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Abstract
In order to achieve lower CO2 emissions and lower fuel consumption, modern motor vehicle industries have been reducing
automotive weight with an increasing degree in the past years by replacing steel structures with brazed and welded components of
steel and lightweight metals. In this context, the combination of galvanized steel and aluminum admits considerable application
potential. Joints of the two cited different types of materials can be produced by partial brazing, through the Cold Metal Transfer
(CMT) process with addition of zinc-based wire alloys. However, stability analysis for this process is still not well understood.
Most papers focus on metallurgical characteristics such as intermetallic phase formation and joint strength. In order to assess
stability, bead on plate samples made of ZnAl4 deposits on an automotive DX56D + Z140 galvanized steel was statistically
correlated to current and voltage oscillograms as well as high-speed images, after variation of the IBoost parameter from 30 to
150 A. Short-circuit and arc burning times were acquired and used to compute the Vilarinho Regularity Index for Short-Circuit
Transfer (IVsc), which is based on variation coefficients. The lower the IVsc, the more stable is the metal transfer. The index was
used to assess bead homogeneity. The results pointed that bead homogeneity was found only for IBoost values below 97 A.
However, stability was reached for IBoost levels of 97 A (with homogeneous bead) and 150 A (without homogeneous bead).
This means that to determine homogeneity, the metal transfer stability, determined through IVsc, is an indicator, but other factors
such as current level and its effects over the melt pool must also be considered.
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1 Introduction

In the automotive industry, CO2 emission is a concern, while
the environmental laws become stricter. In order to overcome
this issue, new alternatives have been proposed, such as the
manufacturing of light components with high specific
strength. When aluminum alloys are preferred, the vehicle
weight is significantly reduced, which contributes to lower
fuel consumption. According to Unel and Taban [1], recent
developments have shown that is possible to reach up to 50%

less Body-In-White (BIW) weight when steel is replaced by
aluminum. In addition, for each 10% of weight reduction, fuel
savings improve 7%.

However, vehicles should have steel parts, due to the me-
chanical strength required in some applications. As a result,
there is a need for development of dissimilar joining methods.

The main challenge regards to differences in mechanical
properties between materials, such as melting point and elec-
tric and thermal conductivities, besides expansion rates, which
are problematic to achieve high-quality joints [2]. Galvanic
corrosion can also happen because of potential difference be-
tween the plates, and when high temperatures are reached,
fragile intermetallic compounds are formed in the interface.
These factors may reduce the joint strength [3].

Although other joiningmethods asmechanical joining (i.e.,
bolts) and adhesive bonding are available in the market, in
these cases, the specific strength is limited, and the usual ge-
ometry configuration [1]. When conventional welding pro-
cesses are selected, other difficulties arise such as the presence
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of spatters, porosity, inadequate bead geometry, loss of corro-
sive protection, and excessive hardness in the fusion zone
(FZ) and in the heat-affected zone (HAZ) [4]. Solid state
methods have also been tested as for example explosion
welding [5], diffusion welding [6], friction welding [7], and
friction stir welding [8]. Yet, these approaches have not been
fully implemented in industry due to restrictions in joint size,
welding position, pressured needed, and equipment cost
[9–11]. Considering the cited issues, the most appropriate pro-
cess in this demand is brazing [4].

Opposed to welding, where both the filler material and base
material reach the melting point, in brazing, only the filler
material is melted. The capillary action constitutes the domi-
nant physical principle. Then, bead wettability is essential,
and can be assessed through contact angle measurements.
Contact angles below 90° are positive indicators of wettability
[11]. Some studies have shown that the higher the bead width
and the lower the contact angle, the better are the mechanical
properties of the joint [12, 13].

Cao et al. [14] states that when galvanized steel is used, not
only the corrosion protection is improved, but also the brazing
process. The immediate zinc vaporization allows the iron to be
directly exposed to the filler metal, and then contact angle
around 35° is obtained. Without the zinc coating, the surface
gets oxidized, and the material does not wet well, with contact
angles around 55°. That is why galvanized steels are preferred
when brazing is required [15–17]. However, in these applica-
tions, zinc alloys should be used, instead of copper alloys. The
main reason is related to the higher melting point of copper,
which is above the zinc vaporization temperature (over 940
°C). Even though copper shows good wettability, excessive
zinc vaporization can impact on joint integrity [18].

