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Abstract

The effect of the gas metal arc and laser welding process parameters on the geometry, microstructure and
mechanical properties of the dissimilar weldments of different materials systems were reviewed. Gas metal arc
welding (GMAW) and laser welding processes are widely used for permanent joining dissimilar metals and
alloys. The significant parameters in GMAW are welding voltage, current and speed while the significant
parameters in laser welding are laser speed, laser power and focal point position. A good control of the
processing parameters is required for obtaining high quality weld. Also, optimising these parameters controls
the formation of the intermetallic compounds which have been found to be detrimental to the mechanical and
corrosion performance of the dissimilar weld joints. It is also confirmed that the welding speed has the greatest
influence on tensile strength, followed by laser power and focal position in continuous laser welding. In
GMAW, the depth of penetration increases as the welding current increases. Increase in welding voltage also
increases the depth of penetration but not significant as the current. Increase in welding speed decreases depth of
penetration. Important properties in both GMAW and laser welding techniques when joining dissimilar metal
pairs include tensile strength, hardness and corrosion resistance. The findings from this work can serve as guides
for welding operators in automotive sub-assemblies, civil construction, shipbuilding, etc., to obtain optimal
welding conditions.
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INTRODUCTION difficult to overcome by employing commonly used
Dissimilar welding of metals and metal alloys can be  technologies such as resistance spot, projection, flash,
performed using various welding techniques. upset welding etc. This has led to a widespread use of
Engineers today are facing the challenge to join new techniques of welding (Yahya and Mustafa,
dissimilar materials as they are seeking to create new  2013). Two of such new techniques which are being
structures or machine parts in various industries. adopted for joining of unlike metal pairs are laser
Joining of dissimilar materials is very attractive for  welding (LW) and gas metal arc welding (GMAW)
many applications as we can use the costlier one only  (Manoj et al., 2010). However, adequate knowledge
where necessary. In fact, dissimilar joining could be  of the details of these techniques is very essential
frequently faced in many scenarios including toward its successful application in obtaining a defect-
automotive, aerospace, electronics and shipbuilding  free and strongly bonded welds of unlike metal pairs.
industries (Guo, 2014) The demand for producing Therefore, this paper reviewed the state of the art in
joints of dissimilar materials which can provide a  dissimilar welding processes using gas metal arc and
good weld which possesses appropriate mechanical laser welding techniques. The work covers the
properties and a good weld with good cost reduction  optimization of the processing parameters and study
is continuously increasing due to their advantages of the weld microstructure for the enhancement of
(Yahya and Mustafa, 2013). A good weld is crack- weld qualities including surface roughness, weld
free and has high strength and reliability (Katayama et  penetration, weld bead geometry, hardness and tensile
al., 1999; Abioye, 2017). strength.

Problems including porosity formation, solidification ~OVERVIEW OF THE PROCESSES

cracking, and chemical reaction may arise during  Study of Arc Welding Process

welding of dissimilar materials although sound welds ~ Arc welding involves permanent metal joining
may be obtained in some limited cases with special  obtained by fusion, with or without the application of
attentions to the joint design and preparation, process  pressure and filler material. The various types include
parameters and filler metals (Deepika and Kapil, tungsten inert gas welding (TIG), shield metal gas
2014). The problems that usually arise in realizing  welding (SMAW), gas metal arc welding (GMAW),
welded joints of sheets of different materials are etc. These welding techniques are increasingly being
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applied in construction, mining and automotive
industries (Bharti and Babu, 2010).

Generally, arc welding technique possesses high
tendency for pores formation, large heat affected zone
(HAZ), excessive dilution, distortion of welded parts,
etc. (Balasubramanian et al., 2008 ). Excessive
dilution is usually detrimental to the corrosion and
mechanical behaviour at the fusion zone of two
dissimilar metals (Abioye et al., 2016). The reason is
that dilution may initiate the formation of different
intermetallic compounds which are usually of
different  electro-chemical potentials therefore,
enhancing galvanic corrosion. Among all the arc
welding processes, GMAW has been established to be
most stable for the dissimilar welding of metals and
metal alloys (Manoj et al., 2010). The reasons include
absence of oxidation giving higher quality
metallurgical weld (Patel et al., 2013) and narrow
weld zone due to focusability of the heat source.

