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Abstract: The present study aims to investigate the effect of microstructure and texture on mechanical
properties of resistance spot welding of high strength steel 22MnB5 and 5A06 aluminium alloy as a
function of welding parameters. The pseudo-nugget zones (NZs) at the steel side have undergone full
recrystallisation with a fine-grained ferrite structure containing a small amount of retained austenite
and a high hardness of approximately 500 HV, which is a 35% increase in hardness compared to
the base material (BM) with fine lath martensitic structure. The NZs at the Al side contain both a
recrystallisation texture and shear texture. Higher tensile shear strength with increasing weld time
could be linked to the random texture at the Al side. The highest tensile shear strength was achieved
at an intermetallic layer thickness of 4 mm.
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1. Introduction

In recent years, with the rapid development of automotive industry, there is an increasing
demanding of automobile safety and comfort, energy saving and environmental protection. In the
automotive industry, changes in automotive design and material use have been implemented to
improve fuel economy and vehicle performance. The automobile industry is increasingly interested
in the use of aluminium in response to the demand for lightweight structures [1,2]. In some cases,
Al alloys are replacing steel in structural parts to give lighter and more energy efficient vehicles [1,3].
Light-weighting of vehicles gives an opportunity for simultaneously cutting petroleum consumption
and greenhouse gas emissions. Among the potential light-weight materials, high-strength steel
and aluminium have been proven to achieve weight reduction while meeting vehicle safety and
performance requirements [4]. The autobody structure made of steel and aluminium takes into account
the advantages of steel in strength and price, the aluminium alloy sheet in weight loss and good
energy absorption, to achieve a high strength and lightweight autobody under the premise of reducing
costs [5]. Autobody assembly requires between 7000 and 12,000 welding spots. Therefore, resistance
spot welding is an important process in autobody assembly [1].

A key observation of resistance spot welding of Al and steel include investigating on the
intermetallic compound (IMC) layer formed at the welding interface, microstructure and mechanical
properties of the welded spots [6-14]. A study of resistance spot welded (RSWed) Al and steel by
Oikawa et al. [6] reported that the thickness of the IMC layer increased with increasing welding current,
in addition, Qiu et al. [7-9] found that tensile shear strength decreased with increasing welding current
and the tensile shear strength decreased with increasing thickness of the IMC layers [10,11]. However,

Metals 2019, 9, 685; doi:10.3390/met9060685 www.mdpi.com/journal/metals


http://www.mdpi.com/journal/metals
http://www.mdpi.com
http://dx.doi.org/10.3390/met9060685
http://www.mdpi.com/journal/metals
https://www.mdpi.com/2075-4701/9/6/685?type=check_update&version=2

Metals 2019, 9, 685 20f17

Sun et al. [11] and Cui et al. [12] both found that with increasing welding current, the tensile shear
strength firstly increased then decreased at an excessive welding current. Oikawa et al. [6] found that
the tensile failure mode varied with the welding current including shear fracture (12 kA), plug fracture
(9.5 kA) and interfacial fracture (18 kA).

Failure mode and mechanical properties of the welded spots highly depend on the thickness of
the IMC layer [12,13]. Zhang et al. [13] reported that the characteristics of the IMC layer varied with
locations at the interface in the welded joint due to different temperatures imposed along the welded
spots. Qiu et al. [7] found that the discontinuously distributed IMC layer was beneficial for improving
the strength of the welded spots and that cavities and other defects can be removed by controlling the
thickness of the IMC layer [13]. A study of RSWed dissimilar Al and steel by Shin et al. [14] reported
that a highly brittle thinner IMC layer with a thickness of 2.39 pm had a higher strength.

However, the tensile shear strength was not affected by the thickness of the IMC layer when the
IMC layer was thin [9]. And the tensile shear strength of the welded spots of steel and aluminum
alloy was not affected by the IMC layer with a thickness of 4 um [13,15]. Moreover, Zhang et al. [13]
proposed that the tensile shear strength of the welded spots was not affected by the IMC layer using an
optimized electrode and a study of a variety of welded spots by Akinay and Hayat [15] also reported
that the spot weldability of DP450/AA6061 is the better than the other combination of dissimilar Al
and steel when the tensile shear strength was not affected by the IMC layer.

