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ABSTRACT

Austenitic and ferritic stainless-steel interlayers for resistance spot welding of an AlSi-coated
2000MPa UTS press-hardened boron steel and a 6022-T4 aluminium alloy were investigated to
improve joint performance. CALPHAD and kinetic-based simulations were explored to determine
the effects of Cr on the formation of Fe-Al intermetallic compounds. Selected area diffraction
reveals the formation of FeCrAlg along the interlayer-Al interface and suppresses the formation
of FeAls. Theimplementation of stainless-steel interlayers significantly improved the mechanical
performance of the joint, with the 430 foil condition experiencing a substantial decrease in the

Fe-Al intermetallic.

Introduction

Interest in joining technologies for multi-metallic
hybrid structures has increased for decades. Multi-
materials designs with steels and light metals, such
as aluminium alloys, are being extensively pursued
to address the increasing demand for vehicle light-
weighting. Low-density alloys such as aluminium intro-
duce weight savings. At the same time, the imple-
mentation of advanced high-strength steels with their
high alloying additions makes them desirable for their
strength and ductility [1,2]. Nevertheless, implement-
ing different material combinations, such as forming
brittle intermetallic compounds, brings challenges.
Intermetallic phase formation at elevated temper-
atures depends on the chemical potential difference,
mobilities of the constituent elements, and the nucle-
ation conditions at the beginning of welding [3]. Owing
to iron’s low solubility in aluminium, a brittle inter-
metallic compound layer can form at the fusion weld
interface. The intermetallic compound layer results
from a reaction between Al and Fe and serves as
the bond between the two materials [4,5]. If not well
controlled (distribution and morphology), it deterio-
rates the weld’s load-bearing capacity due to the brittle
nature of the intermetallic layer [6,7]. During Al-Steel
joining, the appearance of FeAl; and Fe, Als are of great
importance as they hinder welded joints’ mechanical
performance [8]. Notably, the intermetallic compounds
FeAls and Fe,Als exhibit parabolic growth behaviour
influenced by both time and temperature [9].
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Magnetic-assisted and metallic bump-assisted RSW
have been explored to reduce the IMC layer thick-
ness [10,11]. However, using metallic interlayers, which
act as barriers between Al-Fe, also shows promise
because they inhibit the intermetallic compounds’
growth kinetics. In previous work involving Al-Fe
joining with interlayers, it was determined that as
interlayer thickness increased, the intermetallic layer
decreased [12-15]. Besides this, little is known about
interlayer composition effects on the intermetallic layer
and mechanical performance. Interlayer materials con-
taining elements such as Al, Zn, and Si have been
implemented in research; however, one key element
that has limited exposure in literature and has been
shown to mitigate the formation of the intermetallic
layer is chromium. Cr has a significant effect on low-
ering the interdiffusion between FeAl; and Fe;Als. As
the Cr content increases, the layer thickness of FeAls
remains constant while the Fe, Al; layer thickness expe-
riences a significant reduction [16-18]. Besides this,
forming Al (Fe,Cr)y intermetallic phases decreases the
diffusion interaction between the Fe and Al interface.
Thus, this work explores a fundamental approach to the
Cr effects on the Fe-Al system not seen in dissimilar
resistance spot welds and differs from previous work
conducted [15].

The present study explores the influence of a
stainless-steel interlayer on the Fe— Al intermetallic. The
tensile shear performance of a resistance spot welded
aluminium alloy and press-hardened boron steel are
also compared among the interlayer conditions.
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Table 1. Nominal chemical composition of PHS, aluminium, and interlayers in wt-%.

Material C Si Mg Mn Cr Ni Mo Al Fe
*PHS 0.36 0.80 - 1.40 0.70 0.35 0.70 - Bal
AA6022 - 0.80 0.60 0.10 0.30 - - Bal -
Foil 304 0.05 0.20 - 2.00 18.00 8.00 0.40 - Bal
Foil 430 0.06 0.36 - 0.32 16.37 0.20 0.03 - Bal

*Maximum composition.
PHS, press-hardened boron steel.

Table 2. Resistance Spot Welding parameters and electrode
dimensions.