The melted metal flow is influenced by its surface tension,
viscosity, dynamic behavior, vapor pressure, gravity, physical
properties, metallurgical reactions with atmosphere, and sur-
face oxides. The bonding is caused by diffusion, which pro-
pitiates the formation of intermetallic compounds (IMCs) in
the interface [11]. According to Mohammadpour et al. [19],
the hardness of these IMCs can reach values of 1000 Hv.

The formation of IMC is influenced by cooling rates and
thermal history [19–24]. In terms of process parameters, this
means that it is influenced by the heat input. As only the filler
material reaches the melting point in brazing, less heat is re-
quired to accomplish the joint when the process is compared
with welding. Then, besides the reduced distortion and resid-
ual stress levels [11], the intermetallic layer can also decrease,
and this fact results in good mechanical properties [2, 21, 22].

The well-known version of brazing is the oxyacetylene, but
the formation of IMCs is excessive and restricts its use [10].
Another alternative was covered by Dong et al [23], who
studied dissimilar brazing of aluminum to galvanized steel
through the Tungsten Inert Gas (TIG) arc process, and found
satisfactory values for IMCs thickness (2 μm). However, it is

important to mention that TIG usually shows low welding
speeds and deposition rates, which limits productivity. The
process that combines productivity and relatively low heat
input simultaneously is the Metal Inert Gas Brazing (MIGB)
[4].

The MIGB process is similar to the MIG welding process,
but here only the filler metal melts. The physical principle is
the same. A voltaic arc is formed between the electrode and
the plate after current flow. Shielding gas and an energy source
are also required. The application ofMIGB process has grown
during manufacturing of car body parts roofs to side panel and
fuel tank, where more stiffness and leak proof joining are
required [4]. Li et al. [10] studied the influence of torch posi-
tion and angle over the resultant brazing beads with the MIGB
pulsed process. In a subsequent work, Li et al. [9] improved
process understanding after analyzing pulse current, base cur-
rent, pulse period, and base period parameters. Basak et al.
[10] investigated the effect of heat input on bead width and
wetting angle for pulsed MIGB. When the heat input varied
from 155 to 235 J/mm, the bead width increased from 9.4 to
12.6 mm, while the wetting angle reduced from 61 to 37°.
Uniform beads were obtained with satisfactory mechanical
strength. As the heat input can exert great influence over the
final result, it is essential to control it. A more sophisticated
version ofMIG process has been widely applied for dissimilar
joining and is denominated Cold Metal Transfer (CMT).

The CMTwas initially developed by Fronius, in Austria, in
2004. The process operates with the short-circuit metal trans-
fer, but with high control level. While in the conventional
MIG, the droplet constriction occurs fundamentally due to
electromagnetic force, in the CMT, a forward and backward
wire movement assists the metal transfer [25]. This movement
is executed by a servomotor, located in the torch, with a fre-
quency up to 70 Hz. Then, the droplet is transferred smoothly,
without spatters [26]. Besides that, the heat input is almost the
half of that needed in conventionalMIG, considering the same
deposition rate [27]. It is possible to control the amount of heat
delivered over the plate [24], which is essential during brazing
of dissimilar materials, as mentioned before. Figure 1 illus-
trates schematically the wire oscillation in CMT.

The typical current and voltage CMT signals are displayed
in Fig. 2. A cycle is defined as the period required for droplet
transfer coming from electrode melting to the melt pool.

Fig. 1 Forward and backward movement for CMT process
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According to Zhang et al. [26], three phases can be
distinguished:

(i) Current pulse phase: is represented by a current pulse
(IBoost) with the aim to facilitate arc ignition, promote
electrode fusion, and form the metal droplet during a
configured pulse time.

