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Abstract In this paper, Pulse on Pulse metal inert gas (MIG)
welding–brazing of 6061 aluminum alloy to 304 stainless
steel in a lap configuration was developed to investigate the
effect of torch position and angle on the welding quality and
welding process stability. Images of arc, electrical signals of
welding current, and welding voltage were acquired in syn-
chronous modes by a high-speed camera and electrical signal
acquisition system, respectively. The obtained results demon-
strate that arc shape, macrostructure, microstructure, and me-
chanical properties are sensitive to torch aiming position when
torch travel angle is 20° and work angle is 0°. However, when
travel angle is 20° and work angle is 20°, the effect of torch
aiming position is insignificant. It is easier to strike arc and
maintain it on the surface of aluminum alloy compared to
stainless steel. High-strength joints, whose fracture occurred
at heat-affected zones of Al alloys at 89MPa up to 72% of the
tensile strength of Al alloys, have been obtained. Moreover, a
comprehensive evaluation method for the welding process
stability based on statistical techniques has been proposed.
This method can be easily and quickly integrated in real-
time control of the welding process, which provides a quanti-
tative guidance inMIGwelding–brazing of aluminum alloy to
stainless steel.

Keywords Pulse onPulseMIGwelding–brazing .Aluminum
alloy . Stainless steel . Torch position and angle .Welding
quality .Welding process stability

1 Introduction

In recent years, dissimilar metal joining of light alloys and
hard alloys is employed in the industry in order to satisfy the
weight reducing and strength enhancing requirement [1–3].
Joining of aluminum alloys (Al alloys) and stainless steel
(SS) is typically applied in automotive industry. Conventional
fusion welding is undesirable due to the low solubility of iron
in aluminum, large difference in physical and chemical prop-
erties, and excessive formation of brittle intermetallic com-
pounds. As a result, some advanced welding approaches be-
tween Al alloys and SS have been developed by researchers,
such as laser welding–brazing [4, 5], friction bonding [6, 7],
friction stir welding [8], diffusion bonding [9, 10], brazing
[11], and transient liquid phase welding [12]. However, some
of these methods need rather high pressure or costly equip-
ment [4–8, 11, 12], and some others could not guarantee the
joint mechanical property for the generation of excessive brit-
tle intermetallic compounds [6–10, 12]. Therefore, a high-
efficiency and low-cost joining method still remains a target
for joining aluminum and steel in promoting the use of hybrid
structures [13].

In this work, dissimilar aluminum alloy/stainless steel lap
joints were made successfully by Pulse on Pulse metal inert
gas (MIG) welding–brazing process, and the effects of torch
position and angle on welding quality and welding process
stability were studied. Since the research of MIG welding–
brazing of aluminum to steel is mainly focused on the macro-
structure, microstructure, and mechanical properties of joints,
the investigation of welding process stability is fairly rare. In
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this paper, a comprehensive analysis method based on statistic
techniques such as cyclogram (U-I characteristic whose
welding voltage is a function of welding current intensity)
[14, 15], variance of welding voltage [16], and probability
density distribution of welding voltage [15] has been proposed
to evaluate the welding process stability in welding–brazing of
Al alloys to SS.

2 Experimental arrangement

The experimental materials used in this paper are 6061 alumi-
num alloy (200×60×3mm) and 304 stainless steel (200×60×
2 mm). A 1.2-mm-diameter 4043 Al-Si welding wire was
used as the filler metal, and the brazing flux (Al-Powder, Al-

Flux, glycol, and anti-precipitation additive) with melt point
of 500~650 °C was selected. Argon with a purity of 99.99 %
was used as shielding gas.

Lincoln INVERTEC™V350-PRO was used as welding
power source. A high-speed camera (PHOTRON FASTCAM
Super 10KC) with capture rate of 1000 frames per second was
applied to capture images of arc. An electrical signal acquisi-
tion system with maximum sampling frequency of 500 kHz
was used to collect electrical signals of welding current and
welding voltage. After welding, SEM tests and tensile shear
tests were performed as an observation of macrostructure,
microstructure, and mechanical property of lap joints of Al
alloys to SS.

