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ARTICLE INFO ABSTRACT

Keywords: This study evaluates the stability and performance of Cold Metal Transfer (CMT) weld-brazed joints by exam-
Steel o ining the effects of boost current, boost duration, wait current, and wire feed rate (WFR) during the wait phase.
Aluminium Process stability improves on increasing boost current, while longer boost durations (>4 ms) or higher wait
r:(e)li:;r:tz:;ighty currents (>80 A) can cause instability due to arc disturbances and premature filler deposition. The WFR in-
Wettability fluences the deposition frequency but does not significantly impact stability. Wettability improves with increased
Microstructure boost current, boost duration, and wait current. However, excessive wettability can cause processing-induced
Shear-tensile strength defects such as solidification cracking due to both reduced cross-sectional area and presence of highly brittle

intermetallic layer. The thickness of the intermetallic layer grows with increasing heat input. Shear-tensile tests

revealed that the failure load rises with boost current, duration, and wait current up to an optimal level, then

declines primarily due to excessive intermetallic layer thickness (>5 pm). The failure modes varied with layer

thickness and wettability, with the highest load observed at a WFR of 10 m/min.

1. Introduction

Lightweighting of vehicle structures has become a primary priority
for automobile manufacturers to enhance fuel efficiency and reduce
environmentally hazardous emissions [1,2]. The use of a combination of
thin zinc-coated high-strength steels and aluminium alloys in automo-
bile production ensures both crash resistance and lightweight design
[3,4]. Therefore, joining dissimilar or multi-materials has become an
essential yet challenging task, particularly in achieving a mechanically
sound joint [5]. In case of aluminium-steel joining, this challenge arises
from the significant differences in the thermo-physical properties (such
as melting point, thermal conductivity and coefficient of thermal
expansion) and the low miscibility of these materials resulting in their
poor metallurgical compatibility [6,7]. During dissimilar joining of
aluminium to steel, welding occurs between the molten aluminium-
based filler and the aluminium base plate, while brazing takes place
between the steel and the molten filler. This combination of processes is
referred to as weld-brazing [8]. This trend toward lightweight design
presents significant technical challenges, particularly when it comes to
achieving reliable and durable joints between materials with vastly
different thermophysical properties, such as aluminium and steel.
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Due to the nearly zero mutual solid solubility between iron (Fe) and
aluminium (Al), a hard and brittle intermetallic layer composed of
Fe—Al compounds forms at the interface aluminium and steel [9,10].
Research has shown that the thickness of this intermetallic layer in-
creases with heat input [11,12]. As the thickness of the intermetallic
layer grows, the brittleness of the interfacial area in dissimilar joints also
increases, making them more prone to failure [13]. Several researchers
have attempted to improve the mechanical integrity of aluminium-steel
joints using various methodologies, including: (i) modifications in filler
composition [14], (ii) optimization or adjustment of process parameters
[15], (iii) use of interlayers [16,17], (iv) modifications in the joining
process [18], and (v) surface treatments and coatings [19]. It can be
concluded from the literature that the use of aluminium-based silicon
(Si) enriched fillers can significantly reduce the thickness and brittleness
of the interfacial layer. This results in the formation of ternary Fe-Al-Si
intermetallic phases instead of hard and brittle Fe—Al binary in-
termetallics, thereby significantly improving joint strength [20,21].
However, in dissimilar steel-aluminium joining, the formation of inter-
metallic phases is unavoidable, often rendering the interface the weak-
est, most failure-prone site in the joint [1,22]. This ongoing challenge
highlights the need for further innovation in joining techniques to
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Table 1
Chemical composition of base materials and filler wire (in wt%).
DP 780 C Si Mn Cr
0.16 0.25 1.8 0.4
AA5052 Si Fe Cu Mn
0-0.25 0-0.4 0-0.1 0-0.1
AlSi5 Si Fe Cu Mn
4.5-6 <0.8 <0.3 <0.05

Al Cu Fe Others
0.04 0.04 Bal.

Mg Cr Ti Al
2.2-2.8 0.1-0.35 0-0.05 Bal.
Mg Zn Ti Al
<0.05 <0.1 <0.20 Bal.

minimize the detrimental effects of intermetallic phase formation and
enhance the long-term performance of steel-aluminium joints.

The wettability of the deposited filler on the steel plays a crucial role
in determining the mechanical properties of lap weld-brazed joints, as it
is a measure of the contact area between the filler and the steel. The
wettability is greatly influenced by the heat input as well as the
composition of filler wire. Milani et al. [23] reported that the addition of
silicon to Al-based fillers not only suppressed the formation of in-
termetallics at the interface but also improved the fluidity i.e. wetta-
bility of filler in molten state. In addition, the wettability of the
deposited filler improves with increased heat input [18,24]. Increasing
the heat input enhances the melting and spreading of molten filler on the
steel surface, leading to greater wetting and an extended contact length
between deposited filler and steel [18]. The relationship between the
intermetallic layer thickness, wettability, and heat input is highly
complex, and their combined effect on the mechanical properties of the
joint requires further investigation. A better understanding of how
excessive wettability and brittleness in the interfacial region affect the
mechanical strength of dissimilar steel-to-aluminium joints is needed. In
conclusion, further research is essential to unravel the intricate in-
teractions between wettability, intermetallic formation, and heat input
to optimize the performance and durability of dissimilar steel-to-
aluminium joints in welding and brazing applications.

