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1. Introduction

  Mix-material joining of aluminium and steel sheets is 
a challenging task due to their different melting temper-
atures, varying material properties, and poor solubility 
in solid state1). Formation of interface layer with brittle 
Fe-Al intermetallic compounds (IMC) is a major prob-
lem and restricting the growth of the same by control-
ling the heat input has remained the primary goal1,2). 
The reported literatures suggest that the joint quality 
can be improved significantly by controlling the heat 
input3-5). Various methods such as laser beam and la-
ser-arc hybrid joining2,6-14), arc based joining3-5,15-23) and 
friction stir welding24-26) are employed to join alumi-
nium and steel sheets with an aim to control the heat input 
during joining of such dissimilar material combinations.
  Sierra et al.2) reported a heat input range of 120 to 
150 J mm-1 for laser beam lap joining of 1 mm thick 
AA6016 and 1.2 mm thick galvanized (GI) steel sheet. 
Shabadi et al.6) joined 1.2 mm thick AA6016 and 
0.7 mm thick galvanized steel sheets using a heat input 
of around 45 J mm-1. A relatively wider range of heat 
input e.g. 105 to 165 J mm-1 was employed by Zhang et 

al.9) and Jia et al.10) in laser beam lap joining of alumi-
nium alloy and hot-dip galvanized steel sheets. 
Windmann et al.11) joined AA6016 and aluminized steel 
sheets, both of 1.5 mm thickness, considering a heat in-
put range of around 240 to 330 J mm-1. In contrast to la-
ser beam based joining processes, several authors used 
advanced arc based joining processes that offered supe-
rior control of heat input to join aluminium and steel 
sheets. Murakami et al.15) employed heat input in the 
range of 170 to 255 J mm-1 in pulsed GMA lap joining 
of 2 mm thick pure aluminium alloy and uncoated steel 
sheets. Su et al.16,17) and Kang and Kim18) employed a 
typical heat input of around 111 J mm-1 to join AA5052 
and GI steel sheets in the thickness range of 1.0 to 
1.2 mm. Zhang et al.19,20) reported the suitable range of 
heat input of around 55 to 91 J mm-1 for joining of 
1 mm thick aluminium alloy and GI sheets by cold met-
al transfer (CMT) process. In contrast, Cao et al.3) used 
a higher heat input of around 200 J mm-1 in joining of 
AA6061 and GI steel sheets. Das et al.5,22) used a wide 
heat input range from 36 to 126 J mm-1 for joining alu-
minium alloys to GI and galvannealed (GA) steel 
sheets.
  The formation and growth of the interface layer and 
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the IMCs along the joint interface depend significantly 
on the peak temperature and resident times during 
which the interface remains beyond the critical temper-
atures for the formation of various Fe-Al IMCs13-23). 
Direct monitoring of the peak temperature and thermal 
cycles along the joint interface is difficult in laser, arc 
and laser-arc hybrid joining processes. Murakami et 
al.15) reported the interface peak temperatures of around 
1000 to 1300 K (727 to 1027 ℃) in joining of alumi-
nium alloy and steel sheets using a GMA based process. 
Rathod and Kutsuna13) measured the peak temperature 
of around 1473 K (1200 ℃) in laser beam joining of 
1 mm thick AA5052 and 0.5 mm thick steel sheets. Peyre 
et al.27) predicted the interface temperature around 1023 
to 1273 K (700 to 1000 ℃) in laser beam lap joining of 
aluminium alloy and steel sheet using a heat transfer 
model. In a laser-hybrid joining process, Meng et al.28) 
estimated the interface peak temperate to be around 
1473 K (1200 ℃). Qin et al.29) predicted the interface 
peak temperature to be around 1123 to 1373 K (850 to 
1100 ℃) in a GMA lap joining of aluminium alloy and 
steel sheets. In contrast, Das et al.23) reported the max-
imum peak temperature in the range of around 927 ~ 
1039 K (654 ~ 766 ℃) for a similar process. In sum-
mary, numerical process models for lap joining of alu-
minium alloy and steel sheets in particular to estimate 
the temperature field, thermal cycles and bead profiles 
are rare in open literature.
  A three-dimensional heat transfer model to analyse 
GMA lap joining of aluminium and GI steel sheets is 
presented in the present work to estimate the temper-
ature profiles, thermal cycles and peak temperature 
along the joint interface as function of process con-
ditions and joint geometry. The model considers the ini-
tial joint bead profile through an analytical approach as 
function of wire feed rate and joining speed. The com-
puted results are validated extensively with the corre-
sponding experimental results for a wide range of proc-
ess conditions. The estimated thermal cycles along the 
joint interface are further used to calculate the growth 

of the interface layer along the joint interface, which are 
also validated with the corresponding measured results.