GMAW is an important process in many industrial
operations. The gas metal arc welding parameters
including welding current, welding speed, welding
voltage, gas flow rate and wire feed rate have been
identified as the primary factors influencing the
quality, geometry and cost of welding joints (Hani,
2011; Ishak et al., 2015). Hence, there is need for
controlling these parameters for optimal weld quality.

Study of Laser Welding Process

Laser welding has been established to produce welded
joints that are devoid of most of the common welding
defects (Balasubramanian et al., 2008 ?). It has some
attractive features such as high weld strength to weld
size ratio, reliability, and minimal heat affected zone,
which is suitable for welding of heat sensitive
materials. The beneficiary characteristics of laser
welding are low distortion due to low heat input,
repeatability, ability to automate and high throughput
(Balasubramanian et al., 2008%). However, the major
issue concerning laser welding is the high propensity
for cracking which is due to rapid weld pool
solidification (Abioye et al., 2015, Clare et al., 2013).
However, the high cracking tendency can be
controlled by careful selection of the processing
parameters.

There are different types of lasers in existence and
they include solid-state, gas, semiconductor, liquid
and fibre lasers. Fibre lasers have many advantages
over other lasers. These include high output power,
high optical quality, high reliability, compact volume,
good thermal management, high beam quality, high
laser efficiency and low noise floor compared to other
types of lasers(Popov, 2009; Balasubramanian et al.,
2008"; Abioye, 2014). Better beam quality can be
achieved in fibre laser because it offers better thermal
management and a circular single mode waveguide. In
fibre lasers, the heat is easily dissipated due to the
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increased surface-to-volume ratio of the fibre. All the
aforementioned advantages are lacking in other types
of lasers. Another main advantage of fibre laser is the
ability to focus the beam to a very small focus
(Farayibi et al., 2015). As a result, fibre laser welding
technique gives low dilution and strong metallurgical
weld joint because the energy can be concentrated
into a very small spot (Abioye, 2014; Farayibi et al.,
2015).

Principle of Operation of Lasers

The setup of a laser beam welding, as described in
Fig. 1, contains the laser, beam, mirror, cutting gas,
nozzle and workpiece. The laser beam is transferred to
the workpiece and focused onto a small spot. The heat
melts, evaporates the workpiece and the laser beam is
surrounded by a nozzle which enables a flow of
cutting gas to flush out the melt or vaporize it. The
beam is then moved over the workpiece to perform
full welding on the required area of the workpiece.

The laser beam welding is mainly used for joining
components that need to be joined with high welding
speeds, thin and small weld seams and low thermal
distortion. The high welding speeds, an excellent
automatic operation and the possibility to control the
quality during the process make the laser welding a
common joining method in the modern industrial
production (Tayyab, 2014).
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Fig. 1: Laser Welding Technique
(Source: Cary and Scott, 2005)

Due to its wide variety of application, an experimental
investigation and prediction of the process is of
utmost important. In this work, the effects of the gas
metal arc and laser welding input parameters on the
weldments qualities in terms of bead geometry, tensile
strength, hardness are reviewed.
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Welding of Dissimilar Metals

Welding of dissimilar metals (ferrous and non-
ferrous) and metal alloys using both GMAW and laser
welding techniques have been studied by many
researchers. Some of the existing dissimilar ferrous
metals joints using GMAW technique are, copper-
steel(Chengwu et al., 2009), 1020 mild steel - 304
stainless steel (Bharti and Babu, 2015), steel-kovar,
copper-steel and aluminium-copper (Mai and
Spowage, 2004). Few of the existing dissimilar
ferrous metal joints using laser welding technique are,
aluminum alloy-ST04Z galvanized steel sheet
(Shurong et al, 2011), hard metals-steel joints
(Alexandra et al., 2003), AISI 304 to AISI 420
stainless steels (Jose’Roberto and Wagner, 2007),
aluminium and steel (Schimek et al., 2012). The fact
remains that joining of dissimilar materials is one of
the challenging tasks facing the modern
manufacturers.