The schematic illustration of experimental system is shown
in Fig. 1. A lap joint configuration is selected because of its
application in the auto industry [17]. A direct current with a
positively charged electrode (DCEP) current was applied un-
der Pulse on Pulse modes whose output waveform is shown in
Fig. 2. In Pulse on Pulse modes, two distinct pulse types are
used. A number of high-energy pulses are used to transfer
metal across the arc. After a number “8” of such pulses, an
identical number “8” of low-energy pulses are performed.
These low-energy pulses, shown in Fig. 2, do not transfer
any filler metal across the arc and help to cool the arc and

GMAW
torch

Current signal
collecting system

Wire
feeder

Signal
acquisition

card

Voltage signal
collecting system

Lincoln
V350-Pro
Welding
Source

6061 aluminum alloy

304 stainless steel

Weld bead

Welding direction

High speed camera

Synchronic
trigger

Return to store in PC
Backing plate

Fig. 1 Schematic illustration of
Pulse on Pulse MIG welding–
brazing systems

Table 1 Parameters of Pulse on Pulse

Pulse type Peak current
(A)

Background
current (A)

Period Duty cycle
(%)

High-energy pulse 270 25 0.0125 s 25

Low-energy pulse 270 25 0.0125 s 17Fig. 2 Schematic diagram of output pulse waveform under Pulse on
Pulse mode
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keep heat input low. The peak current, background current,
and frequency are identical for the high-energy and low-
energy pulses and are shown in Table 1. The main experimen-
tal parameters are given in Table 2. The chemical composi-
tions of 6061 Al alloys, 304 SS, and 4043 Al-Si filler wire are
listed in Tables 3, 4, and 5, respectively. The physical proper-
ties of 6061 Al alloys and 304 SS are displayed in Table 6.

3 Experimental results and discussion

3.1 The effects of torch position and angle on arc shape
and arc stability

The welding–brazing lap joints are obtained by melting the
aluminum alloy and forming a connection with SS in solid
state through wetting and interfacial reaction. Accordingly,
precise control of heat distribution is the key factor to achieve
high-quality welds. The varying of torch position and angle
results in changing of arc shape, which affects the distribution
of heat on sides of Al alloy and SS. The schematic graph of
torch position and angle is shown in Fig. 3, where L is torch
aiming position, α is the torch travel angle, and β is the work
angle. The minus sign means that arc acts at Al alloys sheet.

The effect of torch position and angle on averaged welding
resistance for the case shown in Fig. 4 was studied. The aver-
age welding resistance is the average of the sum of ratio of the
instantaneous welding voltage and welding current acquired
by electrical signals acquisition system. The correlation be-
tween averaged welding resistance and torch position and an-
gle was elucidated in Fig. 4.

As shown in Fig. 4, when α is 20° and β is 0°, the average
welding resistance increases slightly with L increasing from
−2 to 1 mm and rises dramatically when L increases from 1 to
2 mm. This dramatic increase can be explained by the differ-
ences in melting point, work function, and ionization voltage
of Al alloys and SS shown in Tables 6 and 7. As presented, the
melting point, work function, and ionization voltage of Al are
lower than those of Fe, Cr, and Ni mainly existed in the metal

vapor of SS, indicating that Al is more easily vaporized and
ionized and that the electron is easier to emit from the surface
of Al than SS. Hence, when the torch moves from aluminum
alloys to stainless steel side, the current density is decreased,
the ionization degree of arc mainly constituted by argon gas
and wire vapor is reduced, and its resistance is increased.
Particularly, when L is 2 mm, the arc almost all aims at the
SS and the average welding resistance increases rapidly. How-
ever, when α and β are both 20°, the average welding resis-
tance does not vary significantly because arc action range
changes slightly when torch inclines.

