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The effect of weld heat input on the formation of intermetallic compound (IMCs) layer during arc
welding—brazing of aluminium and steel dissimilar alloys was investigated through both finite element
method (FEM) numerical simulations and experimental measurements. The results of FEM analysis as
well as welding experiments indicated that increasing weld heat input increases the thickness of IMCs
layer. The thickness of IMCs layers, as calculated from FEM simulations, was approximately equal to
that measured from microstructural images in the range of 2-6 um. The tensile strength of arc welding—
brazing joints was dependent on the thickness of IMCs layer and spreading of molten weld metal on
the surfaces of steel sheet. The highest mechanical strength of 120 MPa was obtained in the optimized
heat input of 420 JJ/mm. The presence of the Si element in the Al-5Si filler metal led to IMCs layer
with the composition of Fe(Al,Si); phase in side of the steel and Al;,Fe; ¢Si phase in side of the weld
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1. INTRODUCTION

There has been a growing demand for hybrid structures
of aluminium alloy and steel in the automotive,
aerospace, and marine industries to reduce pollution and
save energy by reducing the vehicle weight. To achieve
such structures, joining aluminium with steel is
unavoidable. However, direct arc welding of aluminium
to steel is very difficult because of the large differences
between their thermo-physical and thermo-chemical
properties and the formation of a large amount of brittle
IMCs in the interface steel/weld seam with plate-like
morphology [1, 2].

The mechanical joining processes, including friction
stir welding and ultrasonic welding, were investigated
to make sound joints. However, the dimension and
configuration of the joints have restricted these methods
[3-5].

*Corresponding Author Email: 9005494@gmail.com (M. Zarooni)

Other processes such as the explosive welding,
adhesive bonding, and laser welding-brazing can also be
used [6, 7].The arc welding—brazing, as a low cost and
compatible joining technique, has a high potential to
join aluminium to steel. In this process, aluminium is
melted and mixed with molten filler wire, but steel is
not melted and only wetted by molten metal; thus, this
process is a hybrid of welding in aluminium side and
brazing in steel side [8, 9].

Su et al. [10] investigated the effect of alloy
elements (Mg and Si) on thickness, morphology, and
composition of IMCs layer in joints made with
alternate-current double pulse gas metal arc welding
method. It was found that the Mg content could not
restrain the growth of IMCs layer, resulting in poor
mechanical properties of the joint, while the addition of
Si could reduce the thickness of Fe2Al5 sub-layer and
the mechanical properties of joints were improved with
increasing Si content in the IMCs layer.

Dong et al. [11] lap-joined 5A02-H34 (AA 5052-
H34, ASTM B209-5052) aluminium alloy to uncoated
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Q235B (ASTM A36) carbon steel by gas tungsten arc
welding process with Zn-15Al flux-cored filler wire.
They detected a Fe-rich layer detached from the
interfacial layer. Moreover, they reported that the
PWHT improved the joint strength from 111 MPa to
150 MPa by relieving thermal and residual stresses in
the joint.

Chen et al. [12] simulated the laser welding—brazing
of aluminium to titanium by finite element method with
MARC software. They investigated the effect of laser
spot mode on the characteristics of the thermal cycles
and reported that rectangular spot laser welding—brazing
could obtain more uniform interfacial reaction than
circular spot mode. Simulation of tungsten inert gas
(TIG) welding-brazing of aluminium to steel and
identification of the influence of the heat input on the
characteristics of the thermal cycle and thickness of
IMCs layer, has not been conducted yet.

The growth of the IMCs layer is controlled by
diffusion of solid iron in molten aluminium. In order to
reduce the thickness of IMCs layer, temperature history
near the bond region should be controlled. The factors
such as welding speed and using a heat sink can be
effective to control heat flow and thermal history during
TIG welding-brazing [13, 14].

The weld heat input is calculated using Equation (1):

Q=% @

In Equation (1), #=0.5 is the arc efficiency, U is the
voltage, | is current and v is the welding speed [15].

The objective of this paper was to investigate the
effect of heat input caused by TIG welding source on
main parameters effective on the joint strength, i.e.
thickness of IMCs layers formed in the interface of weld
seam/steel and spreading of molten filler wire on the
surface of steel sheet. In this study, the experimental
TIG welding-brazing of 5083 aluminium alloy to
galvanised steel with AI-5Si filler wire was conducted.
Moreover, the thermal analys of the joining process by
FEM simulation was carried out. The ABAQUS
software was applied for FEM numerical simulation.
IMCs layers were identified by both FEM numerical
simulation and microscopy images.