Cold Metal Transfer (CMT) process is an emerging welding technique
in the automotive sector, valued for its unique and superior
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characteristics [25]. These include spatter-free, smooth deposition
without the pinching phenomenon, low heat input, the ability to effi-
ciently join thin, coated, and dissimilar materials with minimal distor-
tion [26-28]. The working principle of the CMT process is similar to that
of metal inert gas (MIG) welding, with the key difference being in
deposition: in MIG, deposition occurs due to electromagnetic forces
(EMF), while in CMT, deposition is driven by the backward motion of
the filler wire [29]. The CMT weld cycle consists of three main phases:
the boost phase, wait phase, and short-circuiting phase [15,30]. In the
boost phase, the arc initiates melting, forming a droplet at the wire tip
[31]. During the wait phase, the droplet grows until it contacts the base
metal, enabling smooth deposition via the backward filler motion in the
short-circuiting phase [18,32]. Integrating wire motion into process
control makes the CMT process unique, as molten filler is deposited
through the filler's backward motion at the end of the short-circuiting
phase. Key parameters like boost current, boost duration, wait current,
and short-circuiting current significantly influence deposition behav-
iour, microstructure, and mechanical properties of the weld joints
[33,34]. Chen et al. [35] reported that adjusting CMT parameters in-
fluences droplet size, penetration depth, and bead width during bead-
on-plate CMT welding of 3 mm thick Q235 mild steel. They observed
a significant increase in weld width with an increase in boost current and
boost duration, though the reinforcement did not vary significantly.
However, this area remains unexplored for the dissimilar joining of
aluminium to steel. Further research is necessary to explore the
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Fig. 1. Schematic representation of (a) the experimental setup, (b) the cross-section of the weld-brazed joint, (c) the variation in voltage and current during the CMT
process, and (d) location and dimensions of tensile (T1, T2 & T3) and metallography (M) specimens (all units are in mm).

254



J. Singh et al.

Table 2

Different weld-brazing parameters used in this work.
8.1m0.  Tboost (A)  thoost Iwait (A)  Vdyair (m/ Heat input (J/

(ms) min) mm)

S1 150 2 60 20 103
S2 160 2 60 20 124
S3 170 2 60 20 131
S4 180 2 60 20 136
S5 200 2 60 20 141
S6 220 2 60 20 150
S7 150 4 60 20 160
S8 150 6 60 20 183
S9 150 8 60 20 193
S10 150 12 60 20 204
S11 150 2 80 20 150
S12 150 2 100 20 174
S13 150 2 120 20 211
S14 150 2 60 15 124
S15 150 2 60 10 120
S16 150 2 60 5 117

influence of CMT characteristic parameters on the quality and perfor-
mance of dissimilar steel-to-aluminium welds, as the unique challenges
posed by this material combination require a deeper understanding of
how these parameters affect joint properties and weld integrity.

The bottleneck in dissimilar joining technologies is the control and
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suppression of hard and brittle Fe—Al intermetallic formation at the
interface. This study addresses critical challenges in dissimilar steel-
aluminium joining, particularly the control of brittle Fe—Al interme-
tallic formation at the interface. By investigating the influence of various
CMT characteristic parameters on process stability, microstructure, and
mechanical properties, this work fills key research gaps. The evaluation
of process stability through cyclograms and probability distribution
curves provides valuable insights. These findings contribute to a deeper
understanding of CMT process, offering potential to optimize parame-
ters for enhanced joint integrity and durability in automotive
applications.

2. Experimental procedures

In the present work, dissimilar joining of aluminium alloy (AA5052)
of 2 mm thickness and 1.2 mm thick zinc coated dual phase steel
(DP780) was performed in lap configuration (25 mm overlapping) using
Al based Si enriched (Al1Si5) filler wire of 1.2 mm diameter. DP780 steel
was galvanized coated (coating layer was composed of almost pure Zn)
with a coating thickness of about 10-15 pm on both sides. The thicker
aluminium sheet enables faster heat dissipation from the joint area and
enhances the overall load-bearing capacity of the joint. In contrast, the
1.2 mm thick high-strength steel sheet contributes to a lightweight
design without compromising strength. The chemical composition of
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Fig. 2. Effect of varying boost current levels on (a, b) voltage-current waveforms, (c, d), cyclograms, and (e, f), probability distribution curves.
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Fig. 3. Effect of varying boost duration levels on (a, b) voltage-current waveforms, (c, d), cyclograms, and (e, f), probability distribution curves.

both base metal sheets and filler wire is given in Table 1. Surfaces of the
sheets were cleaned using acetone prior to the joining to remove dirt and
other impurities, and then brazed with the rolling direction of both
sheets parallel to the joining direction. Pure argon (99.99 %) was used as
shielding gas at a flow rate of 12 lpm to protect the molten pool from
atmospheric contaminations. Fig. 1(a) describes the schematic of joining
procedure.