Al Electrode F - Type Cu-Zralloy 216
PHS Electrode B - Type Cu - Zr alloy 08
Electrode Force 5.3 kN

Squeeze Time (ms) 500

Weld Current (kA) 16-16-16

Weld Time (ms) 166-166-166

Cool Time (ms) 30-30

Hold Time (ms) 240

Materials and experimental procedure

The materials used in this study involved a 2.0 mm
thick 6022-T4 aluminium alloy and a 1.6 mm thick
AlSi-coated 2000MPa UTS press-hardened boron steel
(PHS) with dimensions of 150 mm x 50 mm. The inter-
layers used were in foil form with a thickness of 250 um.
The interlayers consisted of austenitic 304 and ferritic
430-grade stainless steel. Table 1 shows the chemical
composition of all the materials used in this study. The
chemical composition was obtained using an arc/spark
optical emission spectrometry metal analyzer.

The weld schedule, shown in Table 2, was used for
each interlayer condition to reduce the testing matrix.
The aluminium sheet was placed on the positive elec-
trode to consider the thermoelectrical Peltier effect,
resulting in decreased applied heat. Before welding,
the aluminium oxide layer was reduced using 240-grit
sandpaper. The electrodes used were RWMA Class 1
CuZr electrodes provided by Luvata Corp. The alu-
minium side electrode consisted of an F-type 16 mm
face diameter with a 3 mm radius with the manufac-
turer designation FF25Z08. The steel side electrode was
a dome B-type 8 mm face diameter (FB25Z24). Alu-
minium and PHS have different thicknesses and ther-
mal conductivities and require asymmetrical electrode
caps to avoid heat balance problems which would result.
The welding was carried out using a medium frequency
direct current RSW machine at room temperature.

The aluminium nugget and intermetallic measure-
ments were obtained through Image] software. The
intermetallic layer was measured along the centre of the
joint starting from the Fe interface. Ten measurements
were taken for each condition using a spacing of 0.5
pm accounting for the morphology of the intermetallic
layer. Once welded, the samples were pulled in ten-
sile shear configuration per AWS D8.9M using an MTS
810 machine. A total of three tests were performed for

each condition using a quasi-static loading with a dis-
placement rate of 1 mm/min. The fracture energy was
obtained from the area under the force/displacement
curve at the peak force value; this was done not to
include the bending and rotating effects after the peak
force value was achieved. All data used a 95% confi-
dence interval for statistical significance.

The welded coupons were cut 0.5 mm from the weld
centerline parallel to the loading direction. The samples
were cold mounted in the epoxy, ground, and vibra-
tory polished with 0.05 um colloidal silica. Once pol-
ished, the test specimens and intermetallic compound
layers were analyzed using an Apreo 2 scanning elec-
tron microscope (SEM). A Tecnai F20 transmission
electron microscope, in which foils were prepared by
focused ion beam lift-out done on a Nova NanoLab
600 DualBeam SEM. For increased accuracy, selected
area diffraction was used to determine the intermetallic
compounds in conjunction with crystal maker software
and the inorganic crystal systems database (ICSD).

Free energy calculations were created using the
2021a version of thermodynamic Thermo-Calc® soft-
ware using the TCFE10 iron and MOBFE6 mobility
databases. Chromium concentrations ranging from 1 to
25 wt-% were used to determine the effects of a 60 wt-
% Al-Fe matrix on the intermetallic layer, thus varying
the iron and chromium concentration. The tempera-
ture range used for the simulations was from 700°C
to 1100°C. Diffusion-controlled transformation simu-
lations were also conducted for 0.5 s at 950°C using a
Fe matrix consisting of different compositions such as
90 wt-% Fe — 10 wt-% Cu, 90 wt-% Fe — 10 wt-% Cr, 90
wt-% Fe — 10 wt-% Si, 90 wt-% Fe — 10 wt-% Ni, and 90
wt-% Fe — 10 wt-% Ti to further showcase the inhibiting
effects of Cr on the Fe-Al intermetallic layer.

Results and discussion
CALPHAD and kinetic modelling

The effect of Cr on a Fe matrix was assessed using a
free energy diagram for the FeAls intermetallic that
was calculated using CALPHAD. Figure 1 shows the
free energy of FeAls for increasing temperature and
Cr concentrations. A lower Gibbs free energy corre-
sponds to a more spontaneous reaction. The surface
plot shows a considerable increase in the Gibbs free
energy of FeAl; between 0 and 25 wt-% Cr as the tem-
perature rises from 700°C to 1100°C. The analysis was
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Figure 1. Free energy of FeAls with varying temperature and chromium concentration.

restricted to FeAls as it is the first intermetallic phase
to form; thus, by effectively inhibiting the likelihood
of precipitating FeAls, the suppression, and growth of
Fe, Als can also be influenced. Noticeably, Cr can signif-
icantly reduce the formation of FeAl;. Chromium thus
minimises the interaction between Fe and Al, resulting
in the precipitation and growth of FexCry, Al, inter-
metallic compounds. The Fe-Al intermetallic growth is
suppressed, illustrated by the higher Gibbs free energy
value [19].