Qiu et al. [9] found that the weld nugget was formed at the aluminium side only due to the fact
that the metallurgical reaction occurred between the liquid aluminium and the solid iron during the
welding process. A study of RSWed 16Mn steel 6063 Al alloy by Sun et al. [11] reported that the
aluminium nugget zones (NZs) consisted of cellular dendrites and equiaxed dendrites with tangled
dislocations and fine second phase particles. However, for RSWed aluminium and high strength steel,
the high strength steel side with initial martensitic structure was not understood, and the effect of
texture of aluminium and steel on mechanical properties has not been reported before, thus, the present
paper aims to investigate microstructure, texture evolution and mechanical properties of RSWed
aluminium and high strength steel with initial martensitic structure.

2. Materials and Methods

The chemical composition of the base material (BM; boron steel 22MnB5 and 5A06 Al alloy) is
shown in Table 1 from standard data. The RSW equipment was the German NIMAK electric servo spot
welding robot system using spherical electrodes. Schematic drawing of the lap joint of hot stamped
high strength steel and 5A06 alloy is shown in Figure 1. The dimensions of the spot-welded dissimilar
Fe/Al specimen was 30 mm by 120 mm by 0.9 mm with a lap length of 30 mm and the thickness of
the steel plate and the aluminium plate were 1.6 mm and 0.9 mm, respectively. It should be noted
that weld distortion is prone to occur when the thickness of aluminium alloy is too thin, therefore,
the high-strength steel sheet was placed on the top of the aluminium sheet. The welding parameters
based on our previous investigations are shown in Table 1.

Table 1. Chemical composition of boron steel 22MnB5 and 5A06 Al alloy, in wt.% and the
welding parameters.

Fe C Si Mn Cr Ti B S P
22MnBS5 Steel
0.22 0.31 141 0.22 0.023 0.004 0.006 0.007
Al Mg Si Mn Cu Ti Zn
5A06 Al
5.8-6.8 4 0.5-0.8 0.1 0.02-0.1 0.2 - -

Welding current, kA Welding time, ms Dwell time, ms Electrode force, kN -
8,9.5,10.5 200, 300, 450 200 25

Welding Parameters

Roughly forty specimens were prepared, and the specimens for microstructure analysis were
prepared using standard procedures for cutting, grinding and polishing. The sample was first ground
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by progressively finer grades of silicon carbide grinding paper (1200 grit and 1500 grit) and polished
using 5, 2.5 and 1 pm diamond pastes. For microstructure analysis, the etchant used for the high
strength steel part was a solution consisting of 4 mL nitric acid and 100 mL ethanol. Keller solution
(H,O:HNO3:HCIL:HF = 190:5:3:2) was employed to etch the 5A06 Al part. The sample was immersed
in the Keller etchant for 30 s. Microstructure analysis was undertaken using Olympus-Lext confocal
laser scanning microscopy (Olympus Corporation, Tokyo, Japan). Electron backscatter diffraction
(EBSD) technology was employed to investigate the microstructure and texture of the dissimilar Fe/Al
joints. For EBSD analysis, samples were then electropolished by 30% nitric acid in methanol for 60 s
at approximately —20 °C with a voltage of 12 V for 5A06 Al alloy, and the electropolishing solution
for 22MnBS5 steel was 80 mL ethanol + 12 mL distilled water + 8 mL perchloric acid. EBSD was
carried out using an field emission scanning electron microscope with attached TSL Genesis 7000 EBSD
(EDAX/TSL Corporation, NY, USA). One specimen of each pair of parameters was prepared for optical
microscopy and EBSD, respectively.
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Figure 1. Schematic drawing of the lap joint showing dimensions of the tensile shear specimens in mm.

The microhardness test was carried out on both the steel side and the aluminium side near the
weld interface using the Vicker’s method with a load of 200 g for 15 s. Ten measurements were made
for each sampling point on a grid of 0.25 mm and their average was taken as the microhardness of the
sampling point. Tensile shear tests were performed at room temperature using a universal testing
machine INSTRON-5569 (INSTRON Inc., Boston, MA, USA), the tensile axes were parallel to the
transverse direction. The tensile velocity was 5 mm/min. Three tensile samples were tested for each
pair of welding parameters, and the tensile shear strength was the averaged value of the three sets
of data.

3. Results

3.1. Microstructure in the Dissimilar Fe/Al Joint

Figure 2 shows the photographs of the welded spots using different welding parameters. The two
pictures marked as (a), (b), (c), (d) are from the Al side and the steel side, respectively.