2. Experimental Setup

  AA5754 and hot-dip galvanized steel sheets, 1 mm in 
thickness, were joined in lap configuration using 1 mm 
diameter AA4043 filler wire. Table 1 depicts the chem-
ical compositions and tensile strength of the metallic 
sheets and the filler wire. A microprocessor controlled 
GMA power source, Alpha Q551, was used to perform 
the experiments. The sheets were overlapped by 15 mm 
with the AA5754 sheet on the top as shown in Fig. 1. 
The welding torch was positioned along the edge of the 
aluminium sheet at an angle of 75º in the direction of 
joining speed. Pure argon (99.999%) at a flow rate of 
15 l min-1 was used as a shielding gas. All the experi-
ments were performed in direct current electrode pos-
itive (DCEP) polarity. The range of process variables, 
shown in Table 2, were selected based on several trial 
experiments so that sound joint bead profiles could be 
obtained for all cases within the range of selected 
parameters. A LEM made (LT 1005-S) current trans-
ducer along with a pc-interfaced data acquisition system 
(Graphtech make, model no. GL 900-4) was employed 
for monitoring of current and voltage transients at a si-
multaneous sampling rate of 100 kHz.
  The thermal cycles were measured using K-type ther-
mocouples located at the bottom of the steel surface 
along the edge of the AA5754 sheet as indicated by 
TC1 in Fig. 1. The joint bead dimensions were meas-

Mg Mn Zn Fe Si Cr Cu Ti Al UTS
(MPa)

AA5754 2.6-3.6 0.50 0.20 0.40 0.40 0.30 0.10 0.15 Bal. 245

AA4043
(filler wire) 0.05 0.05 0.10 0.80 4.5-6.0 - 0.30 0.20 Bal. 200

C Mn P S Si Cr Cu Ti Al UTS
(MPa)

Steel 0.12 0.60 0.10 0.045 0.50 - - 0.30 - 330

Table 1 Chemical composition (in wt%) of the workpiece materials and filler wire

Wire feed rate 
(wf, m min-1)

Current
(IAG, A)

Voltage
(VAG, V)

Joining speed
(mm s-1)

4.5 51.15

12.08~
12.83

7.5,10.05.0 56.18

5.5 61.27

6.0 66.20 7.5

Table 2 Process parameters considered for preparing 
sample joints
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ured after polishing and etching with Keller’s reagent. 
The Fe-Al interface layer thickness was examined through 
a CamScan 3200 scanning electron microscopes (SEM). 
The phases along the joint interface were characterized 
using energy dispersive spectroscopy (EDS) and Electron 
Probe Micro-Analyzer (EMPA) based point analysis 
with an electron spot diameter of 2 ㎛. The joint 
strength was evaluated in a 50 kN universal tensile test-
ing machine (INSTRON 3369) at a crosshead speed of 
1 mm min-1.

3. Methodology

3.1 Modelling of heat source and filler wire de- 
position

  A three-dimensional steady state heat conduction anal-
ysis was carried out to simulate lap joining of alumi-
nium alloy and GI sheet considering the workpiece 
moving at a constant speed with respect to a stationary 
heat source. The governing equation in three-dimen-
sional Cartesian coordinate system can be written as

  z
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where, ρ, CP and k referred to respectively the density, 
specific heat and thermal conductivity; and T and v de-
picted temperature and joining speed, respectively. Eq. 
(1) considers that the workpiece moves at a constant 
speed, v, in the negative direction of z-coordinate. The 
first three terms on the left side of Eq. (1) depicted con-
ductive heat transfer in x, y and z direction. Fig. 2 de-
picts the boundary conditions considered here that can 
be represented as

  0)TT(  )TT(hq
n
Tk 4

A
4

ACs =−εσ+−+−
∂
∂ (2)

where n referred to the direction normal to surface; hC, 

ε, σ, and TA referred to surface heat transfer co-effi-
cient, emissivity, Stefan-Boltzmann constant and am-
bient temperature, respectively. The first term (Eq. 2) 
represented heat loss due to conduction from the surface. 
The second term   depicted applied heat flux onto the 
surface. The third and fourth terms referred to the con-
vective and radiative heat losses from surface to the air. 
  A lumped heat transfer co-efficient was applied on the 
steel surfaces that were open to atmosphere as23)