The high-speed images of arc of high-energy pulse in
welding–brazing of Al alloy to SS are shown in Fig. 5, which
also depicts the relative position of filler wire, arc, Al alloy,
and SS.

Arc shape with α of 20° and β of 0° was given in Fig. 6.
When L ranges from −2 to 1 mm, arc almost all acts on the
aluminum alloys for base current stage; this can probably be
ascribed to the differences in work function and ionization
voltage of Al alloy and SS as analyzed above.

In Fig. 6, since welding current is in DCEP mode, cathode
spots are very unstable that the arc does not root in a fixed
position but automatically and constantly look for new oxide
film to break down, and then a new cathode spot was gener-
ated continuously on the oxide layer owing to minimum volt-
age principle. When L is −2 mm, arc shape undergoes slight
changes at the moment of welding current changing from base
to peak stage. However, when L is −1, 0, and 1 mm, arc shape
experiences dramatic changes, and the arc is stable for peak
welding current stage because of strong stiffness of arc. When
L is −2, −1, 0, and 1 mm, arc all acts on the Al alloy sheet for
base current stage, but when L is 2 mm, arc strikes on SS sheet
at the whole period of welding current because arc is easier to
form a conductive path maintaining the least energy consump-
tion at SS sheet in this case.

As presented in Fig. 7, arc shape experiences slight changes
with the variation of torch aiming position when the torch in-
clination angle keeps constant. At the base current stage, arc all
strikes on Al alloy sheet resulting in better controllability of

Table 2 Experimental parameters in MIG welding–brazing

Welding speed Wire feed rate Wire extension Gas flow rate

3 mm/s 3.2 m/min 15 mm 15 L/min

Table 4 Chemical compositions of 304 SS (wt%)

Material C Mn Cr Si P S Ni Fe

304 SS 0.08 2.00 18.0~20.0 1.00 0.045 0.03 8.0~11.0 Balance

Table 3 Chemical compositions
of 6061 Al alloys (wt%) Material Cu Mn Mg Zn Cr Ti Si Fe Al

6061 Al alloys 0.15~0.4 0.15 0.8~1.2 0.25 0.04~0.35 0.15 0.4~0.8 0.7 Balance
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heat distribution in welding process. At the peak current stage,
arc distributes on both sides of Al alloy and SS.

3.2 The effects of torch position and angle
on macrostructure

In this part, the effects of torch position and angle on macro-
structure were discussed. As presented in preliminary discus-
sion, torch position and angle have a significant influence on
arc shape and arc stability, which leads to different weld for-
mations. The weld appearance and macroscopic morphology
with different torch aiming positions when α is 20° and β is 0°
are shown in Figs. 8 and 9, respectively.

As shown in Fig. 8, different torch aiming positions result
in different weld appearances. In particular, weld width ratio
of SS side to Al alloys side is sensitive to torch aiming posi-
tion, which indicates that heat distribution between Al alloy
and SS depends on torch aiming position. When L is −2 mm,
the ratio is 0.22 and wetting angle is 105°. Liquid filler metal
does not sufficiently spread, which causes undercut and large
weld reinforcement. The effects of torch aiming position on
weld width ratio of SS side to Al alloys side are shown in
Fig. 10. According to Figs. 9 and 10, the ratio increases and
the wetting angle decreases when L varies from −2 to 2 mm.
The greater ratio reveals that molten metal distributes more on
SS side. The smaller angle indicates that liquid molten metal
spreads more sufficiently. Weld forming is better when L is
1 mm by observing the weld appearance, weld width distribu-
tion, and wetting angle.

In Figs. 11 and 12, it can be observed that weld width
distribution and wetting angle do not vary significantly even
though the torch aiming position changes when α is 20° and β
is 20°. This can be ascribed to the effect of plasma flow force
formed by axial thrust of electromagnetic pinch force, which
determines the droplet transfer path and to some extent miti-
gates the influence of torch aiming position. However, when

the work angle is 0°, the plasma flow force generated by axial
thrust is perpendicular to workpiece surface, which has not
mitigated the effect of torch aiming position.