A cross section of the specimen with respect to the normal direction and the micrographs of the
different regions of the welded joints are shown in Figure 3. The NZ of the spot-welded dissimilar
Fe/Al joint had a shape of a bowl, as shown in Figure 3 displaying the morphology of the spot-welded
dissimilar joints of Al and high strength steel. The high strength steel and the 5A06 aluminium alloy
were difficult to melt together due to the great difference between the physical properties of steel and
that of Al such as great difference in density and melting point. Moreover, the high strength steel
with an initial martensitic structure has a low weldability due to its higher hardening ability after
quenching [16,17]. The RSWed joints of dissimilar Al and high strength steel (central part of Figure 3)
could be classified into the base material (BM) (Figure 3a), the heat affected zone (HAZ) (Figure 3b)
and the nugget zone (NZ) (Figure 3c) [17], and the three orthogonal directions in the welds were
the welding direction (WD), the normal direction (ND) and the transverse direction (TD), as shown
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in the bottom right of Figure 3. The NZ was formed at Al side, however, the steel nugget was not
formed and the steel side had characteristics rather of welding-brazing due to the difference in the
melting points between steel and the Al alloy. However, Figure 3¢ shows that the region near the
interface at the steel side had refined grains indicating that this region could be defined as pseudo-NZ.
The steel BM (Figure 3a) showed a typical microstructure of hot stamped steel with ultimate tensile
strength larger than 1500 MPa consisting of coarse-lathed martensite within prior austenite grains,
at the steel side, the HAZ retained the lath martensite and a new type of grain structure other than
the lath martensite were developed in the HAZ, and grains were significantly refined in the NZ with
an equiaxed microstructure. It was seen that size of the prior austenite increased from the BM to the
HAZ, this result was in accordance with a study of RSWed steel by Kianersi et al. [18] who also found
that size of the prior austenite increased from the BM to the HAZ. In the lower part of Figure 3 at the
Al side, the BM (Figure 3d) had an average grain size of 15um and grains of the NZ (Figure 3e) were
refined to an average size of 3 pm, and the fine elongated grains perpendicular to the central plane in
the NZ had a clear growth direction pointing from the fusion boundary near the HAZ to the central
plane and its growth direction was parallel to the WD.

Figure 2. Photographs of the welded spots at different welding parameters of (a) 8.5 kA-300 ms, (b) 9.5
kA-200 ms, (c) 9.5 kA-300 ms with a coarse base material and (d) 9.5 kA-300 ms with a fine base material.

Large inverse pole figure colouring (IPF) maps of 8.5 kA and 300 ms with a coarse BM and 9.5 kA
and 300 ms with a fine BM at a step size of 5 um are shown in Figure 4. The regions @ and @ are from
two samples, but for simplification, the regions @ and @ shown in the upper image of Figure 4 are in
one sample. Figure 5 shows the IPF maps of the BM, the HAZ and the NZ of the Al side parallel to the
Z axis (ND) at a step size of 0.8 um at welding parameters of (200-300 ms)-(8.5-9.5 kA) with a coarse
BM and 300 ms-9.5 kA with a fine BM.

It is seen from Figures 4 and 5 that two types of the BM with different morphology were chosen, the
coarse BM in rolling state has a coarse grain structure and the fine BM produced by thermo-mechanical
treatment has a fine grain structure. However, it should be noted that the EBSD scan (Figure 4) using
a larger step size of 5 pm was not able to draw all the grains, but it showed that grains had been
significantly refined in the NZ using a fine-grained BM and a greater welding current. It was seen
that grains of the HAZ and the NZ at the Al side were elongated along the WD, which showed
agreement with the optical micrograph of the NZ (Figure 3e). Table 2 displays the volume fraction of
grain boundary angles for the BM, the HAZ and the NZ at the Al side consisting of low angle grain
boundaries (LAGBs) ranged from 2° to 15° and high angle grain boundaries (HAGBs) larger than 15°.
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' Pseudo-NZ

Figure 3. Morphology of (a) the base material (BM), (b) the heat affected zone (HAZ), (c) the nugget
zone (NZ) at the steel side, and (d) the BM, (e) the HAZ at the Al side produced by a welding current of
8 kA and a welding time of 200 ms.