The dissimilar welding between non-ferrous metals do
raise difficulties because of the possible formation of
brittle intermetallic compounds in the weld region.
This often results from the dilution of various
elements from the base metals into the weld region
during welding. The formation of these hard but
brittle intermetallic compounds(Abioye et al., 2013) is
detrimental to the mechanical properties of the
weldments. Also, due to the difference in the
electrochemical potentials of these compounds,
galvanic corrosion usually occurs leading to lower
performance of the weldments in corrosive
environments. Past researches have revealed that
careful control of the heat energy input can reduce the
formation of the intermetallic compounds therefore
increases the weldment corrosion performance.
Sometimes, extension and insert are used in-between
the base metals so as to reduce dilution hence,
formation of these compounds(Fridlyander, 2001;
Babel et al., 2007; Menzemer et al., 2001;
Lakshminarayanan et al., 2009).Laser welding
technique has been utilized for various materials
systems including aluminum-titanium, titanium-
nickel, titanium-copper, copper-aluminum, copper
alloys-nickel, aluminum alloys-steels and magnesium-
aluminum (Cam et al., 1998 and Mvola et al., 2014).

Aluminum and titanium fusion welds form
intermetallic compounds (TiAl3, Ti2Al) that are
exceedingly brittle, which decreases the mechanical
properties of Ti/Al joint. An improvement in welding
technology and proper filler wire (Al-Cu-La wire) has
resulted in tensile strength enhancement. Copper and
nickel are mutually soluble in each other. Therefore,
welding these two metals and their alloys does not
present serious problems. Titanium is difficult to
fusion weld to a nickel base alloy because it forms
brittle intermetallic compounds with almost every
element contained in such alloys (Ni, Fe, Cr, Mn, and
Si). However, the use of buttering (columbium or
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copper alloy) and better control of welding parameters
improved the mechanical properties of the joint (Lv et
al., 2012).

The physical properties of titanium differ greatly from
those of copper. Moreover, the solubility of copper in
a-titanium is low. The joint with pure copper and
titanium alloy (Ti-30b and Ti-3Al-6.5Mo0-11Cr) and
titanium and copper-based alloy (Cu-0.8Cr) exhibited
the best tensile strength and ductility(Mvola et al.,
2014). Aluminum to copper dissimilar welds is also
limited by the formation of brittle intermetallic
compounds. The weld with GMAW can be successful
with a buttering of silver-based metal and a
consumable aluminum based metal (Mvola et al.,
2014). Magnesium-aluminum fusion welding results
to intermetallic compounds (AlsMg,, Al;; Mg,;, and
Al3Mgy3) (Zeng et al., 2001). Due to the detrimental
effects of these compounds (intermetallic), their
formation should be controlled during welding
process(O’Brien, 2011).

2.4 Effect of GMAW Process Parameters on Weld
Quality

The GMAW parameters including current, speed and
voltage have been established to be the most
important factors affecting the quality, geometry and
cost of welding joint. Hani (2011)studied the process
parameters controlling gas metal arc welding
(GMAW) process. The results showed that the depth
of penetration increases as the welding current
increases. Also, the effect of welding current and
voltage on depth of penetration in gas metal arc
welding processes have been subject of investigation
by Erdal et al. (2007). Fig. 2 illustrates the linear
relationship between the current and penetration
depth. Likewise, the depth increases as the voltage
increases. However, it was confirmed that the current
impact more significantly on the penetration depth.