The manufacturer provides several synergic lines, each programmed
for different processes and filler materials, which can be utilized by
selecting the appropriate filler diameter and WFR. These synergic lines
feature fixed values for various characteristic parameters intended to
produce sound weld joints. In this study, the characteristic parameters
were adjusted using a remote-control unit (RCU) integrated with a CMT
power source. The different sets of characteristic parameters are listed in
Table 2. Sample 1 corresponds to the synergic line programmed for the
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CMT process with a 1.2 mm diameter AlSi5 filler and 4 m/min WFR.
Samples 2 through 16 exhibit variations in parameter levels, including
boost current, boost duration, wait current, and WFR during the wait
phase. The terms boost current, boost duration, and wait current are also
commonly known as arc current, arc duration, and background current,
respectively. The speed was kept constant at 400 mm/min for all the
experiments. In this work, the WFR during the wait phase was changed
directly from the machine control unit without measuring the real-time
variation of the WFR during all other phases. Although the overall WFR
was kept constant at 4 m/min for all experiments, there is a possibility
that the overall WFR might have changed slightly when the WFR during
the wait phase was altered. Heat input was calculated using Eq. (1) [36].
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Fig. 4. Effect of varying wait current levels on (a, b) voltage-current waveforms, (c, d), cyclograms, and (e, f), probability distribution curves.

where V is the brazing speed, n (~0.85) is thermal efficiency of CMT
process [37], and U;j and I; represent the instantaneous voltage and
instantaneous current, respectively.

Samples for metallography and shear-tensile testing were machined
in the transverse direction relative to the brazing as shown in Fig. 1(b).
During tensile testing, three samples were tested for each parametric
condition to minimize variability in failure load measurements and to
obtain an average value. Shear-tensile testing was performed at a
crosshead speed of 1 mm/min. The metallography samples were pol-
ished using abrasive papers and diamond slurries to a 0.25 pm finish and
subsequently etched with Kroll's etchant. Subsequently, these samples
were examined under optical microscope (OM) and scanning electron

microscope (SEM) equipped with energy dispersive X-ray spectroscopy
(EDS). A schematic of the cross-section of the weld-brazed joint is shown
in Fig. 1(c). The joints were characterized using various bead parame-
ters, including bead width, wetting length, wetting angle, and fusion
area. Voltage-current (V—I) transients were recorded with oscilloscopes
for all experiments. Fig. 1(d) shows the schematic of the voltage and
current waveforms during the CMT process.

257



J. Singh et al.
240 30
(a) Current
—— Voltage
210 2
180 4
+20
150
~ -~
< L1s
«~ 120 | ()
e [
g “ 10 g
90 - >
S >
60 5
304
-0
0 T T T T
250 270 290 310 330 350
Time (ms)
30 -
(C) | —— Vdwait 5 m/min|
25
20 -1
-~
- 1
<
g‘n 15 4
S
o
> 104
54
04
T T T T
0 50 100 150 200 250
Current (A)
10
(e) — Vdwait_5 m/min
Vdwait_10 m/min
84 Vdwait_15 m/min
: Vdwait_20 m/min
I
Ty i
g o i
2 r 1
2 4 ; »
<
=
=]
=
= 24
0 =" SR ~
T T T T
0 50 100 150 200 250
Current (A)

(b) 240

Journal of Manufacturing Processes 135 (2025) 253-268

30

—— Current
—— Voltage

210 4 |25

180
-20

150

15
120 4

~10

Current (A)
B

Voltage (V)

60

30

0 T T T T T
250 270 290 310 330

Time (ms)

(d) 30

254

Vdwait_20 m/min

20

15 4

Voltage (V)

10

T T T
100 150 200

Current (A)

250

Vdwait_5 m/min
Vdwait_10 m/min
Vdwait_15 m/min
Vdwait_20 m/min

Probability (%)

30 35

Voltage (V)

Fig. 5. Effect of varying WFR during wait phase on (a, b) voltage-current waveforms, (c, d), cyclograms, and (e, f), probability distribution curves.

3. Results and discussion
3.1. Process stability

The stability of a welding process depends on several factors,
including welding speed and mode of operation, shielding gas compo-
sition, surface conditions of the workpiece, welding current and arc
voltage, for example. V—I variation, cyclograms, and probability dis-
tribution curves are essential tools for assessing the stability of welding
processes. V—I transients capture real-time fluctuations in arc current
and voltage, highlighting instability events like irregular arc behaviour.
Cyclograms, by plotting voltage against current in a cyclic manner,

reveal the dynamic relationship between these parameters and show
how stable operational points repeat over time [38,39]. Probability
distribution curves convert V—I data into a statistical framework,
showcasing repeatability by analysing the spread and concentration of
values. To plot the probability distribution curves, the recorded time-
domain data for voltage and current was converted to the probability
domain using appropriate filters. These curves are directly influenced by
CMT characteristic parameters. The integration of these three methods
provides a holistic view of process stability, enabling innovative opti-
mization of CMT parameters for more reliable and efficient welding
operations. In the present work, V—I transients, cyclograms, and prob-
ability distribution curves were plotted to determine the stability of the
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Lack of fusion

Fig. 6. Cross-sections of various weld-brazed joints as listed in Table 2: (a) S1, (b) S6, (c) S10, (d) S13, and (e) S16.

