characteristics of the welds. Peak load and failure energy values for
each specimen condition were plotted in Figure 8b. The former parameter is an indication
of weld strength, while the latter is an indication of the toughness and energy absorption
capability of the weld. As illustrated, the mechanical properties of the as-weld condition in
terms of Prax and Wax are the least compared to heat-treated specimens. By tempering
at 250 °C, the mechanical properties start to enhance but interestingly decrease slightly
at 300 °C. This loss in mechanical properties can be attributed to tempered martensite
embrittlement (TME) at this temperature. TME is an irreversible phenomenon during
tempering at 260-350 °C. There are conflicting reports in the literature regarding the precise
mechanism of this phenomenon. The most common mechanism for TME is cementite
precipitation on prior austenite grain boundaries or interlath boundaries due to the ther-
mal decomposition of retained austenite. It has also been reported that the segregation
of impurities such as phosphorous and nitrogen at prior austenite grain boundaries can
increase the level of embrittlement. Therefore, it is suggested that the combined effects
of these two factors must be considered for TME [19,20]. The susceptibility of medium
carbon steels to this kind of embrittlement during tempering has been reported by several
researchers [21-24].

(a) (b)
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- —PT5 5 =
5 gﬁ o 5 10,8
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Figure 8. (a) Load—displacement characteristics of the welds under various conditions, and (b) variation
in mechanical properties in terms of peak load and failure energy for different tempering conditions.
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As the tempering process continues at higher temperatures, the mechanical properties
enhance sharply until they reach their optimum values at the tempering temperature of
450 °C (PT5 specimen). The average hardness of FZ in this condition was measured as
392 HV. However, the mechanical properties show a downward trend by further decreasing
FZ hardness from 400 HV to 200 HV through tempering treatment. This conflicting behavior
is due to the transition in the interfacial failure mechanism discussed in the following.

To better understand the effect of FZ hardness on the mechanical properties of the welds,
another graph was plotted in Figure 9a, showing Pmax and Wax versus FZ hardness. It can
be seen that in FZ hardness less than 450 HV, peak load and FZ hardness have an almost
linear relationship. This indicates that interfacial failure of spot welds with FZ hardness less
than 450 HV would follow the hardness-based approach model in Equation (2). To confirm
this point, the Prr of AISI 1040 steel spot welds, along with other data extracted from the
literature [7,12,14,25-38], was plotted against D?Hgy in Figure 9b. In this plot, the D of the
AISI 1040 spot welds is constant and equals 6.5 mm, while Hrz ranges from 200410 HV. As
illustrated, the data points of AISI 1040 spot welds with FZ hardness less than 450 HV lie
approximately along the hardness-based model. It can be concluded that the interfacial failure
driving force of these welds is the shear stress at the sheet/sheet interface.

(a) 25,000 , 70
Hardness control :Toughness control | o =
—~ 20,000 1 2
Z B P50 >
! =
T 15,000 : L0 @
o ' )
! - 30
é 10,000 1 —e—Peak load Qo
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o . —#—Failure energy ©
5,000 ! N
' - 10
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0 T T —L T T 0
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. P=1 ~11D2HFZ B AISI 1040 present data
= 25,000 A ° < % IF [32,33]
~—" <o ..
S 2000 4 o A A LCS[7,14]
8 ’ S :' © HSLA [32,34,35]
; 15,000 - s e o ° © DP[12,14,36-38]
© ° CP[25]
Sf 10,000 1 s o TRIP[26,27,34]
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Figure 9. (a) Peak load and failure energy vs. FZ hardness, and (b) correlation between failure load
in interfacial failure mode (Pip) and D*Hgy in various automotive steel grades.

According to Figure 9a, there is no correlation between interfacial failure load and FZ
hardness in those spot welds with hardness exceeding 450 HV (AW, PT1, PT2, and PT3
specimens). Therefore, interfacial failure of these spot welds can be potentially related to
their FZ fracture toughness. Under this circumstance, stress concentration at the notch tip
plays an important role in interfacial failure behavior. In RSWs, the sharp notch between
the overlapped sheets acts as a pre-crack, making it a preferential site for crack propagation
under loading conditions. Due to the hard martensitic phase ahead of the notch tip, the
crack propagates in a brittle manner leading to low mechanical properties. Figure 10 shows
the morphology of a sharp notch in the AISI 1040 resistance spot weld in AW condition.
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The preceding discussions imply that conducting tempering heat treatment, whether
in situ or ex situ, cannot constantly improve the tensile-shear properties due to the dual
failure mechanisms during IF mode (ductile shear failure vs. rapid crack propagation).
When spot welds fail via rapid crack propagation in interfacial mode, tempering heat
treatment can enhance the mechanical properties by producing a tougher microstructure in
the FZ. However, when spot welds fail via a ductile-shear mechanism in interfacial mode,
tempering heat treatment can reduce the peak load of the welds by producing a softer
microstructure in the FZ. Therefore, a deep understanding of interfacial failure mechanisms
is necessary before designing a proper post-weld heat treatment to enhance mechanical
properties. FESEM fractographic analysis in the following section can shed light on these
failure mechanisms during IF mode.

Figure 10. Geometry of the sharp notch at the sheet/sheet interface of AISI 1040 steel spot weld.