(ii) Background current phase: after the droplet formation
during the pulse phase, the droplet tends to grow and
transfer in the globular mode, which could result in spat-
ters. In order to avoid this, the current reduces abruptly
and is kept constant until short-circuiting.

(iii) Short-circuit phase: in this phase, the wire contacts the
melt pool and the arc voltage is extinguished. Then, the
servomotor coupled to the torch executes the backward
wire movement, which facilitates the metal transfer. As
a result of the described oscillation, the droplet is

transferred in a lower current level, and this contributes
for the controlled heat input to the plate as well as for the
absence of spatters.

Phases (i) and (ii) belong to arc burning time, while
phase (iii), to short-circuit time. The metal transfer behav-
ior can be analyzed based on high-speed camera. The
cycle starts at point “a.” Points “b” and “c” are related
to the current pulse phase. This stage is necessary for drop
formation in the electrode tip. Then, the current is reduced
in point “d” to limit spatter and metal vaporization before
short-circuiting. Point “e” is the moment immediately be-
fore the short circuit. The metal transfer assisted by me-
chanical retraction can be observed in frames “f” and “g.”
In this last one, a bridge is evident. Finally, the cycle ends
in frame “h,” after detachment.

Fig. 2 Typical CMT oscillogram with current and voltage signals and correspondent metal transfer behavior
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Most works relative to CMT brazing focus on metallurgical
characteristics such as intermetallic formation and its influence
over the joint mechanical strength [14, 20, 22, 28–33]. Just a
few ones are dedicated to process stability [30–32], which is
essential for the selection of suitable parameters. Stability can
be analyzed through different ways, for example, with current
and voltage signal measurements in time or frequency domains
[9], cyclograms, arc voltage variance, and probability distribu-
tion [10] or through captured images with high-speed cameras
associated to current and voltage oscillograms [32]. Alves et al.
[34] chose a criterion that quantifies metal transfer stability in
short-circuit mode. This criterion is based on the premise that
metal transfer is related to arc burning and short-circuit times
constancy. When these periods present low dispersion, heat
transfer to the plate becomes stable, as well as the bead geom-
etry and metallurgical alterations. To study stability with this
criterion, it is necessary to calculate the Vilarinho Regularity
Index for Short-Circuit Transfer (IVsc), according to Eq. (1).

IVSC ¼ σtsc

tsc
þ σtarcing

tarcing
ð1Þ

where
σtsc standard deviation of mean short-circuit time
σtarcing standard deviation of mean arc burning time

tsc short circuit mean time
tarcing arc burning time
As indicated above, the periods constancy is measured

through the variation coefficient, which takes into account
not only the standard deviation, but also the average. The
lower the IVsc, the more regular is the metal transfer.

Considering the relevance of stability analysis in CMTMIGB
process and the absence of studies in this field, the present paper
aims to assess the influence of the current pulse (IBoost) parameter
over metal transfer stability with the aid of a high-speed camera.
Chen et al. [35] investigated the influence of IBoost over stability,
varying it from 250 to 320 A during carbon steel welding and did
not find a significantly alteration in the probability distribution of
short-circuit periods. It is important to mention that this study was
conducted in a welding process, and not in brazing. The objective
here is to analyze the stability behavior of a brazing process based
on IVsc and obtain bead uniformity, as well as favorable condi-
tions for width and contact angle in ZnAl4 deposits over a galva-
nized steel. The results are relevant to support the development of
dissimilar materials brazing of aluminum and galvanized steel.

2 Methodology

2.1 Materials

The brazing process results were studied based on the analysis
of the deposition of zinc alloy ZnAl4 on the galvanized steel
DX56D + Z140 (classified according to the German standard
DIN EN 10346). The chemical composition of this alloy is in
the range of 95.5 to 96.5% of zinc and 3.5 to 4.5% of
aluminum.

The base material was selected because it is frequently
applied in automotive manufacturing and presents high ten-
sion strength and processability when compared among other
steels [22]. The samples had dimensions of 150 mm ×
100 mm × 1 mm, while the filler material was in the wire
format, with 1.2 mm diameter.

