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Using a continuous wave (CW) laser with beam oscillation, this study elucidates the impact of passive and active
cooling on welding hot-dip galvanised steel-to-aluminium sheets. The work investigates how cooling affects the
formation of intermetallic compounds (IMCs) and the behaviour of Zn vapours, both of which are critical factors
to the joint strength. IMCs are recognised as the most decisive factor in welding steel to aluminium, while Zn
vapours significantly impact welding in a zero part-to-part gap overlap configuration. A 3D finite element
method thermal model was employed to correlate the thermal cycles to the metallurgical and mechanical
properties. The cooling rate without beam oscillation increased by 34% switching from passive to active cooling,
while it was only 2.5% with oscillation present (2.5 mm lateral oscillation). Results revealed that active cooling
influences Zn vapours and IMCs differently; faster cooling reduced total IMCs and Fe,Als phase and increased
joint strength; however, it exacerbated spattering and weld discontinuity due to insufficient time for outgassing
the Zn vapours from the molten pool. This adverse effect was more pronounced with beam oscillation due to
larger molten pool. The experimental work also showed that despite beam oscillation does enlarge the
connection area, the average shear stress was relatively lower compared to the case without oscillation,
attributed to the increased thickness of the IMCs. Active cooling with water flow at 10 °C achieved 60% joint
efficiency compared to parent aluminium, while beam oscillation reduced this to 54% but with half the strength
variation. This highlights the complex, non-linear interplay between IMC formation, Zn vapour outgassing, and
the dynamics of the molten pool.

Introduction

The mandate for net-zero emissions in the automotive industry de-
mands the development and validation of novel products and processes
to reduce CO; and greenhouse gas emissions (Hertwich et al., 2019). An
effective strategy is the lightweighting of automotive bodies, where
minimising vehicle weight while maintaining/maximising mechanical
properties has been at the heart of research and industrial development
for decades. The use of dissimilar materials in the automotive body is
regarded as the way forward by many automakers, due to their potential
to offer tailored properties (Yang et al., 2024). A notable example is the
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joining of steel and aluminium, a combination that has garnered sub-
stantial interest from both research and industry (Wallerstein et al.,
2021). This pair leverages complementary properties, such as the high
strength and weldability of steel with the high strength-to-weight nature
of the aluminium (Shah and Ishak, 2014).

Acknowledging parallel research endeavours related to corrosion
protection and end-of-life recycling (Karim and Park, 2020), this paper
addresses the metallurgical and mechanical problem posed by formation
of brittle and low-toughness phases known as intermetallic compounds
(IMCs) (Kotadia et al., 2022; Jabar et al., 2023), and the interplay with
Zn vapours. The formation and growth of IMCs are driven by diffusion
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mechanisms, with peak temperature and diffusion time being critical
parameters (Singh et al., 2019; Xia et al., 2019). Controlling these pa-
rameters demands a low-heat input process with fast solidification. Laser
beam welding is a highly suitable process for this purpose, as already
demonstrated in recent years (Kuryntsev, 2021; Quazi et al., 2020; Ma
et al., 2023). Notably, pulsed lasers have been used to induce fast
thermal cycles (below the ps time characteristic) to reduce the formation
of IMCs. Despite the research has shown remarkable mechanical prop-
erties (Chludzinski et al., 2021), pulsed lasers are currently only avail-
able in the low power range below 1 kW for thin sheets (< 1 mm
thickness). For thick sheets continuous wave (CW) lasers have displaced
that.

In addition to diffusion time and peak temperature, controlling the
cooling rate is a common and efficient way for mitigating IMCs (Casalino
et al., 2017; Borrisutthekul et al., 2007). Faster cooling can decrease
both diffusion time and peak temperature and improve the mechanical
strength (Borrisutthekul et al., 2007). An interesting proposition is the
integration of an external cooling system with a CW laser welding pro-
cess. For example, backing block materials can promote fast heat dissi-
pation, hence obtaining high cooling rates (Borrisutthekul et al., 2007;
Pardal et al., 2014; Liedl et al., 2011). Backing blocks are made of metals
with high thermal diffusivity, such as copper, and extract the applied
heat through fast conduction. Borrisutthekul et al. (2007) utilised three
different backing blocks made of titanium (thermal conductivity = 16.7
W/m-k), steel (thermal conductivity = 44 W/m-k) and copper (thermal
conductivity = 394 W/m-k) and showed the negative correlation be-
tween the thermal conductivity (directly proportional to thermal diffu-
sivity) of the backing block and the IMCs thickness. This was explained
by the fact that as thermal conductivity increases, heat sinking grows
and the time in which weld pool is molten becomes shorter and as a
result diffusion of Fe and Al atoms decreases. Superiority of copper
backing block was reported in other works as well. For example, laser
spot joining of dissimilar steel to aluminium was carried out, comparing
the effects of aluminium and copper backing blocks, and the superior
influence of copper backing block in reducing the thickness of IMCs was
illustrated in Pardal et al. (2014). Similarly, Liedl et al. (2011) checked
copper and aluminium backing block materials in laser welding of steel
to aluminium. They achieved the highest strength using copper backing
block in all the applied energy ranges.