  1.613
C1 εT102.4h −×= (3)

where hC1 was in W mm-2 K-1.61, T was in K and ε was 
0.32. Another lumped expression was used for the esti-
mation of heat loss through the backing plate using a 
temperature dependent convective heat transfer co-
efficient, hC2, as23)

  0.2
bC2 )003(Thh −×= (4)

where hb
23) was considered as 60 W mm-2 K-1.2. A con-

stant heat transfer coefficient, hA = 10 W mm-2 K-1, was 
applied along the AA5754 sheet surfaces as shown in 
Fig. 223). 
  A novel methodology is proposed here to estimate the 
arc heat source as function of the processing conditions 
and filler wire deposition. Fig. 3 schematically depicts 
the volumetric heat source and filler wire deposition 
that are considered for numerical analysis. The heat input 
was considered as a uniform volumetric heat source as

  Π
η

= AGAGVI
Q (5)

where IAG and VAG depicted time-averaged welding cur-
rent and voltage, respectively. The value of η was con-

Fig. 1 Schematic picture of arrangement of sheets and 
thermocouple locations

Fig. 2  Boundary conditions applied for steady state analysis
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sidered as 0.7023). The denominator term ∏ in equation 
(5) was estimated as the product of arc diameter and the 
cross-sectional area including filler wire deposit profile 
and a small thickness into the metallic sheets as in-
dicated by the cross-hatched section in Fig. 3 under-
neath the arc.
  The deposition from the filler wire was incorporated 
by addition of a discrete set of elements into the sol-
ution domain following element activation and deacti-
vation technique in ANSYS 14.5 as shown in Fig. 3. 
The deactivated elements were assigned with very low 
value of thermal conductivity to treat them as thermally 
insulator. As a set of deactivated elements was acti-
vated, the thermo-physical properties of filler wire were 
assigned to these elements. In Fig. 3, M1 represents the 
deactivated elements and M2 corresponds to the acti-
vated elements depicting deposition from molten filler 
wire in the current step. The volumetric heat source was 
applied on the set of activated elements which were ly-
ing under the length of arc diameter as shown in Fig. 3. 
Table 3 shows the thermo-physical properties of the 
base metals and filler wire.

3.2 Estimation of filler wire deposit profile and 
interface layer thickness

  A prior estimation of the expected bead profiles was 

obtained analytically as function of processing con-
ditions and thermo-physical properties of filler alloy to 
accommodate the discretized geometry for the model-
ling purpose23). The profile of the bead was presumed as 
ADB as shown in Fig. 4. The lines AP and OP refer to 
the original unmelted boundary of the top sheet. The lo-
cations of three points, A (x2), B (x1) and C (y1), along 
the presumed bead profile (in Fig. 4) were estimated an-
alytically as23)

  
ξ×−= 87834.066685.668811.7

d
x1 (6)

  
ξ×−= 84153.068914.107146.2

d
x 2 (7)
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and d, v and r referred to the filler wire diameter, join-
ing speed and arc radius, respectively; TL, TA and L de-
picted respectively the liquidus and solidus temperature 
and latent heat of filler material23). Equation (9) shows ξ 
is directly related to heat input per unit volume and in-
versely proportional to thickness of aluminium sheet, 
b23). The final bead profile was contemplated based on 
the numerically computed temperature field as explained 
in the subsequent sections. 
  During GMA lap joining of aluminium and GI sheets, 
the inter-diffusion between Fe and Al along the steel 
surface leads to the formation of an interface layer with 

Fig. 3 Representation of the volumetric heat source used 
in the present work

Property AA5754/ AA4043 Steel

Density, kg m−3 2680 7290
Liquidus and solidus 
temperature, K 925, 880 1860, 1780

Latent heat, (J kg−1) 3.98×105 2.7×105

Thermal conductivity, 
W m−1 K−1

218  for T > 925 K
26 T1080.1T09.060.111 −×++  for 300 K ≤ T ≤ 925 K

25T102T04.050 −×+−

Specific heat, 
J kg−1K−1

1252  for T > 925 K
25 T1098.9T394.0383.805 −×++  for 300 K ≤ T ≤ 925 K

24T1034.4T81.026.402 −×−+

Table 3 Thermo-physical properties of base metals and filler wire

Fig. 4 Schematic diagram of bead profiles for the joint 
of aluminium and GI sheets
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several Fe-Al phases. The peak temperature and resi-
dent time during which the joint interface remains be-
yond a critical temperature influences the growth of the 
phase layer and the types of Fe-Al IMCs. The co-
efficient of diffusion of Fe in Al is much larger than Al 
in Fe at temperatures above 793 K13,23,31). Therefore, the 
diffusion of Fe in Al was considered as negligible be-
low 793 K. The growth of the phase layer was esti-
mated based on the computed thermal cycle at the joint 
interface using following reference23) and also checked 
against the corresponding experimentally measured 
values. 