Figure 6 shows the IPF maps of the HAZ and the pseudo-NZ with different welding parameters
at the steel side. The HAZ showed a mixed microstructure of ferrite and martensite; the pseudo-NZs
consist of equiaxed ferrite and a small amount of retained austenite [19]. Figures 7 and 8 are the
grain size distribution and the misorientation angle distribution of the HAZ and the pseudo-NZ with
different welding parameters at the steel side, respectively. It was then calculated that the BM has an
average grain size of 18.85 um and the average grain size in the pseudo-NZ of the welded spots at
parameters of 300 ms-8.5 kA, 200 ms-9.5 kA, and 300 ms-9.5 kA were 4.28 pm, 4.14 um and 4.46 um,
respectively. It was seen that the HAZ had a much larger grain size than the NZs at all of the three
welding parameters and the microstructure of the pseudo-NZs with different welding parameters
were similar in terms of grain orientation and grain size.

Table 2. Volume fraction of grain boundaries for all the regions at the Al side.

300 ms-8.5 kA with a 200 ms-9.5 kA with a 300 ms-9.5 kA
Region Name Coarse BM  Fine BM Coarse BM Coarse BM Coarse BM Fine BM
HAZ Nz HAZ Nz HAZ Nz HAZ Nz
2°-15° 0.34 0.08 0.2 0.24 0.82 0.6 0.24 0.23 0.18 0.13

>15° 0.66 0.92 0.8 0.76 0.18 0.4 0.76 0.77 0.81 0.87
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Figure 4. Large inverse pole figure colouring (IPF) maps using 5 um step size of the NZ at (a) region @:
8.5 kA and 300 ms with a coarse BM and (b) region @: 9.5 kA and 300 ms with a fine BM.

Figures 9 and 10 are the image quality maps of the BM, the HAZ and the NZ (or pseudo-NZ for
steel) produced by different welding parameters at the Al side and the steel side, respectively. At the Al
side, the fine BM (Figure 9b) had a darker colour than the coarse BM (Figure 9a), which would suggest
that the fine BM underwent more deformation than the coarse BM. Similarly, more deformation was
imposed on the HAZ and the NZ (Figure 9f) of the welded spots with a fine BM compared to the HAZ
and the NZ (Figure 9¢) of the welded spots with a coarse BM at welding parameter of 300 ms-9.5 kA,
whereas, the HAZ and the NZ (Figure 9c—e) of all the welded spots with a coarse BM had the same
amount of deformation as they have similar distribution of grey colour. It should be noted that
the dark lines aligning with the WD in the HAZ and the NZ at 200 ms-9.5 kA (Figure 9d) were the
LAGBs, whereas, the dark lines consisted of HAGBs in the other regions at welding parameters of
300 ms-(8.5-9.5 kA) with a coarse BM and 300 ms-9.5 kA with a fine BM.
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Coarse BM

Figure 5. The IPF maps of (a) the coarse BM, (b) the fine BM, (c) the HAZ and the NZ at 300 ms-8.5 kA,
(d) the HAZ and the NZ at 200 ms-9.5 kA, (e) the HAZ and the NZ at 300 ms-9.5 kA with a coarse BM
and (f) the HAZ and the NZ at 300 ms-9.5 kA with a fine BM and a step size of 0.8 pm at the Al side.

111

101

Figure 6. IPF maps of (a) the HAZ, the pseudo-NZs at (b) 200 ms-9.5 kA, (c) 300 ms-9.5 kA and (d)
300 ms-8.5 kA at the steel side.
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Figure 7. Grain size distribution of the BM and the pseudo-NZ with different welding parameters at
the steel side.
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Figure 8. Misorientation angle distribution of the HAZ and the pseudo-NZs with different welding
parameters at the steel side.