Fig. 3 Brazing tests configuration. 1 Power source. 2 Wire feeder. 3
Interface. 4 Linear table source. 5 Linear table interface. 6 Linear table.
7 Clamping system. 8 CMT torch. 9 Torch support. 10 Shielding gas

Fig. 4 Fundamental parameters
to determine CMTwaveform
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2.2 Experimental procedure

The experiments were carried out with a TransPuls Synergic
400 CMT™ power source and a RCU 5000 I interface inte-
grated to a semi-mechanized welding system. It means that the
torch was fixed by a mechanical support and the workpiece
movement was executed with a linear axis table. The tests
configuration is displayed in Fig. 3.

The brazing was carried out in the flat position with 0.35
m/min and 12 l/min of argon shielding (99.5%). The CMT
wave can be divided in arc (1) and short circuit (2) phases, as
indicated in Fig. 4. In addition, the fundamental parameters
determining the waveform shape are boost current (3—
IBoost), boost current time (4—tBoost), current drop rate
(5—Idroprate), short-circuit wait current (6—Iw), and short-
circuit current (7—Isc).

The IBoost current varied from 30 to 150 A and, conse-
quently, the wire feed speed (Vwf), from 2.3 to 7.8 m/min.
The remaining parameters were kept constant, as displayed in
Table 1. As the study was based on tendencies, and not accu-
racy levels, just one test for each bead was carried out. When
there is a small number of factors, as in this work (only IBoost
current), the degree of freedom of the experiment is high
enough. A consistent significance of the tendency can be
reached if the hidden variance is low.

The transient electric signal acquisitions (current and volt-
age) were done with Yokogawa DL850E™ oscilloscope. The
acquisition rate used was 200 kHz and the time for data

acquisition was 2 s, for all experiments. Simultaneously, the
metal transfer was recorded by a Photron SA4™ high-speed
camera with 200 kHz sampling frequency. The camera was
aligned with the welding torch and a lamp. The camera soft-
ware was connected to the oscilloscope and the trigger mode
was activated aiming to obtain the images simultaneously
with the electric signals. The configuration for image acquisi-
tion is illustrated schematically in Fig. 5. All the data (electric
signals and high-speed records) were then processed in a com-
puter, with special programs such as FlexPro® and
LabVIEW™.

2.3 Assessment of results

The resultant bead in brazing should present good wettability.
In order to assess this characteristic, cross-sections samples
were taken and prepared for metallographic visualization,
through sand gridding (from 80 to 1200 mesh), polishing
(1 μm alumina), and etching (Nital 2%) procedures. The
width (mm) and contact angle (°) were measured with a
KEYENCE Digital Microscope VHX—500F, according to
Fig. 6. The contact angle considered for correlation was ob-
tained after calculation of the average between the left and the
right angles of the sample. The image software ImageJ was

Table 1 Selected CMT parameters for experiments

IBoost
(A)

Vwf
(m/min)

tBoost
(ms)

Iwait
(A)

Isc
(A)

Idroprate
(A/ms)

30 2.3 5.53 20 60 200

43 3.2 5.53 20 60 200

57 3.8 5.53 20 60 200

70 4.9 5.53 20 60 200

83 5.3 5.53 20 60 200

97 6.1 5.53 20 60 200

110 6.3 5.53 20 60 200

123 7.0 5.53 20 60 200

137 7.4 5.53 20 60 200

150 7.7 5.53 20 60 200

Fig. 5 Configuration for image acquisition

Fig. 6 Example of wetting angle and length measurements from a bead
cross-section

Table 2 Measured width, contact angle, and cross-section area as a
function of IBoost and wire feed speed (Vwf)

IBoost (A) Vwf (m/min) Width (mm) Contact angle (°) Area (mm2)

30 2.3 3.8 115 8.2

43 3.2 5.9 78 9.9

57 3.8 7.4 72 11.4

70 4.9 11.2 53 15.5

83 5.3 12.5 59 17.7

97 6.1 14.2 56 17.5

110 6.3 19.1 20 15.5

123 7.0 20.6 28 15.8

137 7.4 20.9 41 20.1

150 7.8 23.2 17 12.9
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used for analysis. Low contact angle and long wetting width
are positive indicators of wettability.