It should be noted that although fast cooling in dissimilar welding
can help mitigate the formation of IMCs, it does not always lead to
improved mechanical strength. The effect of fast cooling on the me-
chanical properties of dissimilar welds depends on several factors, such
as the cooling rate’s influence on the microstructure, the materials being
welded, and the specific welding process. For instance, rapid cooling can
induce microstructural changes that may result in the formation of
martensite in certain steels. Martensite is a hard phase that is susceptible
to solidification cracks and reduced ductility, which can compromise the
overall mechanical performance (Zarei et al., 2024). Moreover, fast
cooling typically increases residual stresses (Xie et al., 2022), which
further underscores the importance of finding an optimal cooling rate
for each specific application. The differing thermal conductivities of the
materials being welded can also lead to unequal temperature distribu-
tions and cooling rates across the weld. For example, joining carbon steel
AISI 1060 with austenitic stainless steels AISI 304 and 420 can produce
distinct cooling behaviours due to their different thermal properties
(Zarei et al., 2024). This difference in thermal conductivities can result
in challenges related to controlling the weld’s microstructure and,
consequently, the weld’s mechanical properties.

Nevertheless, IMCs are not the only difficulty and the presence of a
protective Zn coating on the steel surface is another obstacle compli-
cating the joining of a Zn-coated steel in a zero-gap overlap configura-
tion (Kashani et al., 2015). Comprehending the influence of the Zn
coating is essential due to its significance in industrial needs - Zn coating
is widely utilised as corrosion protection for steel sheets, especially in
automotive body construction. Since Zn coating evaporates during
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welding due to its low vaporisation temperature (approx. 907 °C), in an
overlap welding configuration the Zn vapours can lead to two types of
problems. First, Zn vapours have tendency to shield the processed area
and induce unwanted laser beam reflections, ultimately leading to a
non-uniform interaction between the laser beam and the material
(Dasgupta et al., 2007; Allen et al., 2020). Second, Zn vapour can
become entrapped in the weld pool, causing defects such as spatter,
pores, and lack of fusion (Chen et al., 2010). This has been reported in
various studies on similar laser welding Zn-coated steels (Hao et al.,
2022). However, only a few studies on dissimilar laser welding
Zn-coated steel to aluminium (Ma et al., 2014) have addressing this
issue. The current practice is to use dimples produced via a fast-moving
laser beam (Ozkat et al., 2017). In essence, the dimples work as a spacer
between the two sheets in lap joint and let the Zn vapour escape during
the welding process. Although this is the industry best practice, it adds
significant complexity and increase cycle time, necessitating parallel
stations, hence escalating costs.

While the effect of cooling rate on IMCs has been investigated in a
vast range of studies, very limited research with scattered results is
currently available to elucidate the effect of cooling rate in laser weld-
ments of Zn-coated steel to aluminium, with impact on both IMCs and Zn
vaporisation. This paper aims to address this gap and will study the
impact of passive and active cooling on welded Zn-coated DCO1 mild
steel to 5251-H22 aluminium sheets in a zero part-to-part gap overlap
configuration. Microstructural observations, mechanical testing, and
chemical characterisation were performed to find the interconnection
between IMCs thickness, Zn vaporisation and joint strength. A 3D finite
element method (FEM) model was also developed to predict the thermal
cycles at the weld interface and correlate them to the metallurgical and
mechanical properties.