3.3 The effects of torch position and angle on mechanical
properties and interface layers of joints

In order to investigate mechanical properties of joints, tensile
shear tests were conducted. Every specimen is in dimension of
100×12 mm cut by linear cutting machine. All tests were
carried out at room temperature using DDL300 tensile testing
machine operating with a speed of 0.5 mm/min. The tensile
shear tests’ results are given in Table 8.

As presented in Table 8, the fracture of specimen 1 oc-
curred at the interface layer with shear strength of 58.2 MPa.
Considering about the arc shape in Fig. 6a and weld appear-
ance in Fig. 8a, it can be concluded that joints with sound
mechanical property cannot be obtained in this case. In the
case of specimens 2, 3, and 4, the maximum force joints can
bear all excess 5 kN, and the fracture of specimen 2 occurred
at interface layer which is the weakest zone of welded–brazed
joint. But, the joint of specimens 3 and 4 whose fracture oc-
curred at heat-affected zones (HAZs) of Al alloy at 89MPa up
to 72 % of the tensile strength of Al alloys. Fracture of spec-
imen 5 occurred at weld depression whose strength is lower
than that of other places of joint. For specimens 6 and 7, the
fracture locations are at the fusion zone, implying that the
strength of interface layer is larger than that of seam. However,
fracture of specimen 8 occurred at interface layer, and the
maximum force that joint can bear is just 2.673 kN which is
significantly lower than in other situations. This phenomenon
can be supported by the wavy interface layers whose interme-
tallic metal compounds (IMC) have a large thickness and tend
to grow perpendicularly into the Al alloys as shown in
Fig. 13c.

In Fig. 13, the interface layers of welding–brazing joints
with different torch aiming positions when α is 20° and β is
20° are demonstrated. It can be clarified that the key factor to
realize high-quality joining between Al alloy and SS is to
guarantee Al alloy melting but SS in solid state and make filler
metal sufficiently wet and spread, which can help result in
reliable connection with SS through interfacial reaction.

Table 5 Chemical compositions of filler wire (wt%)

Material Cu Mg Zn Ti Si Fe Al

Filler wire ≤0.3 ≤0.05 ≤0.1 ≤0.2 4.5~6.0 ≤0.8 Balance

Table 6 Mechanical properties of 6061Al alloys and 304SS

Base metal Tensile strength
(MPa)

Elongation
(%)

Melting
point (°C)

Density
(g/cm3)

Linear expansion
coefficient (10−6 K−1)

Thermal conductivity
(W m−1 K−1)

Electrical resistivity
(10−6 Ω·m)

6061Al alloys 124 25 580~650 2.73 23.6 167 0.04

304 SS ≥500 ≥40 1398~1454 7.93 18.4 21.5 0.73
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3.4 Evaluation for the welding process stability of Pulse
on Pulse welding–brazing of Al alloy to SS based
on analysis of welding electrical signals

To solve the problem of poor welding process stability in
Pulse on Pulse MIG welding–brazing of aluminum alloys
to stainless steel, this paper proposes a method of deter-
mining the welding process stability based on a compre-
hensive assessment of voltage−current cyclogram

(welding voltage as a function of welding current), vari-
ance of welding voltage, and probability density
distribution.

As discussed in [15], cyclograms are dynamic movement
of operating points which show the welding voltage as a func-
tion of the welding current intensity. Cyclograms are a very
uncomplicated and fast presentation as far as the welding pro-
cess stability is concerned. Voltage−current characteristic may
be noticed in the cyclogram. In previous studies, a greater
stability is observed whenU-I characteristic occupies a small-
er area.