2. MATERIAL AND EXPERIMENTAL

The materials used in this study were AL5083 and
galvanised steel® sheets with the thickness of 3 mm and
2 mm, respectively. These materials were butt welded
by TIG welding brazing method with an AI-5Si filler
wire having the diameter of 2.5 mm. Table 1 shows the
chemical composition of the sheets and filler wire. The
non-corrosive flux with main compositions Nocolok

 ASTM A653, Designation: CS type B

flux (KAIF, and K3AIFg eutectic) was dissolved in
acetone. This suspension, with the thickness of 0.5 mm,
was homogenously smeared on both front and back
faces of the steel and in close contact with the
groove.The sheets were cut in size of 200x100 mm? and
were cleaned by abrasive paper and acetone.

The joint pattern used was a butt joint with a dual
characteristic including a bevel angle of 30  in
aluminium alloy side and semicircular pattern in steel
side. The joint pattern and the joining process are shown
in Figure 1 schematically. A copper backing plate with
the dimension of 210x210x10 mm® and a shaped
groove in the size of 10 X0.5 mm? on its front face was
used.

The joining process was carried out using TECHNO
TIG 250-P welding source. The type of welding current
used was AC. Four groups of welding parameters with
different heat inputs were used, as shown in Table 2.

Typical transverse sections of the joints were cut and
mounted in self-setting epoxy resin in as-clamped
condition. For metallography treatment, the samples
were polished to a mirror-like surface and etched with
keller’s reagent (Iml HF+1.5 ml HCI+2.5 ml HNO;-
+95ml H,0) for 3-5 s. The microstructures of the joints
were observed using optical microscopy and SEM?®.

To measure the compositions of IMCs layer, the
energy dispersive spectrometer was used. In addition,
the samples of tensile test were cut and the joints tensile
strength was measured.

3. FEM NUMERICAL SIMULATION

The ABAQUS software* was used to determine the
temperature cycles in the interface of steel/weld seam.
Due to different materials and dimensions of
components, the whole model of butt-welded
components, according to experimental dimensions, was
built.

Because of the severe gradients of temperature
adjacent of the weld seam, a non-uniform meshing was
used and by keeping away from centerline, the size of
elements were increased [16]. The linear hexahedral
elements (DC3D8), were used. The total number of
nodes and elements was 24380, 15530, respectively.
The governing equation for transient non-linear heat
transfer analysis is:
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where, Ky, ky, k, are the thermal conductivities in the x, y
and z directions respectively, T is the current
temperature, Q is the heat generation, p is the density, C
is the specific heat capacity and t is the time,
respectively. General solution of Equation (2) is
obtained introducing the initial and boundary
conditions, as follows:

R/

«+ Initial condition:
T (x,y,2,0)=To(x,y.z) 3)
++ Boundary conditions:
ar ar aT
[kx ng +ky ENy +k, a—zszJrqS

(4)
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where, Ny, Ny, N, are the direction cosine normal to the
boundary, h, and h, are the convection and radiation
heat transfer coefficients respectively, gs is the boundary
heat flux and T, is the temperature of radiation heat
source and T, is the surrounding temperature.

Besides, the uniform heat flux was distributed on the
weld elements, calculated by Equation (5):

In Equation (5), #=0.5 is the arc efficiency, U is the
voltage, | is current and Vy is the volume of the
activated weld element of seam [17].

In this study, to consider heat losses and simulate the
weld cooling, the combined heat transfer coefficients of
material from Equation (6) (Newton’s law of cooling)
were calculated. The values of 25, 8 and 53 W/m’K
were calculated for 5083 aluminium alloy, galvanised-
steel and copper backing plate, respectively.

loss =h xA x (T _Tamb) (6)

where (55 IS the loosed power from the outer surface, h
is the combined heat transfer coefficient

, Tamp IS the ambient temperature, T is average surface
temperature, and A is the area of surfaces [18].

In this study, the most important thermal and
mechanical properties of 5083 aluminium alloy such as
thermal conductivity, specific heat, yield stress, and
density were assumed to be temperature dependent [19].