Aluminium transport in Fe occurs via crystal lat-
tice defects such as grain boundaries and dislocations.
These defects are low energy barriers for nucleation
and growth of intermetallic precipitates. The effects of
Cr on the diffusion of Al in a Fe matrix were further
evaluated and compared with other elements such as
Cu, Si, Ni, and Ti seen in Figure 2, the Al diffusion
distance is 100 wt-% Fe is large and thus results in a
thick intermetallic layer. The introduction of Ni does
not suppress the diffusion experienced in the Fe—-Al sys-
tem. Cu and Ti decrease the Al diffusion distance by 0.2
um. The decrease is attributed to the suppression of the
FeAls phase, obtained using the CALPHAD software.
Noticeably, Cr and Si decrease the Al diffusion distance
by 1.0 um. The suppression of the Al diffusion from
Si additions has been attributed to Si atoms occupying
vacancies along the c-axis of the Fe; Al5 orthorhombic
lattice [20-23]. Cr is a larger atom and thus inhibits the
Fe-Al differently through the formation of FexCrAly
compounds [16,17,19].

Mechanical performance

Tensile shear testing revealed a substantial improve-
ment in force and fracture energy of the 6022 - PHS
joint through the stainless-steel interlayers, as shown in
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Figure 2. Al diffusion comparison in a Fe-10 wt-% matrix

Figure 3. The 430 foil condition improved the force and
fracture energy, which saw an increase of 4.8 kN and
1.5 ] compared to the no interlayer sample. The per-
formance gain is credited to a reduction of the Fe-Al
intermetallic layer and an increase in the weld nugget
diameter. The increased weld nugget diameter results
from a higher joule heating effect from the additional
contact resistance generated along the interlayer inter-
faces.

However, each condition exhibited different nugget
diameters of 8.540.5, 9.3 £0.4, and 9.2£0.2 for the
no interlayer, 304 and 430 foils, respectively. Joint effi-
ciency was used to normalise the data. Figure 4 com-
pares the macrostructure of the no interlayer and foil
304 conditions. As shown in Figure 4(a), the HAZ out-
line is visible and melting along the dissimilar metal
interface and porosity. Figure 4(b) illustrates similar
features but with melting between the stainless-steel
foil and PHS. The interlayer condition shows more
indentation than the no interlayer joint resulting from
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Figure 3. Comparison of tensile shear performance of interlayer joints.

a No Interlayer

304 Interlayer

Figure 4. Macrostructure comparison of (a) no interlayer (b)
304 interlayer conditions.

the increased joule heating response. Consequently, a
higher degree of deformation is experienced by the
interlayer joints.

The nominal peak tensile stress is calculated for an
interfacial failure mode as shown in Equations 1. op
uses the area of the aluminium nugget (71?) because
fracture occurs through the sheet-to-sheet interface of
the joint [24-26]. For simplicity, the ultimate tensile
strength of the aluminium base material was used to
determine the joint efficiency of the fracture. It is dif-
ficult to quantify the rotating stresses acted upon the
joint during tensile shear testing. The joint efficiency
for the no interlayer, 304 and 430 foil interlayers, was
calculated using Equation (2) and determined to be

15%, 44%, and 45%, correspondingly. All joints failed
in the interfacial failure mode due to the large thick-
nesses of the aluminium and PHS. In the no interlayer
condition depicted in Figure 4(a), the joint failed along
the AA6022-PHS interface near the IMC layer. The
interlayer joints all failed along the AA6022-SS inter-
layer interface. To inhibit the interfacial failure mode,
a thinner sheet of aluminium would lower the alu-
minium/steel thickness ratio and reduce the shear-to-
tensile ratio, effectively lowering the shear stress at the
weld-faying surface [27].