Contrary to preliminary research, this work proposes a
method of determining the welding process stability based
on the concentration of tracks of U-I dynamic operating
points. The concentration of tracks of U-I dynamic operating
points is represented by the area ofU-I characteristic, which is
quantitatively computed by MATLAB software. The smaller
the area of U-I characteristic, the more concentrated the U-I
operating points’ tracks, and the more stable the welding pro-
cess will be; otherwise, the lager the area ofU-I characteristic,
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Fig. 3 The schematic graph of
torch position and angle. α=20°,
β=0° or 20° (a). α=20°, β=20°
with L varying from 0 to 2 mm (b)
and α=20°, β=0° with L varying
from −2 to 2 mm (c)

Fig. 4 The average welding resistance with different torch position and
angle

Table 7 The work function and ionization voltage of different elements

Element Al Fe Cr Ni

Work function (eV) 4.28 4.5 4.5 4.3

Ionization voltage (V) 5.99 7.87 6.77 7.64
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the more dispersed theU-I operating point track, and the more
unstable the welding process will be.

The theory of cubic spline interpolation function is
introduced to compute the occupied area of U-I charac-
teristic in MATLAB. In mathematics, the definition of
cubic spline interpolation function is expressed as fol-
lows: assuming that there are n+1 points in {(xk,yk)}k = 0

n

under condition of x0<x1<⋯<xn. If there are n cubic
polynomials, their coefficients are Sk,0, Sk,1, Sk,2, and
Sk,3, simultaneously satisfying the following properties
[18]:

S xð Þ ¼ Sk xð Þ ¼ Sk;0 þ Sk;1 x−xkð Þ þ Sk;2 x−xkð Þ2 þ Sk;3 x−xkð Þ3

x∈ xk ; xkþ1½ �; andk ¼ 0; 1; 2⋯; n−1:
ð1Þ

S xkð Þ ¼ yk ; k ¼ 0; 1;⋯; n: ð2Þ

Sk xkþ1ð Þ ¼ Skþ1 xkþ1ð Þ; k ¼ 0; 1;⋯; n−2: ð3Þ

S
0
k xkþ1ð Þ ¼ S

0
kþ1 xkþ1ð Þ; k ¼ 0; 1;⋯; n−2: ð4Þ

S
0 0
k xkþ1ð Þ ¼ S

0 0
kþ1 xkþ1ð Þ; k ¼ 0; 1;⋯; n−2: ð5Þ

Therefore S(x) is called cubic spline interpolation function.
Property 1 describes that S(x) must be made up of cubic

polynomials; property 2 depicts cubic sectionalized interpola-
tion for a given set of data points; property 3 and property 4
ensure that cubic subsectionalized polynomial is a smooth and
continuous function; property 5 guarantees the second deriv-
ative of function is continuous.

While cubic spline interpolation function is of good astrin-
gency, stability, and second-order smoothness, it must satisfy
the condition of x0<x1<⋯<xn. This fact makes it difficult for
computing area of boundary graph of cyclograms, whose hor-
izontal ordinates (X) and longitudinal ordinates (Y) cannot fit
that condition. In this paper, parameter equation method is
used. First, suppose that t is monotonic, that is t0< t1<
t2<⋯<tn, interpolating t and X, and t and Y by exploiting cubic
spline interpolation in MATLAB.

Making edge optimization for cyclograms of every param-
eter in Origin8 software, which chooses working points clos-
est to the boundary edge and abandons those deviated from
the focusing zone. The cyclograms and boundary graphs

Fig. 5 Shape of arc of high energy pulse

Fig. 6 Arc shape with different
torch aiming positions when α is
20° and β is 0°. L=−2mm (a), L=
−1 mm (b), L=0 mm (c), L=
1 mm (d), and L=2 mm (e)
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when L is −1 and 1 mmwith α of 20° and β of 0° are shown in
Figs. 14 and 15, respectively. The areas when torch aiming
position (L) is −1 and 1 mm are represented by S1 and S2,
respectively.