At the steel side, the HAZ consisted of martensite and ferrite, and the pseudo-NZs were composed
of fine ferrite and retained austenite located at the ferrite grain boundaries. The HAZ (Figure 10a) had
a much darker colour than the pseudo-NZs at different welding parameters (Figure 10b—d) indicating
high dislocation density in the HAZ compared to the pseudo-NZs, the martensitic structure in the
HAZ had high dislocation density, which showed agreement with Chao et al. [19] who observed high
density of dislocation lines appearing as dislocation tangles and dislocation walls in the martensitic
microstructure of hot stamped 22MnB5 high strength steel. In addition, the martensitic structure had
a darker colour in the band contrast map with low pattern quality due to the higher crystal lattice
imperfection, while ferrite appeared bright [20]. It should be noted that all the pseudo-NZs had a
similar dark colour indicating that the deformation state retained the same with increasing welding
current and with increasing welding time.
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Fine BM
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Figure 9. Band contrast (image quality) maps of (a) the coarse BM, (b) the fine BM, (c) the HAZ and the
NZ at 300 ms-8.5 kA, (d) the HAZ and the NZ at 200 ms-9.5 kA, (e) the HAZ and the NZ at 300 ms-9.5 kA
with a coarse BM and (f) the HAZ and the NZ at 300 ms-9.5 kA with a fine BM.

0 10 20 30 40 SO B0 70 80 S0 100 110 120 130 140 150 180 170 180 190 200 210 220 230 240 250

Figure 10. Band contrast maps of (a) the HAZ at 200 ms-9.5 kA, the pseudo-NZs at (b) 200 ms-9.5 kA,
(c) the 300 ms-9.5 kA and (d) 300 ms-8.5 kA at the steel side.
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3.2. Texture of the Dissimilar Fe/Al Joint

Texture components are often described by crystallographic indices (a plane and direction) [21].
Tables 3 and 4 show the texture components developed in the BM, the HAZ and the NZ (or the
pseudo-NZ for steel) at the Al side and at the steel side, respectively [22]. The texture components were
calculated from the three Euler angles @1, ® and ¢2 in orientation distribution function (ODF). Table 3
shows that the main texture components developed in the Al side are composed of a deformation texture
and recrystallisation texture. Cube {001}<100>, Goss {110}<001>, Q {013}<123>, RCgp; {013}<001>
and RCnpy {001}<310> are recrystallisation texture components; shear1 (001)<110>, shear2 {111}<110>,
brass {110}<112> and S {123}<634> are deformation texture components. Cube orientation is known as
a typical recrystallised texture in Al alloys [23]. Table 2 shows that cube texture was mainly observed in
the NZ at 300 ms-9.5 kA with a fine BM, and the coarse BM and the NZ of 200 ms, 300 ms-9.5 kA were
dominated by shear texture. The torsion tests of Face-Centered Cubic (fcc) materials Al and Cu usually
produce the shearl and shear2 texture components [24], moreover, the simple shear components Shear;
and Shears {112}<110> were developed in the stir zone of friction stir welded Al alloys [25,26]. At the
Al side, the recrystallisation texture in the NZ at 300 ms-9.5 kA with a coarse BM is much stronger than
that in the other NZs.

Table 3. Texture components of the BM and the NZ at the Al side.

NZ 300 ms-9.5 kA

Type Component Coarse BM Fine BM  NZ 300 ms-8.5kA  NZ 200 ms-9.5 kA - - -
with a Coarse BM with a Fine BM
Shearl {001}<110> - - 5.3 - 30.6 23
Shear2 {111}<110> 30.3 - - 29.5 9.8
Deformation = 10)<112> - 5 - 505
S {123}<634> 6 7.2 - 28.2 3
Cube {001}<100> - 7.2 - - - 22
Goss {110}<001> 8 - 28
Recrystallisation Q {013}<123> 55 - - 11
RCRD1{013}<001> - - 16 - 5.5
RCND1 {001}<310> - - - 2 30

Table 4. Texture components of the HAZ and the pseudo-NZ at the steel side.

Component BM HAZ 200 ms-9.5 kA 300 ms-9.5 kA 300 ms-8.5 kA
A1(111)[211] 45 23 - - -
A2 (111)[121] 3.8 14 - - -
Rx {001} <110> - - 3 3.1 3.7
Rx F {110}<001> - - 34 2 24
E (110)<111> - 1.1 1.9 17 13

It was observed that the texture components at the steel side (Table 4) were weak as their
intensity value was low, indicating that texture was randomly distributed at the steel side. The texture
components A1, Ay, {001}<110>, F {110}<001> and E (110)<111> [27] were developed in the weld
zones at the steel side. Al and A2 belong to the steel rolling texture and the E (110)<111> component
belong to the steel shear texture [28]. The F {110}<001> component in the ferrite of the pseudo-NZ is
inherited from the cube {100}<001> component of the parent austenite recrystallisation texture [29].
The transformation texture {001}<110> in the ferrite of the pseudo-NZ also originates from the cube {100}
<001> component [30-32]. Thus, both the F {110}<001> component and the {001}<110> component
in the ferrite of the pseudo-NZ are recrystallisation texture components. It is seen that the steel
pseudo-NZ at 200 ms-9.5 kA had a slightly stronger texture than the other pseudo-NZs and the HAZ.
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3.3. Microhardness Tests