The influence of pulse current IBoost over process stability
was first investigated based on current and voltage acquisition
signals, with computation of arc burning and short-circuit
times. Then, the IVsc could be calculated, according to Eq.
(1). The premise for this index is that when arc burning and
short-circuit times have low dispersion values, the heat trans-
fer to the plate becomes stable, as well as the bead geometry
and the metallurgical modifications. The periods constancy is
measured through the variation coefficient, that takes into ac-
count not only the standard deviation, but also the average.
The lower the IVsc, the more regular is the metal transfer.

The IVsc was correlated to the bead geometry (contact angle
and width), and with captured images from high-speed videos.

3 Results and discussion

The bead width and contact angle are important factors for a
brazed joint, as they can exert influence on the mechanical
properties [12]. Table 2 shows the values for the measured
width, contact angle, and cross-section area as a function of
IBoost and wire feed speed (Vwf) after CMT brazing.

An increase in IBoost current from 30 to 150 A, and con-
sequently, in Vwf from 2.3 to 7.8 m/min, led to an increase of
width from 3.8 to 23.2 mm and a reduction of contact angle
from 115 to 17°. The heat input has a direct relation with
current. Therefore, this trend agrees with that presented by
Basak et al. [10] in a pulsed MIGB.

The resultant macrographs are presented in Fig. 7. They
can be classified in three groups. From 30 to 83 A, the beads
had homogeneity, but the width and contact angle were not the
most appropriate for brazing. When IBoost reached 97 A, the
bead also presented homogeneity, with the maximum value

for width and the minimum for contact angle when compared
among the samples from 30 to 83 A. After 97 A, the beads
were not homogeneous anymore. The absence of homogene-
ity can be analyzed also based on the area values from Table 2.
After 97 A, the cross-section area should have increased; how-
ever, this was not observed.

Figure 8 presents the relation for Vwf, IBoost, and width
(a) as well as for Vwf, IBoost, and contact angle (b). It is
important to note that high IBoost and Vwf values lead to high
width and low contact angle, but it does not mean that the
maximum width and minimum contact angle found are the
best for brazing. The main reason is related to bead homoge-
neity. After 97 A, the beads were not uniform, so they cannot
be applied industrially. The most suited IBoost is 97 A be-
cause it has homogeneity and simultaneously, the higher
width and the lower contact angle when compared with the
other homogeneous beads.

In order to understand the variation in homogeneity, a sta-
tistic analysis was conducted. For each IBoost value, the cur-
rent and voltage oscillograms were acquired and the arc burn-
ing and short-circuit times were calculated for computation of
IVsc, according to Eq. (1). The plot for IVsc as a function of
IBoost is shown in Fig. 9.

In fact, the IVsc decreases from 30 to 97 A, and
reaches the minimum value. At 97 A, the arc burning
and short-circuit times present the lowest dispersion,
which leads to homogeneous heat transfer to the plate,
as well as uniform bead geometry and metallurgical alter-
ations. After 97 A, the IVsc becomes high again, with
reduced metal transfer stability.

The reason why the 97 A IBoost is the most appropriate
parameter for brazing is clarified. However, it is important to
note that samples from 30 to 57 A presented higher IVsc
(lower metal transfer stability), than samples from 110 to
150 A, but did not fall in the non-homogeneous area.

Fig. 7 Macrographs relative to
IBoost variation from 30 to 150 A
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In order to understand the phenomena, high-speed camera
frames from Figs. 10 and 11 were analyzed. In Fig. 10, three
IBoost levels were assessed: 30 A (a), 97 A (b), and 150 A (c)
1 ms after metal bridge detachment (beginning of arc burning
time). Spattering is evident only for IBoost of 30 A. For 97 A
and 150 A IBoost levels, arc burning behavior occurred as
expected.