Experimental procedure
Materials

Laser beam welding trials were performed on DCO1 mild steel and
5251-H22 aluminium, each with a thickness of 1.5 mm. The chemical
composition, along with the maximum shear stress values, for each of
the parent materials, are detailed in Table 1. Notably, the DCO1 mild
steel sheet is hot-dip galvanised, with a 10 um layer of zinc on both sides.
The steel and aluminium samples were both cut into rectangular cou-
pons, each measuring 48 mm in width and 112 mm in length. To ensure
that the surface of the coupons was free from any contaminants, each
coupon was carefully cleaned by wiping it with acetone. The Zn coating
on the steel and the oxide layer on the aluminium were not removed.

Laser welding procedure

The laser welding trials were carried out using an adjustable ring-
mode (ARM) Coherent CW fibre (Coherent ARM FL 10,000) laser sys-
tem that has a maximum combined power output of 10 kW (with
maximum 5 kW for both core and ring beam). A WeldMaster YW52
Scan&Track remote welding head, (Precitec GmbH) capable of oscil-
lating the laser beam, was utilised to deliver the laser energy to the
workpiece. The full technical specifications and details of the laser
system are provided in Table 2.

Table 1
Chemical compositions (wt. %) and shear stress of the DCO1 mild steel and 5251-
H22 aluminium alloy.

DCO1 Fe C Mn P S Shear stress
Steel (MPa)
Bal. <0.12 <0.6 <0.045 <0.045 150-230
5251-H22 Al Mg Fe Mn Si Shear stress
Aluminium (MPa)

Bal. 1.7-24 <05 0.1-0.5 <0.4 110-160
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Table 2
Details of the laser welding system.

Parameter Units Core Ring
Maximum power w 5000 5000
Optical fiber diameter pum 100 290
Spot diameter on focus, do um 200 580
Collimating length mm 150
Focusing length mm 300
Rayleigh length, Zg mm 2.57 6.25
Nominal central wavelength nm 1070

The welding head was mounted on a 6-axis ABB robot system and
inclined at 5° around the Y axes (negative direction) to protect the op-
tical system from possible damages by reflected light. The laser beam
was focussed on the top surface of the sample. The focal offset, A, is
defined as the distance along the beam between the laser beam focal
point and the material surface. Hence, when the focal point is on the top
surface, A, value is zero. No filler wire nor shielding gas was utilised in
the welding trials. Fig. 1 shows the welding setup. The functionality of
the copper cooling system was twofold: (1) to control the cooling rate of
the bottom surface of the aluminium sample (via the copper plate - item
7 in Fig. 1(b)) and the top surface of the steel sample (via the top copper
bar - item 8 in Fig. 1(b), 2) to clamp the specimen to a zero part-to-part
configuration. Controlling the cooling rate was enabled by water flow-
ing through 12 channels (8 mm diameter) machined in the copper plate
and also 4 channels (8 mm diameter) in the top copper bar. Copper was
chosen due to the high thermal diffusivity (1.17e2 mm?/s at room
temperature (Daurelio et al., 1986)). The channels were then fitted with
connectors and hosed to an SMC HRSE012/018/024 series chiller (item
3in Fig. 1(a)) delivering 6 1/min DI water. N-type thermocouples with a
Sefram DAS220 digital data logger were used to monitor the water
temperature at the inlet/outlet of the channels.
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Design of experiments

Welding trials were performed in a nominal zero part-to-part gap
overlap configuration with steel on top.

Welding parameters were divided in two groups: group “a” — no
beam oscillation with large beam defocus (A; = 12 mm) and welding
speed of 80 mm/s; group “b” — with beam oscillation, no beam defocus
and welding speed of 40 mm/s. For each group 4 sub-cases were tested:
room temperature (RT at 25 °C) and no water flow (passive cooling), and
then constant water flow at 6 1/min for 3 water temperatures of 25 °C, 17
°C and 10 °C (active cooling); water temperature below 10 °C was
avoided due to the risk of condensation on the water pipes and the
copper cooling system. Power and speed were adjusted for group “a” and
“b” to achieve an average weld penetration depth in the range 300-400
um; this was motivated by the need to avoid the excessive mixing of steel
and aluminium as already presented in similar investigations (Jabar
et al., 2023). The proposed design of experiments allowed to analyse the
effect of passive and active cooling in group “a” with a non-oscillating
beam moving linearly in X; as well as introduce the additional effect
of lateral beam oscillation in group “b”. In order to compare the energy
inputs between the two groups, the volumetric energy of the laser beam
was calculated as in Eq. (1) (Guo et al., 2019), where Ag is the spot area
at the A, value and defined in Eq. (2) (Sun et al., 2021), with dy and Zg
the average spot diameter on focus and Rayleigh length (see Table 2),
respectively. In Eq. (3) (Sun et al., 2021) S, is the maximum magnitude
of the beam velocity that accounts for the later motion in the Y direction
during oscillation.