Hardness was measured from the NZ centre with 0.25 mm spacing between each data point
to the adjacent regions for the Al side and the steel side of the weld joint with coarse grained BM
(Figure 11). It is seen from Figure 11 that hardness of the BM with martensitic structure ranged from
350 HV to 400 HV; this shows agreement with Anijdan et al. [33] who found that the hardness of the
martensitic structure was about 350 HV. Hardness of the steel pseudo-NZ reached up to more than
500 HV, hardness values decreased greatly near the steel pseudo-NZ, the HAZ with a low hardness
value of 300 HV was the softer region near the steel pseudo-NZ, similar to that of RSWed high strength
steel. The hardness value of the Al NZ was 60 HV and it was significantly higher than that of the BM
which had a hardness value of 35 HV; this could be attributed to the fact that grains of the Al NZ were
refined, however, the Al HAZ had a slightly higher hardness than the BM.
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Figure 11. Distribution of microhardness in the welded spots at the Al side and the steel side with
coarse grained BM, respectively.

3.4. Tensile Shear Properties of the Fe/Al Welded Spots

In the case of process optimization at welding times in the range of 300-350 ms and a welding
current of 9.5 kA with Al nugget diameter of 4 mm, the welded spots failed in the form of nugget pull
out from the NZ at the Al side and the other joints failed as interfacial fractures (Figure 12). The nugget
pull out failure mode after tensile testing was superior to the interfacial failure mode [13].



Metals 2019, 9, 685 12 of 17

Figure 12. Two failure modes of the welded spots: (a) interfacial fracture at 200 ms-9.5 kA and 300
ms-8.5 kA and (b) nugget pull out at 300 ms-9.5 kA.

Tensile shear strength plotted against IMC thickness via welding current and via welding time is
shown in Figure 13.

18

0.8 —+— Welding current
0.6 ~@—Welding time

Tenwile shear strength  k.J

0 T T T T T
0 1 2 3 4 5 6
IMC thickness mm

=

Figure 13. Tensile shear strength as a function of the intermetallic compound (IMC) thickness via
welding current (at a constant welding time of 300 ms) in dark blue lines and via welding time (at a
constant welding current of 9.5 kA) in dark red lines.

4. Discussion
4.1. The Effect of Microstructure on Mechanical Properties

4.1.1. At the Al Side

The elongated grains in the NZ (Figures 3e and 5) grew approximately along the direction
perpendicular to the Fe/Al interface at the Al side. During welding, most of the heat was generated
from the high-strength steel side and transferred to the aluminium side continuously, which resulted in
a strong temperature gradient field between the steel pseudo-NZ centre and the Al side leading to the
growth of the Al NZ grains along the temperature gradient direction, which was parallel to direction
of the electrode pressure.

When the welding current was 8.5 kA, the NZ grains were significantly smaller than that at the
welding current of 9.5 kA. However, Zhang et al. [34] found that as welding current and welding
time increased, both the NZ close to the IMC layer and the IMC layer itself exhibited coarser grain
structures which were susceptible to cracking. It can be seen from Table 2, the fraction of HAGBs
(2°-15°) in the HAZ and the NZ increased significantly at a welding time of 300 ms at the Al side. It is
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seen from Figure 9 that the number of sub-grains of the NZ increased with increasing welding time.
Thus, the rapid increase of HAGBs fraction in the HAZ and the NZ with increasing welding time from
200 ms to 300 ms would suggest that continuous dynamic recrystallisation (CDRX) may have occurred
in the NZ [35]. Whereas, the grain boundary angle distribution of the NZ was basically the same for
welding current of 8.5 kA and 9.5 kA, and the number fraction of LAGBs accounts for 22% and 23%,
respectively (Table 2). This would suggest that the influence of the welding current on grain boundary
angle distribution in the NZ was negligible and the welding time had a greater effect on the formation
of the sub-grain boundaries than the welding current at the Al side.