Gas flow rate has significant effect on weld quality.
The composition of the gas and the flow rate are the
two main parameters impacting positively on the weld
quality and mechanical properties (Mohamad et al.,
2009; Kang et al., 2009; Hakan, 2007). Too high flow
gas volume adversely influences the weld shape and
at very high flow the full penetration is not reached.
The decrease of weld width and depth is caused
probably by cooling effect of flowing gas. Too high
gas flow can also create turbulences and intakes air
into shielding gas, affecting detrimentally the
shielding quality (Kolarik et al., 2009; Svanda, 2012;
Kopriva et al., 2013; Kolarik et al., 2010).
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Fig. 2: Penetration vs Welding current for 40cm/min
(Source: Erdal et al., 2007)

The effect of welding speed on the depth of
penetration is illustrated in Fig. 3, which shows that
the increase in welding speed decreases the depth of
penetration. Increasing the voltage and current
reduced the fatigue life while increasing the welding
speed increased the fatigue life. Decreased welding
speed and increased current voltage improved the
impact energy. Significant parameters in gas metal arc
welding are welding voltage, welding current and
welding speed. These parameters have significant
impacts on the quality, geometry and cost of welding
joint (Gejendhiran et al., 2014; Olabi et al., 2013).
Hence these parameters are necessary to be controlled
for producing high quality weld joints (Di Zuo et al.,
2014; Ruggiero et al., 2011; Hideki et al., 2005).
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Fig. 3: Plots showing (a) depth of penetration vs
welding speed

Source: (Tewari et al., 2010)and (b) welding speed vs
bead width (Yang et al., 1992)

Effect of Laser Process Parameters on Weld
Quality

The weld quality is often defined by the width and
surface roughness of the weldments. Welding
parameters including speed, heat input, focal point

position and gas flow rate do influence the width and
surface roughness of the weldments. Ruggiero et
al.(2011) investigated weld-bead profile and costs
optimization of the CO, dissimilar laser welding
process of low carbon steel and austenitic steel
AISI316. The effect of laser power (1.1-1.43kW),
welding speed (25— 75 cm/min) and focal point
position (- 0.8 to - 0.2 mm) on the weld-bead
geometry was reported. The study concluded that the
welding speed is the parameter that most significantly
influences the weld bead dimensions.

The welding root bead is directly related to the
current. It was found that the welding root bead
increased with current (Hideki et al., 2005). Di Zuo et
al.(2014) investigated the influence of various process
parameters on the intermediate layer formed between
the welded joint of copper and aluminium, using laser
welding technique. A continuous Nd:YAG laser
source was used for welding 1060 aluminium alloy
and T2 copper alloy at varying speed of 95mm/s, 105
mm/s, 115 mm/s, 125 mm/s, 135 mm/s, and 145 mm/s
and 155 mm/s. Fig. 4 illustrates the weld geometry at
different powers.
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Fig. 4: Weld Geometry at Various Power Input (Di
Zuo et al., 2014)
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Optimization of Welding Parameters

In the past, optimizing the welding parameters for
obtaining weldments of high quality, excellent
geometry and low surface roughness value has been
extensively done. The parameter having the most
significant influence on the weld width and surface
roughness is the welding speed (Yang and Lixiaoyan,
2012; Padmanaban and Balasubramanian, 2010).
Also, it has been established that varying the focal
length in laser welding has significantly little effect on
the weld quality (Masoumi et al., 2009; Reed et al.,
2009; Olabi et al., 2006).

The significant parameters in continuous laser
welding are welding speed, laser power and focal
position. It can be concluded from findings that the
welding speed has the greatest influence on tensile
strength, followed by laser power and focal position.
In nearly all the laser welding processes studied in
this work, the most utilized laser power input ranges
between 0.6 kW and 2.4kW, the welding speed ranges
between 0.82m/min and 3m/min, the focal point
position ranges from -0.8mm to -0.2mm, the wire feed
rate is 2m/min while the shielding gas flow rate is
between 5 - 151/min (Cheolhee et al., 2008;
Markovitsa and Takacsa, 2010).