The cyclograms give the sequential representation of
events of arc: The line AB in a typical cyclogram (Figs. 14
and 15) represents the short-circuit stage whose voltage is low
and current is high, line BC represents droplet detachment or
arc re-ignition whose current is almost constant and voltage is
varying at a certain range, line CD represents the arc burning
stage whose voltage is high and current is declining fast due to
thermal inertia of the arc plasma, and line DA represents wire
contact or arc collapse. As shown in Fig. 15a, line BC is more
curvy than that in Fig. 14a, indicating that fluctuation of
welding current in arc re-ignition stage in Fig. 15 is larger than
that in Fig. 14. The line DA in both situations is wider than
line BC, noting that fluctuation of welding voltage in arc col-
lapse stage is larger than that in arc re-ignition stage. As pre-
sented, the area of cyclogram S1 is larger than that of S2,
demonstrating that tracks of U-I dynamic operating points in
Fig. 15 are less concentrated than those in Fig. 14.

However, we cannot make a conclusion that the welding
process stability is greater in Fig. 14. Subsequent analyses are
clarified to verify the notion that the more concentrated the
tracks of U-I dynamic operating points, the more stable the
welding process.

According to statistics theory, variances of variables can be
used to demonstrate the deviation between variables and the
mean (average of variables), thereby reflecting the stability of
variables. The expression of variance of variables are as fol-
lows:

X ¼ 1

n

Xn

i¼1

X i ð6Þ

where X is the sample average, n is the sample size, and Xi is
the variable value:

S2 ¼ 1

n−1

Xn

i¼1

X i−X
� �2

ð7Þ

where S2 is the sample variance and X is the sample average.

Fig. 7 Arc shape with different
torch aiming positions when α is
20° and β is 20°. L=0mm (a), L=
1 mm (b), and L=2 mm (c)

Fig. 8 Weld appearance with different torch aiming positions when α is
20° and β is 0°. L=−2 mm (a), L=−1 mm (b), L=0 mm (c), L=1 mm (d),
and L=2 mm (e)
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In the process of MIG welding, the relationship between
welding voltage and arc length is expressed in the following
equation [19]:

Ua ¼ Uc þ UA þ EL ð8Þ

where Ua is the welding voltage, Uc is the cathode voltage
drop, UA is the anode voltage drop, E is the voltage drop of
unit arc length, and L is the arc length.

According to Eq. (8), welding voltage is proportional to the
arc length so that the fluctuation of welding voltage represent-
ed by its variance reflects the stability of arc, indicating that

variance of welding voltage can be an index of welding pro-
cess stability [20].

The waveform maps of welding voltage in range of
2.2~2.6 s when torch aiming position (L) is −1 and 1 mmwith
α of 20° and β of 0° are shown in Fig. 16a, b, respectively.

As presented in Fig. 16, fluctuation of waveform of
welding voltage in (b) is larger than that in (a), showing as
S2

2>S1
2, which demonstrates that the stability of welding

Fig. 9 Macroscopic morphology of joints with different torch aiming positions whenα is 20° and β is 0°. L=−2mm (a), L=−1mm (b), L=0mm (c), L=
1 mm (d), and L=2 mm (e)

Fig. 10 Weld width ratio of SS side to Al alloys side with different torch
aiming positions

Fig. 11 Weld appearance with different torch aiming positions when α is
20° and β is 20° L=0 mm (a), L=1 mm (b), and L=2 mm (c)
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voltage in (a) is greater than that in (b). So it can be concluded
that the arc is more stable in situation (a).

The probability density distribution (PDD) of welding volt-
age represents proportions in which the welding voltage varies
during the welding process. The PDD of welding voltage
when L is −1 mm and L is 1 mm with α of 20° and β of 0°
are shown in Fig. 17.