CMT weld-brazing process at different CMT characteristic parameters,
including boost current, boost duration, wait current, and WFR during
the wait phase. It should be noted that in a CMT weld cycle, the terms
boost current, boost duration, and wait current are also commonly
referred to as arc current, arc duration, and background current,
respectively [40,41].

Fig. 2 depicts the variation of V—I transients, cyclograms, and
probability curves with an increase in the boost current from 150 to 220
A. An increase in boost current leads to an increase in arcing power,
which in turn increases the heat input of the process [42]. The V—I
curves are relatively smooth and have no abnormal peaks, indicating
that the CMT process remains stable despite the increase in boost current
(Fig. 2(a & b)). The cyclogram of the CMT process appears as the Greek
letter gamma (I') (Fig. 2(c & d)). The width of the vertical leg represents
the variation in short-circuiting current during the deposition of molten
filler, while the length of the horizontal leg represents the level of boost
current [18]. In the present work, the length of the horizontal leg
increased with the boost current. The cyclogram becomes denser (nar-
row vertical leg) when the boost current is increased from 150 A to 220
A, signifying that the stability of the CMT process is even better at higher
boost current levels. In the current probability curve (Fig. 2(e)), the
distinct peaks of boost current can be seen depending on its value,
whereas the peaks of all three phases overlap in the voltage probability
curve (Fig. 2(f)), indicating that the process remains stable, and the
deposition is smooth as the boost current increases.

The arcing power can be increased either by raising the boost current
or by extending the boost duration [42]. Fig. 3 shows the variation of
V—I transients, cyclograms, and probability curves as the boost duration
isincreased from 2 to 12 ms. It can be seen that there are some abnormal
peaks and valleys in the middle of the boost phase voltage when the
duration is increased to 12 ms (Fig. 3(a & b)). These abnormalities in the
voltage curve can be attributed to disturbances in the arc and the cor-
responding deposition of the molten droplet. A too-long boost period
leads to the availability of surplus energy to melt the filler wire, causing
premature deposition of a fraction of molten filler droplets in the
absence of a wait phase. Ideally, the molten droplet grows during the
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wait phase until it contacts the base metal surface. However, with a high
boost duration, the excessive arc power causes disturbances in both the
arc and the deposition process. The cyclogram at 2 ms boost duration has
the ideal gamma (I') shape, clearly showing all three phases (Fig. 3(c)).
In contrast, increasing the boost duration results in a very complex shape
of cyclogram. At higher boost duration the shape of cyclogram is nearly
rectangular and an increase in the width of the vertical leg indicates
unstable deposition of the molten filler (Fig. 3(d)). The denser part on
the right side of the vertical leg of cyclogram at a 12 ms boost duration
shows deposition in the absence of wait phase i.e. abnormal/premature
deposition. In this abnormal/premature deposition, the voltage sud-
denly drops from the boost phase value to the short-circuiting value, as
also evident in the voltage waveform (Fig. 3(b)). In normal CMT depo-
sition, the wait phase occurs during the transition from the boost phase
to the short-circuiting phase as shown in Fig. 2(a). The current proba-
bility curve (Fig. 3(e)) is relatively normal and shows no abnormalities,
which is attributed to the controlled and smooth variation of current on
increasing boost current as all three phases can be distinguished in the
current waveform. However, some unusual variations are observed in
the voltage probability curves (Fig. 3(f)). The transition between the
wait phase and the boost phase indicates higher possibility of arc
disturbance as evident from higher probability values in this region,
especially at longer boost durations (8 and 12 ms) compared to shorter
boost durations. This observation clearly suggests that the CMT process
becomes unstable at higher boost duration values. Therefore, it is rec-
ommended to keep the boost duration at lower levels, such as 2 or 4 ms.
Another possible approach to increase arcing power is to simultaneously
increase the boost current and boost duration, which requires further
investigation [30].

Since the wait phase is also a part of the arcing phase, the wait
current was increased to increase the arcing power [43]. Fig. 4 depicts
the V—I transients, cyclograms, and probability curves with the wait
current increased from 60 to 120 A. The comparatively higher noise in
the current signal and the abnormal peaks and valleys in the voltage
waveform clearly indicate that the CMT process was less stable at higher
wait phase current values (Fig. 4(a&b)). These variations in the voltage
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curve at 120 A wait current are very similar to those observed at higher
boost durations. Additionally, the cyclogram transformed into a rect-
angular shape at higher wait phase current, similar to the case of higher
boost durations, which describes occurrences of premature/abnormal
deposition in the absence of the wait phase and the corresponding arc
disturbances (Fig. 4(c & d)). The current probability curve clearly shows
distinct peaks of wait phase current depending on its level, with no
indication of variation in stability (Fig. 4(e)). However, the voltage
probability curve clearly shows signs of poor stability at 120 A, as there
was a common peak for the wait and boost phases (Fig. 4(f)). This can be
attributed to the nearly horizontal/constant voltage line during the
boost-wait phase, which otherwise gradually declines during the wait
phase at lower wait current levels.