Peak Force
OJF = - — 3 (1)
Tr
OIF
Ey = 2
V= s, (2)
Intermetallic layer

Figure 5(a) illustrates the compositional gradient
present within the Fe—Al intermetallic consisting of
two distinct layers, FeAl, and FeAls;, with a thick-
ness of 1.8 um =£ 0.1. The formation of a eutectic grain
in Figure 5(b) has been found to be related to an
orientation relationship between FeAl and FeAl, [28]
Figure 5(c) illustrates the diffraction pattern of the
FeAl, compound, which matched the ICSD reference
260874; FeAl, is a triclinic crystal. The crystal was
observed in the [001] orientation. Energy Disperive X-
ray Spectroscopy mapping (Figure 5(d)) shows FeAl,
having a composition of 66.5 at.-% Al - 33.5 at.-% Fe.
The lighter area near the aluminium has a composition
of 73.6 at.-% Al - 26.4 at.-% Fe thus indicating the FeAl;
compound. Importantly, Si can be observed within the
intermetallic layer, but was found to have roughly 1
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Cr

Figure 5. (a) Ratio of Fe and Al using transmission electron microscope (TEM) EDS maps from images in (d); (b) BF TEM images; (c)
selected area diffraction (SAD) of grain next to the beam stopper; (d) TEM EDS mapping of image in (a).
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Figure 6. (a) Ratio of Fe and Cr using EDS maps from images in (d); (b) BF transmission electron microscope (TEM) images; (c) selected
area diffraction (SAD) of highlighted grain; (d) TEM EDS mapping of the image in (a).

at.-%, less than what has been reported to inhibit the
growth of the Fe-Al intermetallic [29-31]. FeAl, is a
Fe-rich IMC that forms within a compositional range
of 65 at.-% — 68 at.-%; thus, the high alloying of the
PHS promoted the formation of FeAl,. Consequently,
as temperature increases Al atoms diffuse and interact
with Fe atoms forming FeAl,. Grain boundaries and
dislocations are ideal sites for the nucleation and growth
of intermetallic compounds because they lower the free
energy of formation thus resulting in a defect-mediated
mechanism [4]. In order to determine the effects of the

Cr on the intermetallic layer, the 430 foil condition was
characterised since Ni was found not to affect the Fe-Al
intermetallic.

Figure 6(a) shows a two-layer intermetallic compris-
ing of, FeCrAlg and FeAl,; FeAl; was not observed. The
thickness of the intermetallic layer was 1.1 pm £ 0.1.
Comparatively, the 304 foil intermetallic layer was
1.2 um = 0.1 thick. The implementation of the stainless-
steel interlayer reduced the thickness of the Fe- Al inter-
metallic by 0.7 um. Figure 6(b) illustrates the formation
of micro-twins within the intermetallic layer, which
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can be linked to the segregation of Cr along the Fe-Al
grain boundaries [32]. Figure 6(c) shows the diffrac-
tion pattern of the highlighted grain in Figure 6(b).
ICSD reference 240189 was used to confirm the pres-
ence of a hexagonal FeCrAly crystal within the Fe-Al
layer. The crystal was viewed in the [001] orientation.
EDS mapping (Figure 6(d)) shows the composition of
FeCrAly being 65.8 at.-% Al - 27.7 at.-% Fe - 6.5 at.-
% Cr. FeAl, consisted of 68.5 at.-% Al — 29.4 at.-% Fe
- 2.1 at.-% Cr. Cr segregation within the intermetallic
layer is evident, as shown in Figure 6(d), resulting in the
formation of FeCrAlg and successfully suppressing the
formation of FeAl;. The change in composition along
the Fe—Al layer through the segregation of Cr success-
fully inhibited the Fe-Al intermetallic, thus, resulting
in secondary intermetallic phase formation.

Conclusions

In summary, dissimilar resistance spot welds were made
using stainless-steel interlayers to inhibit the forma-
tion of the Fe-Al intermetallic. The thermodynamic
simulations indicate a strong relationship between Cr
and the Gibbs free energy of the FeAls phase. A Cr
wt-% of less than or equal to 25 wt-% is linearly cor-
related with temperature and found that at elevated
temperatures where IMC growth is favoured, the Gibbs
free energy of FeAls is increased; thus, suppressing
its formation and growth. The stainless-steel interlay-
ers successfully mitigated the overall intermetallic layer
thickness, with the 430 foil experiencing a 0.7 um drop
compared to the no interlayer thickness of 1.8 um,
which supported the kinetic simulation findings. The
implementation of the stainless-steel interlayer was able
to inhibit the Fe-Al intermetallic and improve joint
performance under tensile shear loading conditions.
The formation of FeCrAly was discovered along the
Fe—Al interface and FeAl,. FeAls did not form; there-
fore, the Fe—Al intermetallic growth can be successfully
suppressed through Cr additions.
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