The NZ had higher hardness than the BM at the Al side due to finer grains for all the welded spots
with coarse grained BM, however, the NZ grains were coarser than fine grained BM grains as shown in
Figure 4b. It is seen from Figure 11 that hardness increased from 200 ms-9.5 kA to 300 ms-8.5 kA and
300 ms-9.5 kA in the NZs at the Al side, as grain size decreased, this would suggest that hardness in the
NZs became higher with increasing welding time and with increasing welding current, this is mainly
due to the aforementioned grain refinement in the NZs with increasing welding time from 200 ms to
300 ms and with increasing welding current from 8.5 kA to 9.5 kA (Figure 5). However, hardness in
the HAZ was higher at 300 ms-8.5 kA than that at 300 ms-9.5 kA, this could be attributed to much finer
grains in the HAZ at 300 ms-8.5 kA (Figure 5c¢).

It was seen from IPF (Figure 5), band contrast map (Figure 6) and the curves of tensile shear
strength as a function of the IMC thickness (Figure 13) that, in the NZs, when there was a large increase
of grain size with increasing weld time, the tensile shear strength increased significantly from 0.9 to
1.5 kN with increasing welding time from 200 to 300 ms. However, there was a slight increase of 0.2 kN
in tensile shear strength with increasing welding current from 8.5 to 9.5 kA with the grain size being
changed slightly, this meant that the smaller the grains, the higher the tensile strength. Thus, the effect
of grain size on microhardness and tensile shear strength at the Al side for all the welding parameters
in the present work was in accordance with Hall-Petch relationship; this meant that the smaller the
grains (except for the ultrafine grains or submicron grains), the higher the hardness, and the higher
tensile strength.

4.1.2. At the Steel Side

Similar to the Al side, the increase of HAGBs from the HAZs to the steel pseudo-NZs (Figure 8)
and the development of the recrystallisation texture components in the NZs at the steel side (Table 3)
would indicate that CDRX had occurred in the pseudo-NZs [36]. It is seen from Figure 8 that the NZs
had fine equiaxed ferrite with a grain size of less than 5 um because DRX would produce ferrite grain
size of 2-5 um [37].

The NZ that consisted of equiaxed ferrite and retained austenite had higher hardness
(approximately 500 HV) than the BM (350400 HV) at the steel side due to finer ferrite grains.
This was in accordance with Calcagnotto et al.’s work that the increase of strength and improved
ductility was due to grain refinement of the strengthened ferrite [38]. However, Kim et al. [34] found
that the increased hardness of 240 HV from the BM to the NZ was due to the fact that a martensitic
structure was formed in the NZ which had been fast cooled from above the A3 transformation point.
In contrast, Kianersiet et al. [18] and Kocabekir et al. [39] both found that microhardness of the NZ was
lower than that of the HAZ and the BM because of a coarser acicular delta ferrite microstructure.

The effect of grain size on hardness was significant when the HAZ and the pseudo-NZs were
compared; this showed agreement with Chokshi et al. [40] and Lehto et al. [41] who both reported
that the finer grains with more HAGBs had a higher hardness. Moreover, HAGBs are more important
for strengthening and they can improve the toughness of steels [42]. However, the grain size had
changed slightly in the pseudo-NZs for all the three welding parameters, and it could not contribute to
the variation of hardness and tensile shear strength of the welded spots at the steel side with varying
welding parameters. Whereas, the slight change in hardness and the great change in tensile shear
strength of the NZs at the Al side due to the partial effect of grain size with varying welding parameters
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would suggest that the microstructure of welded spots at the Al side may have dominated the tensile
shear strength of the weld spots with varying welding parameters.

4.2. The Effect of Microstructure and Texture on Mechanical Properties

With increasing welding current from 8 kA to 9.5 kA and with increasing welding time from
200 ms to 350 ms, the tensile shear strength and thickness of the IMCs first increased then decreased.
This shows agreement with Cui et al. [12] and Zhang et al. [34] who both found that the tensile shear
strength increased with increasing welding current and welding time. Figure 13 shows that the tensile
shear strength increased gradually with increasing IMC thickness from 0 mm to 4.2 mm, and then
decreased when the thickness of the IMC layer is larger than 4.2 mm. The button pull out failure
occurred in the welded spot at welding parameters of 9.5 kA-300 ms with an IMC thickness of 4 pm.
However, Chen et al. [43] summarized that weld strength was determined by the combination effects
of the thickness of the IMC layer, nugget diameter, grain refinement and location of the defect.