Another parameter included in this study is the feed rate of the filler
wire during the wait phase. The wait phase is known for the growth of
the molten droplet at the tip of the filler wire until it reaches a sufficient
size or volume to contact the base metal surface and deposit [15,18].
Increasing the feed rate of the filler during the wait phase reduces the
time for droplet deposition, i.e., the duration of the wait phase, by
melting the increased volume of filler more quickly and thus increasing
the droplet size rapidly [43]. This is how the frequency of droplet
deposition increases with the WFR. The increase in deposition frequency
can be confirmed by examining the short-circuiting frequency (V—I
transients in the Fig. 5(a & b)). It can be seen that short-circuiting occurs
only once in a period of 100 ms at 5 m/min WFR, whereas it occurs six
times in the same period at 20 m/min WFR. Thus, it can be deduced that
WEFR during wait phase controls the duration of wait phase which in turn
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influences the deposition frequency. The cyclogram appears normal at
both levels of WFR, indicating that process stability is not significantly
affected by WFR during this phase (Fig. 5(c & d)). The cyclogram at 5 m/
min is less dense compared to the one at 20 m/min, which can be
attributed to the lower number of CMT cycles at 5 m/min compared to
20 m/min WFR. The probability curves for voltage and current are
smooth, and all three peaks of different CMT phases are clearly visible
(Fig. 5(e & f)). One interesting observation from the voltage probability
curve at 5 m/min WFR is that it has a high peak for the wait phase,
whereas it has a very small peak for the short-circuiting phase and nearly
a flat line for the boost phase. This indicates that most of the time was
spent in the wait phase, as the 5 m/min WFR during the wait phase was
too low for faster growth and deposition of the filler metal.

3.2. Joint geometry

Bead shape/geometry play an important role in the evolution of the
mechanical properties of weld-brazed lap joints. Fig. 6 shows the bead
geometry of joints weld-brazed using different CMT characteristic pa-
rameters. The bead of the base parametric set (S1) is narrow and bumpy
compared to all other joints (Fig. 6(a)). This difference can be attributed
to the increase in heat input when the boost current, boost duration, and
wait current are increased independently (refer to Table 2). In addition,
there is a noticeable hump in joints weld-brazed at the maximum levels
of boost duration and wait current due to strong arc forces (Fig. 6(c &
d)). In addition, a discontinuity/defect is present at the root of all the
weld-brazed joints (Fig. 6(b)). This defect, also known as lack of fusion,
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Fig. 8. Defects in weld-brazed joints observed in different samples listed in Table 2: (a) S13, (b) S16, and (c) S10.

forms due to the influence of zinc-rich fumes. When the molten filler is
deposited onto the coated steel surface, it melts and partially evaporates
the zinc coating. Molten zinc accumulates at the corners of the deposited
bead, and zinc fumes attempt to escape from the joint area through the
gap between the sheets being brazed. This further leads to the formation
of the discontinuity at the root upon solidification. Singh et al. [8] sys-
tematically characterized this zone at the root of weld-brazed joints,
identifying it as composed of zinc-rich phases. They also proposed
introducing a predefined gap between the sheets to allow zinc fumes to
escape more easily from the joint area and achieved a significant
reduction in the area of this zinc rich zone at root using 0.1 and 0.2 mm
predefined gap between the sheets. However, this gap can cause addi-
tional bending during shear-tensile testing of lap weld-brazed joints,
leading to joint failure at lower loads. In the present work, the bead
geometry was characterized using various parameters, namely bead
width, wetting length, wetting angle, and area of the fusion zone.

Fig. 7 details the variation of different bead parameters with various
CMT characteristic parameters. An increasing trend is observed in the
wetting length and bead width with increasing boost current, boost
duration, and wait current, which can be attributed to a corresponding
rise in heat input (Fig. 7(a-c) & Table 2). Conversely, the wetting angle
decreases as the boost current, boost duration, and wait current in-
crease, due to the same reason. A rise in heat input increases the
spreadability of molten filler over the steel surface. Therefore, it can be
confirmed that the wettability of weld-brazed dissimilar steel-
aluminium joints improves with increasing boost current, boost dura-
tion, and wait current, as indicated by the increasing wetting length and
decreasing wetting angle. On the other hand, excessive wetting can
adversely affect the joint properties. Excessive wettability occurs when
the wetting angle is excessively low, leading to an over-spreading of the
filler material on the steel surface. This overspreading reduces the
effective cross-sectional area of brazed lap joints, which can weaken
joint strength and introduce variability in joint properties. While a
certain level of wettability is essential for effective bonding, excessive
wettability can adversely affect joint integrity by altering the distribu-
tion of the filler material. In the present work, shrinkage/solidification
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cracking was observed in the joints at both high boost duration and high
wait current levels (Fig. 8(a)), primarily due to excessive wettability.
The excessive spreading of molten filler leads to faster solidification,
making the joints prone to shrinkage cracking, especially since the
interface is already very hard and brittle in the case of steel-aluminium
dissimilar joints.