P [
=54, {W} W
A= 2% ), 4 = doy 1+ () @
e =ny [mmt], di=doy[1+ (2 [mm]

Location of probe for
L*Y monitoring of

temperature field

DeptIh, 2-B

Width, 2-A

1 - Welding head. 2 - Copper cooling system. 3 - Chiller. 4 - Water connectors. 5 - Mounting plate
clamps. 6 - Toggle clamp. 7 - Copper plate with water flow in Y. 8 - Top copper bar with water flow in X.

Fig. 1. (a) Welding setup; (b) mechanical design of the copper cooling system with clamps; (c) schematics of the welding setup with the cooling system; (d)
schematics of joint width, depth, and connection area (yellow dashed line) on the aluminium interface.
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Each weld sample was repeated four times: three for lap shear tensile
testing and one for microstructural analysis and chemical
characterisation.

Weld characterisation and testing

Following the welding trials, specimens for characterisation analysis
were extracted from three locations along the weld length: one sample in
the middle of the weld and two samples positioned 10 mm away from
the start and end of the weld. These samples were then mounted in
conductive Bakelite resin for further preparation. The specimens un-
derwent a grinding process using 1000 sandpaper, followed by a pol-
ishing stage with 9 pm and 3 pm solutions and 0.06 um silica slurry to
obtain a very fine surface.

Initial microstructural observations from the top surface (steel) and
interface (aluminium) were conducted using a Keyence VHX7000 opti-
cal microscope to observe the weld seam and connection area, respec-
tively. Then higher magnifications using a scanning electron microscope
(SEM) Zeiss Sigma was acquired to investigate the IMCs. The advantages
of ImageJ software were taken to quantify the area and thickness of
IMCs, and penetration width, depth, and connection area.

Energy-dispersive X-ray spectroscopy (EDS) was used for the ana-
lysing Fe and Al mixing through low magnification chemical mapping.
The analysing condition was a 20 kV accelerating voltage, a 16 nA
current and up to 300,000 cps input count plus a dwell time of 250 ms.
To determine the elemental composition of specific regions (IMCs or
base material) 5 EDS spot analysis were taken from each marked region
and the resulting spectrum was employed to identify the elements pre-
sent, and their concentrations using Aztec software. By correlating the
resulted elemental composition to potential phases in the Fe-Al phase
diagram and comparing with previous literature, the phases in the ma-
terial can be inferred.

Lap shear tensile tests were performed in accordance with the EN ISO
14273 standard (EN ISO, 2000) on rectangular laser welded specimens
using an Instron 30 kN tensile machine at 2 mm/min tension rate. Shear
stress was measured using the Eq. 4, where F [N] is the maximum load at
fracture and CA [mm?] is the connection area at the interface. Since the
weld fracture always happened at the interface of the joint, CA, was
obtained by fitting an arc of ellipse (Barnard et al., 2001), whose
semi-axis are A and B (Fig. 1(d)) and calculating one half lateral area of
the elliptical cylinder with height L (weld length).

F N
Shear stress = CA {mmz} (4a)

my/2(A% + B?) L

A =
e 2

[mm?] (4b)

The Pearson’s correlation was utilised to examine the correlation
between the key parameters in this study. Further, ANOVA test was run
with the acceptance level of 10 % to test the statistical significance of the
outputs.

Numerical FEM model to predict thermal cycles

The thermal cycles during solidification were calculated using a 3D
FEM transient model with heat conduction and phase change. The main
assumptions of the model were: (1) irradiance is neglected; (2) phase
change is modelled using the apparent heat capacity method (Artinov
et al., 2018); (3) the laser absorbance is modelled via a scaling coeffi-
cient of the input laser power, as also proposed in previous studies
(Dourado da Silva et al., 2023).