3.3. Fracture Surface Analysis

Figure 11 shows the fracture surfaces of the welds under various tempering conditions
taken by a stereo microscope. In as-weld and low-temperature-tempered specimens with
high FZ hardness levels (AW, PT1, and PT2), the fracture surface has a shiny granular
appearance and contains some secondary cracks. These secondary cracks in the fracture
surface are attributed to the brittleness of the fracture path. On the other hand, the fracture
surface of high-temperature-tempered specimens with low hardness levels (PT5, PT7, and
PT9) have a ductile appearance with no sign of secondary cracks.

Brittle fracture

Figure 11. Stereo micrographs of the fracture surfaces in various tempering conditions show both
(a) brittle fracture and (b) ductile fracture.
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To gain insight into the brittle and ductile fracture mechanisms, the fracture mor-
phology of AW and PT specimens was examined by FESEM. Figure 12 shows the FESEM
fractographs of AW, PT1, and PT2 specimens, which failed in a brittle manner due to
high levels of weld hardness. The fracture surface of these specimens is predominantly
intergranular, which is recognizable by its rock candy appearance. This fracture type
occurs by decohision along weakened grain boundaries and is typically associated with
tempered martensite embrittlement (TME) or temper embrittlement (TE) in medium car-
bon steels [39]. Because the AW specimens, experiencing no treatment, also failed in an
intergranular fashion, the incidence of such fracture can be related to quench embrittlement.
This embrittlement is found in quenched steels with carbon content as low as 0.5% due
to transformational and residual stresses developed during the quenching process [40,41].
The fracture surface of the PT2 specimen, which is partially tempered at 250 °C, appears as
a mixture of intergranular and micro void coalescence (Figure 12¢,f). On the other hand,
the fracture surface of the PT3 specimen that had undergone TME at 300 °C showed inter-
granular fracture along with transgranular fracture, including cleavage facets (Figure 12h,i).
This can be attributed to formation of interlath cementite due to thermal decomposition of
interlath retained austenite during tempering. In summary, the interfacial failure of those
welds with high hardness values (more than 450 HV) has a brittle nature and is controlled
by the fracture toughness of the fusion zone.

Figure 12. FESEM images of the fracture surface of (a—c) as-weld specimen, (d—f) PT2 specimen
tempered at 250 °C, and (g-i) PT3 specimen tempered at 300 °C.

Figure 13 shows the FESEM fractographs of high-temperature-tempered specimens
(PT5, PT7, and PT9), which failed in a ductile manner due to low FZ hardness values
(200—400 HV). The fracture surface of these specimens is predominately covered by elon-
gated dimples created by microvoid coalescence. The elongated dimples indicate that
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interfacial failure of these welds occurred by the shear plastic deformation mechanism
controlled by the shear strength of the FZ.

Figure 13. FESEM images of the fracture surface of (a—c) PT5 specimen tempered at 450 °C, (d—f) PT7
specimen tempered at 550 °C, and (g-i) PT9 specimen tempered at 650 °C.

4. Conclusions

Interfacial failure of resistance spot welds during the tensile—shear loading is a com-
petitive process between ductile shear failure and rapid crack propagation. This paper
investigated the effect of FZ hardness value on the interfacial failure mechanism transition
of resistance spot welds. Various welds of the same nugget size with various FZ hardness
levels were produced. It is found that decreasing fusion zone hardness from 610 HV down
to 400 HV enhances the interfacial failure load and failure energy of the spot welds due to
improvement in FZ fracture toughness. However, further reduction in fusion zone hardness
from 400 HV to 200 HV shows an inverse effect on peak load and failure energy. This
contradicting behavior is attributed to the transition in the interfacial failure mechanism
from ductile shear failure to rapid crack propagation. It was found that there is a critical FZ
hardness beyond which the interfacial failure mechanism transitions from ductile shear
failure to rapid crack propagation. The critical FZ hardness depends on the level of nugget
toughness. In this paper, the interfacial failure of spot welds with FZ hardness higher
than 450 HV shows a brittle intergranular fracture surface indicating rapid crack growth.
FZ fracture toughness plays a major role in determining interfacial failure strength in
this situation. In contrast, a fracture surface covered by elongated dimples was observed
for spot welds with FZ hardness lower than 450 HV, confirming the incidence of shear
plastic deformation during interfacial failure. In this situation, interfacial failure strength is
controlled by FZ hardness.
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Nomenclature

AHSS Advanced high-strength steel

RSW Resistance spot welding
Fz Fusion zone
HAZ Heat affected zone

UCHAZ Upper-critical heat-affected zone
ICHAZ Inter-critical heat-affected zone
SCHAZ  Sub-critical heat-affected zone

BM Base metal

LME Liquid metal embrittlement

IF Interfacial failure

AW As weld condition

PT Post-weld tempered condition

TME Tempered martensite embrittlement
TE Temper embrittlement

AISI American Iron and Steel Institute

IF Interstitial Free steel

LCS Low carbon steel

HSLA High strength low alloy steel

DP Dual-phase steel

CP Complex phase steel

TRIP Transformation-induced plasticity steel
ASS Austenitic stainless steel

Q&P Quench and partitioning steel

Prr Interfacial failure load (N)

Trz Ultimate shear strength of the fusion zone (MPa)
Hry Hardness of the fusion zone (HV)

K¢ Fracture toughness of the fusion zone (MPa.m"%)
D Nugget diameter (mm)

t Sheet thickness (mm)

Prax Peak load (N)

Winax Failure energy (J)
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