Micro-structural and Mechanical Properties of
Weld Zone

The study of mechanical and micro-structural
properties of weld zone is very important as far as the
weld strength and quality is concerned. The
mechanical properties involve the tensile strength of
welded sample and distribution of micro-hardness in
different zones of weld specimen while the micro-
structural  properties are centered on the
microstructure characterization of different zones of
weld samples.

Microstructure and stress corrosion cracking behavior
of the weld metal in dissimilar welds was carried out
by Chung et al. (2011) and it was found that
susceptibility to stress corrosion cracking in terms of
ductility loss is dependent on increasing order of
severity of; undiluted weld metal, the transition zone
and the weld interface. Additionally, the structural
discontinuity at the interface also increases the
corrosion cracking susceptibility of the weld interface
specimen. This is illustrated in Fig. 5(a) and (b).
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Fig. 5: Scanning electron micrograph showing (a) the morphologies of four zones in the intermediate layer (Di
Zuo et al., 2014) and (b) thin intermetallic compounds at the Al/Fe interface (Reis et al., 2014)

The cross-sectional view of the fracture along the
interface and the SEM micrographs showing thin

intermetallic compound layer at the Al/Fe interface
between the steel fragment and the aluminium matrix
is shown in Fig. 6(a) and (b) respectively.
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Fig. 6: Scanning electron micrograph showing (a) the cross-sectional view of the fracture along the interface
(Reis et al., 2014) and (b) the thin intermetallic compound layer at the Al/Fe (Kimapong and Watanabe, 2004)
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The optimization and application of laser welding
parameters (welding power, welding speed and focal
position) has been established to obtain sound and
good quality welds (Benyounisa and Olabi, 2008;
Glowski et al., 2009). However, porosity in the
welded joint has been identified as a major problem
(Arunkumar et al., 2012).This usually whenever the
heat energy input is not adequate to cause sufficient
melting of the base metals and the filler wire. Another
is gas porosity which is often traced to the gas
entrapment in the weld pool during solidification.
This can be reduced by using low hydrogen welding
process, increasing shielding gas flow, increasing heat
input and using clean joint faces.

The microstructures of HAZ and fused zone were
normally examined using optical microscope and
scanning electron microscope(Honga et al., 2008).
The mechanical properties including tensile strength,
hardness etc. often depends on the microstructure of
the weldments. The microstructure of the weld zone
and heat affected zone are usually influenced by the
rate of cooling and temperature gradient within the
zones. Typically, the microstructure of steel
weldments contains complex austenite ferrite
structures(Khan ~ and  Romoli, 2012). The
microstructures near weld interface are usually
complicated. For example, the HAZ in the steels
weldments usually consists of martensite and carbides
which causes inter-granular cracking and significantly
reduced the corrosion resistance of the weld.
Additionally, the mechanical properties of the welded
joint depend mostly on the composition of base metal
as well as on the weld bead parameters and shape
relationships which are mainly affected by the
welding input parameters (Yilbas et al., 2010; Khan
and Romoli, 2012; Emel et al., 2009).

CONCLUSION

Gas metal arc welding (GMAW) and laser welding
processes are widely used for the welding of
dissimilar metals and alloys. The significant
parameters in gas metal arc welding are welding
voltage, welding current and welding speed while the
significant parameters in laser welding are laser
speed, laser power and focal point position. It is also
confirmed that the welding speed has the greatest
influence on tensile strength, followed by laser power
and focal position in continuous laser welding. In
GMAW, the depth of penetration increases as the
welding current increases. The increase is almost
linear. Increase in welding voltage also increases the
depth of penetration. However, the increase in
penetration with the voltage is less compared to that
of increase observed with increase in current. Increase
in welding speed decreases depth of penetration.
Important properties which are studied by the
researchers in both gas metal arc welding and laser
welding techniques when joining dissimilar metal
pairs are tensile strength, hardness and microstructure.
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Finally, it was found that the microstructure which is
related to the mechanical performance of the welds is
mostly influenced by the metal compositions, cooling
rate and temperature gradient. The later two are
governed mainly by the welding parameters.
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