The ratio of the peak probability density (PPD) of welding
voltage can be an evaluation of welding process stability: The
smaller the ratio of the PPD of welding voltage, indicating that
the droplet transfer occurred mainly at the peak current stage,
the more stable the welding process will be; the greater the
ratio of the PPD of welding voltage, indicating the droplet
transfer occurred mainly at the base current stage, the more
unstable the welding process will be. As displayed in Fig. 17,
the ratio of PPD when L is 1 mm is larger than that when L is
−1 mm, and in the former case, welding voltage is distributed
in range of 35~40 V, indicating that there are abnormal values
of welding voltage in this situation which leads to more un-
stable welding process in comparison with the latter case.

As discussed above all, it can be clarified that analysis of
variance and PDD of welding voltage can be a verification to
the theory of cyclograms, noting that a greater stability is
observed when U-I characteristic occupies a smaller area. It
can be concluded that area of U-I characteristic occupied,

variance of welding voltage, and PDD of welding voltage
can be a comprehensive estimation of welding process stabil-
ity of Pulse on PulseMIG welding–brazing of Al alloys to SS.

4 Conclusions

In Pulse on Pulse MIG welding–brazing of aluminum alloy to
stainless steel, torch position and angle have a significant ef-
fect on welding quality and welding process stability. The
conclusions are listed as follows:

1. Arc shape, macrostructure, microstructure, and mechani-
cal properties are sensitive to torch aiming position when
torch travel angle α is 20° and work angle β is 0°. High-
strength joints whose fracture occurred at heat-affected
zones (HAZs) of Al alloys at 89 MPa up to 72 % of the
tensile strength of Al alloy have been obtained with torch
aiming position of 0 and 1 mm. However, when α is 20°
and β is 20°, the effect of torch aiming position is insig-
nificant. This can be ascribed to the effect of plasma flow
force formed by axial thrust of electromagnetic pinch
force, which determines the droplet transfer path and to
some extent mitigates the influence of torch aiming
position.

Fig. 12 Macroscopic morphology of joints with different torch aiming positions whenα is 20° and β is 20°. L=0mm (a), L=1mm (b), and L=2mm (c)

Table 8 Results of tensile shear tests

Specimen α (degrees) β (degrees) L (mm) Maximum
force (kN)

Fracture location Thickness of IMC
layers (μm)

Tensile shear
strength (MPa)

1 20 0 −2 3.491 Interface layer 3.0 58.2

2 20 0 −1 5.277 Interface layer 3.2 88.0

3 20 0 0 5.348 HAZ of Al alloy 2.8 89.1

4 20 0 1 5.349 HAZ of Al alloy 3.3 89.2

5 20 0 2 3.114 Weld depression 4.7 51.9

6 20 20 0 4.885 Fusion zone 1.8 81.4

7 20 20 1 5.222 Fusion zone 2.6 87.0

8 20 20 2 2.673 Interface layer 6.0 44.6
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Fig. 13 Interface layer of
welding–brazing joints with
different torch aiming positions
when α is 20° and β is 20°. L=
0 mm (a), L=1 mm (b), and L=
2 mm (c)

Fig. 14 Cyclogram (a) and its boundary map (b) when L is −1 mm, S1=3.3224e+003

Fig. 15 Cyclogram (a) and its boundary map (b) when L is 1 mm, S2=3.8061e+003
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2. The difference of heat distribution on sides of Al
alloy and SS is the key factor to the varying of
ratio of weld width distribution with different torch
aiming positions.

3. It is easier to strike arc and maintain it on the surface of
aluminum alloy compared to stainless steel. The oxide
films on the surface of aluminum alloy attract the arc
and form cathode spot. Arc shape will be affected by
changing the torch aiming position with welding current
varying from base to peak stage.

4. An evaluation method for welding process stability of
Pulse on Pulse welding–brazing of Al alloy to SS based

on a comprehensive estimation of cyclograms, variance,
and probability density distribution of welding voltage
has been proposed. This analysis approach can be easily
and quickly integrated in real-time control of the welding
process, which provides a quantitative guidance in MIG
welding–brazing of aluminum alloy to stainless steel.
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