4. Results and Discussion

4.1 Measured current-voltage waveforms

  Fig. 5 shows the measured current and voltage wave-
forms in GMA joining of aluminium to GI sheets at dif-
ferent wire feed rates of 4.5 and 5.0 m min-1. The short- 
circuiting period begins with rapid increase in welding 
current around 150 A and drop of voltage to a very 
small value of 0.1 ~ 2 V. At the end of the short- circuit-
ing period, the current is forced to reduce to a small val-
ue by digital signal processor to shear-off the molten 
metal from liquid bridge at a low power resulting in re-
duction of spatter. A peak current pulse is applied fur-
ther for a very short duration to facilitate the formation 
of a droplet at the tip of filler wire that is allowed to 
grow till it formed a liquid bridge with the steel sheet. 
In Fig. 5(a) and (b), the average short-circuiting current 
and time duration were around 67 A (±3.5) and 3.3 ms 
(±0.23), while the arcing current increased from 45.8 A 
(±3.29) to 51.75 A (±3.39) and the arcing duration re-
duced from 9.15 ms (±1.14) to 8.47 ms (±1.29) with the 
increase of wire feed rate from 4.5 to 5.0 m min-1. 

4.2 Computed and corresponding measured bead 
profiles

  Fig. 6 shows a comparison between the experimentally 
measured and the corresponding computed bead pro-

files for different process conditions as presented in 
Table 2. The region encompassed between unmelted 
steel surface and the solidus temperature of aluminium 
(880 K) represents the computed bead profile. The max-
imum bead width of the deposit profile was measured 
along the AA5754 sheet surface. The computed and 
corresponding experimentally measured maximum bead 
widths in Fig. 6 (a) to (c) were as 5.7 and 6.2 mm, 6.6 and 
7.1 mm, and 4.7 and 5.1 mm, respectively. The corre-
sponding estimated heat input was as 63.30, 70.69 and 
58.77 J mm-1, respectively. Likewise, the computed and co- 
rresponding measured values of the maximum bead height 
in Fig. 6(a) to (c) confirmed to around 1.7 ~ 1.9 mm.
  A comparison of Fig. 6(a) and (b) showed that in-
crease in heat input as increase in wire feed rate from 
4.5 to 5.0 m min-1 at a given joining speed of 7.5 mm s-1 
increased the dimensions of bead profile that was attrib-
uted to the increase in filler wire deposition per unit 
length at higher wire feed rate. In contrast, Fig. 6(b) and 
(c) depict an increase in joining speed from 7.5 to 
10.0 mm s-1 at a constant wire feed rate of 5.0 m min-1 
results in a decrease in the filler wire deposition per unit 
length and a corresponding decrease in the bead dimensions. 
In general, Fig. 6(a) to (c) show a fair trend between the 
computed and the corresponding measured bead pro-
files in lap joint configuration. Fig. 6 also indicates that 
the molten deposit forms a fusion joint with aluminium 
sheet and diffusion bond with GI sheet as the maximum 
temperature is above the solidus temperature of alumi-
nium and below the liquidus temperature of the steel.

4.3 Computed and corresponding measured thermal 
cycles 

  Fig. 7(a) shows computed and corresponding meas-
ured thermal cycles at thermocouple monitoring loca-
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Fig. 6 Comparisons of computed and corresponding meas-
ured bead profiles in joining of AA5754 to GI 
sheet at different wire feed rates (m min-1) and 
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tion for wire feed rate of 5.0 m min-1 and joining speed 
of 7.5 mm s-1 (Fig. 6b). The computed and the corre-
sponding measured values of peak temperature were 
931 K. Fig. 7(a) shows a fair proximity between the 
computed and the corresponding measured thermal cy-
cles for a specific processing condition. Similar match 
between the computed and the corresponding experi- 
mentally measured thermal cycles are also achieved for 
all the other processing conditions indicated in Table 2. 
Fig. 7(b) further shows the location at joint interface 
that is considered to note the maximum peak temper-
ature for a given process condition and, Fig. 7(c) shows 
the computed interface thermal cycles at the same location 
for two different wire feed rates of 4.5 and 5.0 m min-1 
and a constant joining speed of 7.5 mm s-1. The com-
puted peak temperature in Fig. 7(c) increased from 
1061 to 965 K with an increase in wire feed rates from 
4.5 to 5.0 m min-1.