In addition, other properties such as Poisson’s ratio,
thermal expansion coefficient, latent heat, solidus and
liquidus temperatures were assumed to be constant and
temperature independent.The thermal and mechanical

q=M 5) properties of galvanised steel and Al-5Si filler wire
Vi were considered constant [20, 21].
TABLE 1. Chemical compositions of 5083 aluminium alloy, galvanised steel and filler wire (weight percent %)
Fe Mn Si Ni Al Mg C P S Cu Zn
AL 5083 0.25 0.3 0.29 0.033 Bal 3.95 0 0 0 0 0
Galvanized steel 99.2 0.38 0.015 0.059 0 0 0.073 0.017 0.02 0 0
AL-5Si 0.8 0.5 45-5 0 Bal 05 0 0 0 03 01

TABLE 2. The welding parameters

Sample number Welding current (A)

Welding voltage (V)

Welding speed (mm/s) Weld heat input (J/mm)

1 120 11
2 140 12
3 150 14
4 155 15

2.67 2475
2.25 373.3
25 420
2.52 461.3

Aluminium

Shaped Groove

Backing Plate

3 Injecting Nozzle

Figure 1. Scheme of joining process and joint pattern
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Figure 2. Comparison of the predicted and actual fusion zones
in 420 J/mm heat input

It should be noted that to simulate the weld metal
deposition, the element birth and death technique was
used [22, 23]. In this technique, the weld seam is
divided to the elements that will birth in the later stages
of the analysis. First, the uniform heat flux is applied on
the initial element and other elements are deactivated.
Similarly, other elements are activated and cooled as
long as weld metal which is deposited completely.

To verify the present FE method, the half width of
the predicted and actual fusion zones according to the
same parameters, were compared (Figure 2).

R TN N N

It is clear that the mass of the predicted fusion zone
agrees with mass of the actual weld. Therefore, the FE
program developed here is proved right, and it can be
used for analysis in the butt welded joints.

4. RESULTS AND DISCUSSION

4. 1. Microstructure of the Joints Figure 3 shows
the optical images from the cross-section of butt joints
in interface areas between steel and weld seam.

As can be clearly seen, the increase of the weld heat
input enhanced the IMCs layer thickness. The
thicknesses of IMCs layers in whole set welding
parameters was 2-6 pum, which was less than the
maximum critical value of 10 pm, as shown in Figure 3.
Moreover, the thickness of IMCs layer along interface
in sample four was equal, whereas it was
inhomogeneous with ragged surface in other samples.

Weld heat input and thermal conductivity rate the
influencial contribution of the main factors, which are
the molten time range and average diffusion coefficient,
to the growth of IMCs layer [14, 24]. Utilizing copper
backing block with high thermal conductivity and
selecting optimized welding parameters repressed the
growth of IMCs layer, and consequently increased the
joint strength.

Due to the proximity of the weld heat input values of
(2-4) samples, the IMCs thickness and weld seam
dendritic microstructure of these samples did not show a
large difference, as shown in Figure 3. It may be noted
that the non-uniform thermal cycles along the interface
of steel/weld seam caused the non-homogeneity of
IMCs layers.

L Asdd

Figure 3. Optical microscopy images of the interface between steel and weld seam for different heat inputs: a 247.5 J/mm; b 373.3

Jimm; ¢ 420 J/mm; and d 461.3 J/mm
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Figure 4 shows the SEM image of the interface
between steel and weld seam, related to the sample
three. The brittle IMCs layer with plate-like
morphology was formed in the interface of the steel and
weld seam, as shown in Figure 4. Moreover, the
intermetallic compounds with needle-like morphology
in weld seam close to the interface were observed.
Figure 5 shows the isothermal section of the Al-Fe-Si
ternary phase diagram. Figure 6 shows the EDS
spectrums of IMCs layer at points A and B as marked in
Figure 4.

According to the analysis, the composition of IMCs
layer was 69.95% Al, 26.36% Fe and 3.51% Si and
70.55% Al, 13.1% Fe and 12.97% Si at points A and B,
respectively.

According to these results and characteristics of
typical Al-Fe-Si system, it can be said that the
intermetallic phase formed in welded seam side was 15
with the chemical formula of Al;,Fe;Si and in steel
side, it was 0 with the chemical formula of Fe (Al, Si)s.

From past reports [25-27], it has been shown that in
the absence of Si element, the binary compound
including Fe,Als and FeAl; are formed.The formation
enthalpy of the IMC layer is one of the key data to
predict the formation of the IMC layers. AH® is —34,
300 + 2000 J/mol and -5686 J/mol for Al;,Fe;Si and
Fe (Al); phases, respectively. So, Si additions can
decrease the formation enthalpy of the IMC layers and
participate in the IMC layer’s formation [25, 28].