In the IPF maps of the BM and the NZs at the Al side (Figure 5), the different colours correspond
to orientations differing by more than 2°. The sharp change of the colours, namely, the distinct
difference in orientation was observed in the NZs at welding parameters of 200 ms-9.5 kA, however,
as the welding time increased from 200 ms and 300 ms at a welding current of 9.5 kA, the grain
orientations became random or the anisotropy of the NZ grains enhanced. This significantly reduced
the number of LAGBs and increased the fraction of HAGBs, thus, grain refinement occurred in the
NZs of 300 ms-9.5 kA. This would again confirm that the Al NZ underwent CDRX with increasing
welding time from 200 ms to 300 ms, and recrystallisation texture in the NZ of 300 ms-9.5 kA was much
stronger than that in the NZ of 200 ms-9.5 kA where different recrystallisation texture components
were observed, whereas, there are many colours in the NZs of 8.5-9.5 kA (Figure 5c,e) indicating
that the orientations are randomly distributed in the NZs of 8.5-9.5 kA at a welding time of 300 ms.
However, the recrystallisation texture type of the NZ at 300 ms-8.5 kA was different from that of the
NZ at 300 ms-9.5 kA.

The tensile shear strength of the welded spots as a function of welding current and weld time
is shown in Figure 13. It was seen that tensile shear strength of the welded spots first increased,
then reduced with increasing weld time. Whilst, with increasing welding time from 200 ms to 350 ms
at a welding current of 9.5 kA, the tensile shear strength increased significantly, the maximum tensile
shear strength reached about 1.65 kN at a welding time of 350 ms, and tensile shear strength then
decreased slightly when the welding time continued to increase, because more welding time and more
heat input resulted in the occurrence of slight splash and porosity in the welded spots. The tensile
shear strength increased greatly from 0.85 kN to 1.55 kN with increasing welding time from 200 ms
to 300 ms when texture became much more random. However, the tensile shear strength increased
slightly from 1.35 kN to 1.55 kN with increasing welding current from 8.5 kA to 9.5 kA at a welding
time of 300 ms, when the distribution of texture components was random in the A1 NZs at welding
current of 8.5 kA and 9.5 kA, respectively.

Compared to the HAZ at the steel side, Figure 10 shows that the steel pseudo-NZs at all the
welding parameters had more orientations with more HAGBs resulting in higher hardness [44,45].
This is in accordance with the results obtained by Tutar et al. [46] who found that the NZ had higher
hardness than the HAZ. Moreover, the HAZ had the lowest hardness compared to the BM and the
pseudo-NZ, as proposed by Qiao et al. [47]. The steel pseudo-NZs with varying welding parameters
had a similar random recrystallisation texture (Figure 6). The random texture of steel pseudo-NZs
could not be linked to the tensile shear strength of the welded spots which changed greatly with varying
welding parameters. This showed agreement with Guo [48] who found that texture did not influence
tensile properties due to the randomization of orientations resulting from ferritic transformation from
high temperature austenite. This would suggest that texture of the Al side had great influence on the
tensile shear strength of the welded spots. It was then concluded that the texture of the welded spots at
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the Al side had much more effect on the tensile shear strength than that at the steel side with varying
welding parameters.

5. Conclusions

1. Tensile shear strength of the welded spots mainly depends on the microstructure and texture
of the Al side with varying welding parameters. The welded spots at welding parameters
of (300-350) ms-9.5 kA have higher tensile shear strength and exhibit the button pull out
fracture mode.

2. Grains in the Al NZs grew approximately along the direction perpendicular to the Fe/Al interface.
The Al NZs with a random texture at welding parameters of 300 ms-9.5 kA have higher tensile
shear strength than that with a strong texture at welding parameters of 200 ms-9.5 kA. CDRX has
occurred in the NZs (or the pseudo-NZs for steel) with recrystallisation texture at both the Al
side and the steel side.

3. The NZs (or the pseudo-NZs for steel) have higher hardness than the BM at both the Al side and the
steel side due to finer grains. More orientations and more HAGBs contribute to higher hardness
in the steel pseudo-NZs. The deformation texture at the Al side has little effect on hardness.
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