4.4 Computed interface peak temperature and 
corresponding resident time, and estimated 
and corresponding measured interface phase 
layer thickness

  Fig. 8(a) shows the computed interface peak temper-
atures and calculated resident time above 793 K as 
function of wire feed rate and joining speed. At a con-
stant speed of 7.5 mm s-1, an increase in wire feed rate 
from 4.5 to 6.0 m min-1 resulted in an increase in peak 
temperature and resident time from 965.3 to 1115.6 K 
(marked by inverted triangle) and 2 to 4.4 s (marked by 
straight triangle), respectively. That could be attributed 
to rise in heat input at higher wire feed rate. An increase 
in the wire feed rate from 4.5 to 5.5 m mim-1 at a high-
est speed of 10.0 mm s-1 led to rise in both the interface 
peak temperature and resident time respectively from 
930.6 to 999 K (marked by hexagon) and 1.1 to 1.4 s 
(marked by pentagon). Fig. 8(a) illustrates that the heat 
input has a profound influence on the interface peak 

temperature and resident time. Murakami et al.15) and 
Qin et al.29) reported similar range of interface peak 
temperatures of around 1000 to 1300 K in GMA lap 
joining of aluminium alloy and steel sheets.
  Fig. 8(b) shows the comparison of analytically esti-
mated and corresponding experimentally measured in-
terface phase layer thickness for different joining conditions. 
Fig. 8(b) depicts increasing wire feed rate from 4.5 to 
6.0 m min-1 at a constant speed of 7.5 mm s-1 increases 
the analytically estimated phase layer thickness from 
1.3 to 4.8 μm (marked by circle), and the corresponding 
experimentally measured layer thickness varies from 
2.5 (±0.29) to 6 μm (±0.37) (marked by square). At 
highest joining speed of 10.0 mm s-1, the estimated lay-
er thickness increases from 1 to 2.1 μm (marked by star) 
as an increase in wire feed rate from 4.5 to 5.5 m min-1. 
The corresponding experimentally measured values of 
layer thickness at the joint interface were increased 
from 1.7 (±0.18) to 2.4 μm (±0.30) (marked by rhom-
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bus). Fig. 8(b) shows estimated interface phase layer 
thickness values are around 0.12 to 0.5 times lower than 
that of the measured phase layer thickness. The incon-
sistency between the estimated and the measured layer 
thicknesses is attributed to neglect the formation of 
multiple intermetallic compounds and the effect of the 
same on the growth of layer thickness.  
  In summary, the GMA lap joining of AA5754 and 
galvanized steel sheets was found practical with fine 
control of pulse current parameters to restrict the heat 
input. A maximum joint strength of around 207 MPa5) 

could be achieved for a wire feed rate of 5 m min-1 and 
welding speed of 10 mm s-1 that corresponded to a line-
ar heat input of 58.77 J mm-1. It can be noted that the 
maximum joint strength corresponds nearly 80% of the 
ultimate tensile strength of the aluminum base material 
that is used here. A prior estimation of the adequate heat 
input and the resulting bead profile, thermal cycles as 
well as phase layer thickness along the joint interface 
can be obtained using an appropriately constructed nu-
merical process model as presented in the current work. 
The computed and the corresponding experimentally 
measured results that are presented here provide a gui- 
deline to examine the suitability of this technology fur-
ther for real applications in the related user applications.  

5. Conclusion

  A coupled experimental and numerical analysis was 
carried out in multi-material joining of AA5754 to 
hot-dip galvanized sheets, both of 1 mm thickness, by 
an advanced pulsed current GMA process in lap joint 
configuration. A novel methodology is used for a heat 
conduction based thermal analysis of the process that 
could provide reliable estimate of bead profile, thermal 
cycles and phase layer thicknesses as function of proc-
ess conditions, joint geometry and workpiece and filler 
alloy properties with little simplified assumptions. The 
growth of the phase layer thickness along the joint in-
terface was estimated considering the progressive solid-
ification of the molten filler wire deposit. The overall 
results suggest a critical need to control the heat input 
during joining of aluminium and steel multi-material as-
sembly using arc and laser beam based processes.
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