The fusion zone area exhibits an increasing trend with the three CMT
characteristic parameters: boost current, boost duration, and wait cur-
rent, except for slight deviations observed with rising boost current
(Fig. 7(a-c)). As shown in Table 2, the heat input increases indepen-
dently with each of these three parameters. Consequently, the increase
in fusion zone area can be attributed to the greater melting volume of the
aluminium plate and its subsequent inclusion in the fusion zone as heat
input rises. Conversely, the wettability of the joints decreases with
increasing wire feed rate (WFR) during the wait phase, as indicated by
the rising wetting angle and reduced wetting length (Fig. 7(d)). This
behaviour can be attributed to the higher volume of filler wire being
supplied per unit time and length during the wait phase at nearly the
same heat input, which diminishes its spreadability when melted and
deposited onto the steel surface.

Table 2 shows that the heat input remained relatively consistent,
ranging only from 117 to 120 to 124 J/mm as the WFR during the wait
phase increased from 5 to 10 to 15 m/min. For this reason, the fusion
zone area also decreased with higher WFR during the wait phase, likely
due to the reduction in spreadability. Additionally, rippling was
observed in the joints at lower WFRs, which is attributed to the longer
wait period, i.e., reduced deposition frequency (Fig. 8(b)). Ortega et al.
[44] also reported that comparatively larger droplets form at lower WFR
values during the wait phase which could also be a possible reason for
rippling. Fig. 8(c) shows the spatter caused by disturbances in metal
deposition and arc both at larger boost duration and higher wait current
values.

3.3. Microstructure

The microstructure of steel-aluminium dissimilar joints is highly
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Steel

Spilled intermetallic phases into the deposited filler

Fig. 9. Micrographs of the intermetallic layer at the interface of various weld-brazed joints, corresponding to the samples listed in Table 2: (a) S1, (b) S6, (c) S10, (d)
S13, and (e) S16.

Deposited filler. . « . . .,
40.0pm

Fig. 10. Location of point EDS analysis at the interface of sample 15.

sensitive to heat input, as the interface between the steel and the fusion
zone consists of hard and brittle Fe-Al-Si intermetallic compounds.
These intermetallics are known to grow with increased heat input
[1,22,45]. In this study, a similar continuous intermetallic layer formed

Table 3
Elemental compositions and possible phases at the indicated spots in Fig. 10 (all
results are expressed in weight percent).

Spectrum label Al Fe Si Mn  7Zn Possible phase at the interface between the steel and the deposited filler metal. Fig. 9
1 82.1 136 37 03 0.3 AlgFesSi shows the interfacial microstructure of the weld-brazed joints at
2 817 159 19 04 01  AlgFe, different CMT characteristic parameters. In this work, the morphology
3 906 6.2 29 03 (ALSi)sFe of intermetallic phases was observed to be needle-shaped and irregular
4 9.1 08 01  Alsolid solution p vas ! P d 1rreg

5 88.7 22 88 0.3 ALSi eutectic phase near the deposited AlSi5 filler, while more regular, bulkier phases

formed closer to the steel interface. To further characterize these
intermetallic phases, EDS point analysis was conducted across the
interface of the joint with the highest mechanical strength (S15) (refer to
Fig. 10), and the results are summarized in Table 3. The data clearly
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Fig. 11. EDS mapping results for the root, center, and toe regions of sample 15.
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shows a decrease in Fe across the intermetallic layer when moving to-
ward the deposited filler. Similarly, Si and Al concentrations are highest
in the intermetallic layer near the deposited filler and lowest near the
steel. This variation in Al, Si, and Fe confirms diffusion across the
interface and the formation of Fe-Al-Si ternary intermetallic phases.
Based on stoichiometry, the possible intermetallic phases are identified
as follows: AlgFe,Si (Spectrum 1) near the steel, as Fe and Si proportions
align with this ternary phase; Al;sFe4 (Spectrum 2) in the middle of the
intermetallic layer, where Si content is too low for a ternary phase; and
Fe(ALSi)3 near the deposited filler. Consistent with the present work,
both Song et al. [21] and Xia et al. [46] reported the formation of two
intermetallic phases, two intermetallic phases Fe(Al,Si)s and Alr.2Fe1.sSi,
at the interface between steel and the deposited AlSi5 filler during the
dissimilar joining of steel to aluminium.

The average thickness of intermetallic compound layer did not
change significantly (3.74 + 0.54 to 4.99 + 1.35 pm) when the boost
current increased from 150 to 220 A (Fig. 9(a & b)). However, excessive
growth and spilling of intermetallic phases into the fusion zone were
observed at both higher boost duration and higher wait current level
(Fig. 9(c & d)), which is attributed to the comparatively higher heat
input at these parameters. Further, spilling was also observed at low
WER levels during the wait phase (Fig. 9(e)), but it was less pronounced
than in the other two cases. Spilling at low WFR levels can be attributed
to the deposition of high-energy, comparatively larger droplets of
molten filler into the melt pool, causing turbulence and corresponding
spilling into the fusion zone. Fig. 11 shows the EDS area mapping results
at the root, center, and toe of the joint which exhibited the highest
mechanical strength, aiming to test the hypothesis of Zn accumulation at
the corners of the deposited bead under the capillary action. It is evident
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that no Zn is present at the center of the interface, while Zn accumula-
tion occurs at both the root and toe of the bead. Furthermore, the
diffusion of Al, Fe, and Si is more pronounced at the center, whereas it is
negligible at the corners. This indicates that the intermetallic layer is
thickest at the center, which is exposed to the high-temperature zone of
the arc.