A similar analysis was conducted during metal bridge de-
tachment, as shown in Fig. 11. Again, IBoost level of 30 A
presented high degree of irregularity, while 97 A and 150 A
showed a constant bridge size.

Therefore, IBoost level of 30 A presented an unstable metal
transfer behavior, while for 97 A and 150 A levels, stability
was reached. The bead homogeneity was found for IBoost

values below 97 A. This means that to determine homogene-
ity, the metal transfer stability, assessed through IVsc, is an
indicator, but other factors must also be considered.

For 30 A, in spite of the absence of metal transfer stability,
the low current level did not disturb the melt pool. For 97 A,
the melt pool was not disturbed and it presented the best sta-
bility, according to IVsc value and high-speed camera frames.
Finally, for 150 A, the metal transfer stability was also good,
but homogeneity was not achieved due to melt pool distur-
bances. Disturbances are related to material behavior when
faced with high temperature, such as metal vaporization and
surface tension values. Melt pool convection can be signifi-
cantly altered as a result of these factors. The IBoost current
level of 97 A acted as a threshold, delimitating homogeneous

Fig. 8 a Relation between wire feed speed (Vwf), IBoost, and bead width. b Relation between wire feed speed (Vwf), IBoost, and bead contact angle
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beads from non-homogeneous ones, and was more relevant
than the metal transfer stability.

The influence of IBoost on metal transfer was previously
studied by Chen et al. [35] after varying it from 250 to 320 A
during carbon steel welding. Nevertheless, they did not find a
correlation between IBoost variation and metal transfer stabil-
ity, which differs from this work. Two factors may have con-
tributed to that. The first one is the analyzed range of 250 to
320 A, which is narrow and insufficient to scan stability be-
havior. The second is related to the materials involved that
show completely different behavior when subjected to current
flow and arc voltage.

4 Conclusion

The stability behavior of the CMT brazing investigated in this
paper is a function of IBoost current. The statistical index
IVsc, which can be correlated to metal transfer stability, de-
creased for the range of IBoost current from 30 to 97 A,
reached the minimum value at 97 A, and became high again
until 150 A. The lower the IVsc, the more stable is the process.
Then, when IBoost was set to 97 A, the process reached the
higher stability level.

The analysis of high-speed camera results for IBoost cur-
rent of 30 A, 97 A, and 150 A pointed that only in 30 A the
metal transfer presented significant level of spatters and irreg-
ularities, while in 97 A and 150 A showed a repetitive behav-
ior, without spatters.

The bead homogeneity did not follow the same trend of
stability. The bead homogeneity was found for IBoost values
below 97 A. From 110 to 150 A, non-homogeneous beads
were formed, in spite of the good stability verified for 150 A
with high-speed images. This means that to determine homo-
geneity, the metal transfer stability, assessed through IVsc, is
an indicator, but other factors must also be considered. High
current levels can lead to melt pool disturbances. These dis-
turbances are related to material behavior when faced with
high temperature, such as metal vaporization and surface ten-
sion values. Melt pool convection can be significantly altered
as a result of these factors.

The IBoost current, and consequently, the heat input, could
be correlated to bead dimensions. An increase in IBoost

Fig. 9 Relation between IVsc and IBoost

Fig. 10 Metal transfer behavior for IBoost of 30 A (a), 97 A (b), and 150
A (c), 1 ms after metal bridge detachment (beginning of arc burning time)

Fig. 11 Metal transfer behavior for IBoost of 30 A (a), 97 A (b), and 150
A (c), during metal bridge detachment
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current from 30 to 150 A led to and increase of width from 3.8
to 23.2 mm, and a reduction of contact angle from 115 to 17°.
However, after 97 A, the beads were not uniform, so they
cannot be applied industrially. The most suited IBoost is 97
A because it has homogeneity and simultaneously, the higher
width and the lower contact angle when compared with the
other homogeneous beads. These results are relevant to sup-
port the development of dissimilar materials brazing of alumi-
num and galvanized steel.
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