4. 2. IMCs Layer Diffusion process controls the
growth of IMCs layer. Therefore, Fick’s law can
calculate it mathematically. Equation (7) has been
proposed to calculate the thickness of IMCs layer.

d =D xAt @

where d is the thickness of IMCs layer, D is the average
of diffusion coefficient of iron into the melted
aluminium and At is the molten time range. On the other
hand, the diffusion coefficient is dependent to
temperature and this dependency can be expressed by
Arrhenius relation:

D= D°exp(%) (8)

where D° is the diffusion constant, R is the gas constant,
Q is the activation energy for the growth of the IMCs
layer and T is the average temperature in the molten
time range, as estimated by the FEM thermal analysis
[14].

With assumption values of 0.77 m%s, 221 kJ/mol,
and 8.314 J/mol K for constant coefficients of D°, Q, R,
respectively [13], and considering Equations (7) and (8),
the thickness of IMCs layer can be calculated. As IMCs
layer thickness is mostly related to the diffusion of solid

iron into melted aluminium alloy, it should be noted that
for estimating the average temperature and molten time
range, the thermal cycles are considered in a
temperature range above 600 °C (Figure 7). Moreover,
the assumed values of constant coefficients in this range
of temperature are reliable [13, 14].

A comparison between measured and calculated
thickness of IMCs layers onto weld heat input has been
demonstrated in Figure 8. As can be seen from Figure 8,
the thickness of IMCs layer (whether experimentally
measured or calculated by FEM simulation and Fick’s
law) increased with enhancing weld heat input.
Moreover, the values experimentally measured, with a -
slight difference, were higher than those obtained by
FEM calculation. It can be said that ignoring the growth
of the IMCs layer in the temperature range below 600
‘C for the calculated values was a reason for this
observation. It can be realized that in higher weld heat
input, the difference between the values of measured
and calculated IMCs layer thickness was less than that
in lower weld heat input (Figure 8).
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Figure 4. SEM microstructure of the interface between steel
and weld seam for sample three
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Figure 5. Isothermal section of the Al-Fe-Si system at 600
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Figure 9. Ultimate stress under various weld heat inputs

4. 3. Mechanical Properties Figure 9 shows the
relationship between measured ultimate stress and weld
heat input induced by the welding source. The results
indicated that in low weld heat input, because of
incompatible wetting (incomplete brazing) of steel and
incomplete fusion in aluminium side, despite thin IMCs
layer, joint strength was low. The increase in heat input
led to improving the spreading of the weld metal over
the steel surfaces and resolving the incomplete fusion in
aluminium side. The highest strength of the joints was
received for sample three, reaching to 120 MPa. In this
sample, whilst the weld apparent was good, the IMCs
thickness was less than the permissible value (10 pm)
[8, 9]. The error bar is more wide for sample one, in that
the low weld heat input caused poor weldability. As can
be seen from Figure 9, increasing weld heat input
initially increased the ultimate stress amplitude, but in
the weld heat input above 420 J/mm, decreased the
value of ultimate stress. The thicker IMCs layer of
sample four, compared to sample three, was the reason
for its strength degradation.

5. CONCLUDING REMARKS

TIG welding- brazing of 5083 aluminium alloy to
galvanised steel with Al-5Si filler wire was evaluated
through both FEM numerical simulations and
experimental efforts. The effect of weld heat input on
the strength properties of joints was investigated. The
results of diffusion calculations showed that increasing
weld heat input enhanced the thickness of IMCs layer
formed at the interface of steel/weld seam, as confirmed
by measurements obtained from the microstructures.

The thickness of IMCs layer for whole set welding
parameters was 2-6 pum, which was less than the
maximum critical value of 10 pm. The IMCs layer near
the steel side was Fe (Al, Si); and in the weld seam side,
it was Al;,Fe; ¢Si and grew towards the fusion weld.

The experimental results indicated that increasing
weld heat input improved the brazing of steel and the
welding of aluminium. Moreover, the joint pattern with
dual characteristics improved the wetting action of the
molten weld metal on the steel surfaces. The highest
strength of 120 MPa was received for optimized weld
heat input of 420 J/mm.

From this paper, it can be said that to reach high
strength joint in TIG welding—brazing dissimilar alloy
between steel/aluminium, it is necessary to control two
factors including thickness of the IMCs layer and
spreading of weld metal.
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