To further correlate the growth of intermetallic phases with heat
input levels, the intermetallic layer thickness was plotted against heat
input for each characteristic parameter, as shown in Fig. 12. While the
parameters remained constant, varying a single characteristic parameter
(boost current, boost duration, WFR during wait phase or wait current)
resulted in significant fluctuations in both voltage and current signals.
This variation also influenced the thickness and morphology of the
intermetallic layer at the interface. Since the growth of the intermetallic
layer is primarily dependent on the level of heat input, this figure
(Fig. 12) has been included to elucidate the relationship between
intermetallic layer thickness and heat input as the characteristic pa-
rameters of the CMT process are altered.

The thickness presented in Fig. 12 is an average value, evaluated
based on 25 measurements taken from 5 micrographs per sample, with
five measurements taken in each micrograph at equal distances. Inter-
metallic layer thickness varies linearly with heat input for each
parameter, except for some unusual variations attributed to the mea-
surement strategy, since it was not possible to capture the thickness of
spilled intermetallics when they were not attached to the intermetallic
layer at some locations. Another possible cause for a decrease in thick-
ness despite increasing heat input could be excessive wettability. Higher
wettability, i.e., a higher contact area at the interface, facilitates faster
dissipation of heat from the molten pool to the steel plate, which can also
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Fig. 13. Variation of failure load with different CMT characteristic parameters (a) boost current, (b) boost duration, (c) wait current, and (d) WFR during wait phase.

retard the growth of intermetallic phases. Thickness of the intermetallic
layer was higher for boost duration and wait current parameters, with
greater scatter compared to the other two parameters (boost current and
WFR during the wait phase). The thickness was minimum for WFR
during the wait phase and has a decreasing trend with increasing WFR
during the wait phase, which can be attributed to the consumption of
heat input for melting an increased volume of filler, thereby retarding
the growth of intermetallic phases.

3.4. Shear-tensile testing

For overlap joints, calculating stress values is challenging due to
ambiguity in defining the effective fracture area. Failure may occur at
the interface, within the deposited bead, or in the base metal sheet, and
accurately measuring the fractured area is often difficult. Additionally,
overlap joints experience complex, non-uniform stress distributions
across the bonded area due to factors such as shear stress concentration,
bending, and peeling forces. This complexity means that a single stress
value does not fully represent the joint's overall behaviour. In contrast,
failure load provides a more straightforward and practical metric, as it
directly reflects the joint's mechanical properties and does not rely on
precise measurement of the fractured area. Considering the strong
dependence of failure load on heat input and the corresponding growth
of the intermetallic layer, shear-tensile tests were conducted to assess
the integrity of the weld-brazed lap joints, with the results illustrated in
Fig. 13. The failure load first increased in each case on increasing the
boost current, boost duration and wait current and then decreased. This
fall in the failure load can be attributed to both thicker intermetallic
layer at the interface as well as excessive wettability of the joints at
higher heat input levels. On the other hand, failure load decreased on
increasing the WFR during the wait phase primarily due to reduction in
wettability as well as weaker interfacial bonding. In this case, the
thickness of the intermetallic layer also played an important role
because the joins weld-brazed at 20 m/min WFR during the wait phase
failed from the interface as the thickness of intermetallic layer was just
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3.3 + 0.4 pm. A maximum failure load of 8.3 & 0.18 kN was observed at
10 m/min WFR during the wait phase and the thickness of intermetallic
layer was 4.8 £+ 1.1 pm. Out of all the samples tested, the second highest
failure load was obtained at 200 A boost current and the intermetallic
layer thickness was 4.78 + 0.5 pm for this parameter. Thus, it can be
inferred from these results that the samples with intermetallic layer
thickness around 5 pm exhibit better mechanical strength. Too low
intermetallic layer thickness leads to failure at premature loads due to
weaker bonding whereas too thick intermetallic layer makes the inter-
facial region very brittle and prone to failure at comparatively lower
loads. Yang et al. [3] reviewed the influence of intermetallic phases on
Al/steel dissimilar joints and emphasized the importance of controlling
the interfacial temperature and intermetallic layer thickness to achieve
mechanically robust Al/steel joints.

Fig. 14 illustrates the locations and modes of failure for different
joints during shear-tensile testing to better understand the cause of
failure of joints. Four distinct failure modes were observed: at the
interface (mode 1), along the fusion line (mode 2), within the bead
(mode 3), and mixed mode failure (mode 4). These modes of failure were
primarily influenced by the thickness of the intermetallic layer and the
wettability of the joints. Joints with either insufficient wetting length or
an excessively brittle interface failed at the interface. Fig. 14(a) shows
the joint failure from the interface of sample 1 (as listed in Table 2). The
primary cause of this failure was the insufficient interfacial contact area,
which was inadequate to resist elongation under tensile load. Fig. 14(b)
depicts the detached surfaces of this same joint. In contrast, Fig. 14(c)
shows the joint failure of weld-brazed sample at a boost current of 170 A
(sample 3 in Table 2). In this case, the failure was primarily due to the
brittle nature of the interface. Fig. 14(d) displays the failure location of
the joint weld-brazed at a wait current of 100 A. This joint failed along
the boundary of the fusion zone, i.e., the fusion line (mode 2), and
demonstrated a failure load of 6.7 £ 0.6 kN, the highest observed when
varying the wait current. The joints failed in this mode when the
interface was not excessively brittle and there was no humping in the
bead. Fig. 14(e) shows the failure location of a joint weld-brazed at a
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Fig. 14. Failure locations of weld-brazed joints: (a, b) lower interface (S1), (c) lower interface (S3), (d) fusion line (S12), (e) bead (S8), (f) mixed mode: interface +

bead (S15), and (g) schematic of different failure modes.

boost duration of 6 ms. The failure occurred in the humped region of the
bead (mode 3), where the occurrence of humping reduced the effective
cross-sectional area. This humping resulted from the deposition of larger
droplets as the boost duration increased.

Finally, Fig. 14(f) shows the failure location of the joint weld-brazed
at a 10 m/min WFR during the wait phase. This joint corresponds to
sample 15 in Table 2, which exhibited the highest failure load of 8.3 +
0.18 kN among all the samples listed. The failure initiated at the inter-
face and then the crack deviated into the bead (mode 4). This behaviour
can be explained by the variation in intermetallic layer thickness at the
interface. Typically, the intermetallic layer is thicker at the centre of the
interface, and its thickness gradually decreases toward either the toe or
root (refer to Fig. 11). Since the bead was strong enough to resist failure
in this joint, the crack initiated at the root and propagated along the
interface, which is brittle. The brittleness of the interface increases
proportionally with the growth of the intermetallic layer. Lin et al. [47]
reported that formation of intermetallic phases can reduce the ductility.
In the present work, once the crack reached the thicker intermetallic
layer zone, i.e., the centre of the interface, it deviated from the interface
and propagated into the bead. Two factors contributed to the crack's
propagation into the bead at this location: (i) the formation of a zinc-rich
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zone at the toe of the joint (refer to Fig. 11), and (ii) the extremely thin
intermetallic layer near the toe. Thus, the joint failed in a mixed mode.
In addition, Fig. 14(g) presents a schematic of all the failure modes along
with the potential causes of each mode for better understanding. It is
important to note that cracks initiated at the root in all the joints, as the
gap between the sheets served as a crack initiation site and facilitated
easy propagation from this point. Furthermore, the lap configuration
joints experienced bending in addition to tensile loading due to the ec-
centricity between the sheet axes, which led to stress concentration at
both the root and the toe of the deposited bead.

4. Conclusions

o The stability of the CMT weld-brazing is influenced by key parame-
ters such as boost current, boost duration, wait current, and WFR.
Analysis showed that process remains stable on increasing the boost
current, while long boost durations or high wait currents can cause
instability due to arc disturbances and premature filler deposition.
Although the WFR affects deposition frequency, it has little impact
on stability. Maintaining optimal boost duration and wait current is
essential for stable CMT operation.
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e Increasing the boost current, boost duration, and wait current en-
hances wettability, as evidenced by wider beads, longer wetting
lengths, and smaller wetting angles. However, excessive wetting can
lead to shrinkage and solidification cracking, particularly in steel-
aluminium joints, due to rapid solidification and the brittle nature
of the interface. Optimal control of these parameters is essential to
balance wettability and avoid defects in the weld-brazed joints.
The thickness of the intermetallic layer increased linearly with heat
input, except in cases of excessive heat input or high wettability,
which can reduce thickness. While boost current did not significantly
alter the intermetallic layer thickness, higher boost durations and
wait currents led to increased intermetallic growth and spilling into
the fusion zone. Conversely, lower WFR's during the wait phase
resulted in less pronounced spilling due to the deposition of larger
droplets.

Shear-tensile testing of weld-brazed lap joints revealed that the
failure load increased with boost current, boost duration, and wait
current up to an optimal point, after which it decreased. This decline
in failure load was due to a thicker intermetallic layer and excessive
wettability at higher heat inputs, or reduced wettability and weaker
bonding at higher WFR's. Joints with an intermetallic layer thickness
of around 5 pm demonstrated the highest mechanical strength, while
both very thin and excessively thick layers led to lower failure loads.
Failure modes varied with the intermetallic layer thickness and
wettability, including interface, bead, and fusion line failures. The
highest failure load was observed with a 10 m/min WFR, where
failure originated at the interface and propagated into the bead,
reflecting the complex interplay of intermetallic layer thickness and
joint conditions.
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