The dimensions of the simulated zone were 12 x 12 x 3 mm® (Fig. 2
(a)) ensuring the model reaches a steady state regime. The boundary
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conditions of the computational domain were set with natural convec-
tive heat flux between the sheets and the air - heat transfer coefficient in
air, h,i;, was assumed equal to 15 W/(m?2K) at ambient temperature.

The heat sinking effect of the copper cooling system was modelled as
in Eq. (5): in case of passive cooling, an “artificial” convective heat flux
was introduced, where Ty, is the ambient temperature at 25 °C, and A,
the surface area of the cooling channels; in case of active cooling, the
temperature was set constant to the water temperature, Tyater, @S SPec-
ified in Table 3. This assumption was deemed reasonable since the
readings from the N-type thermocouples, at the inlet/outlet of the
cooling channels, revealed only 1.0+0.3 °C variation in water
temperature.

passive cooling — hgir-Ach*(T — Tamp) (5a)

active cooling — T = Tyater (5b)

A tetrahedral 3D mesh with linear elements (4 nodes per element)
was generated. The computational domain was meshed with different
resolutions of the weld and surrounding regions. The mesh was refined
in regions experiencing higher temperature gradients, ensuring numer-
ical accuracy, especially near the laser interaction zone (6 mm wide as
shown in Fig. 2(a)). The coarse mesh size was 3 mm.

The thermal and physical properties of the steel and aluminium
samples were generated from the JMATPRO® as depicted in Fig. 2(b),
and assumed temperature-dependent.

The volumetric heat input, Qjaser, was modelled with a moving
Gaussian-conical heat source, as specified in Eq. 6, where ry, (50 um) and
Hj (3 mm) are the radius of the cone and its height, respectively. The
coefficient a was introduced to account for the laser absorbance
(Simonds et al., 2018) and calibrated via experiments.

o]
(-9
red 8

5 Hy mm] (6a)
r= = x)" + (v~ y)? + 22 [mm) (6b)
{ Ys :)f;;o.zéﬂft) [mm (60)
Quaser (X, Y, 2, ) = %exp( - 2%) {m]:,qu} (6d)

The time step for the simulation was set to 0.0005 s to capture rapid
thermal changes due to laser heating. The simulation time, t, covered the
duration of the welding process and post-weld cooling, extending twice
the welding time to observe cooling behaviour. The laser switch-off time
was 0.0375 s for group “a” and 0.025 s for group “b”. The simulation
began with an initial temperature of 25 °C for the entire computational
domain.

The temperature field was then monitored for all the tested scenarios
in Table 3 at the probe location shown in Fig. 1(d). For each time step,
temperature and cooling rate were extrapolated. The FEM model was
coded in the PDE toolbox of Matlab® 2024a and solved on a Z840
workstation. A mesh-independent solution was achieved with a finer
mesh size of 50 um in the laser interaction zone, approximating 200,000
elements in the computational domain.

Results and discussion
Calibration of numerical model

For all the simulations the scaling coefficient a was varied and the
optimised value was set constant to 0.7 for all the tested cases. Fig. 3

shows the results of the calibration for two representative cases, yielding
well correlated simulations to the actual experimental values. This
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Fig. 2. (a) Details of the FEM model (heat source shown not in scale) with boundary conditions and heat source model. (b) Material properties imported
from JMATPRO®.
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Table 3
Parameters and processing conditions used in this study.
sample  group Beam Total Speed, S Focal Total power Volumetric Oscillation Oscillation Water
oscillation power, P (mm/s) offset, A, density (MW/ energy, Q (J/ Frequency, f amplitude, 2-A, Temperature,
w) (mm) cm?) mm®) (Hz) (mm) Twater (°C)
1 a No 5850 80 12 1.05 81.74 - 0 RT no flow
2 No 5850 80 12 1.05 81.74 - 0 25
3 No 5850 80 12 1.05 81.74 - 0 17
4 No 5850 80 12 1.05 81.74 - 0 10
5 b Yes 5500 40 0 10.50 23.68 100 2.5 RT no flow
6 Yes 5500 40 0 10.50 23.68 100 2.5 25
7 Yes 5500 40 0 10.50 23.68 100 2.5 17
8 Yes 5500 40 0 10.50 23.68 100 2.5 10
Group “a” (ID#2) Temp. (°C) Group “b” (ID#6)

600
500
400
300
200
100

FEM prediction

Experiment

FEM prediction

Experiment

Fig. 3. Comparison of simulated and experimental cross-sectional data. The cross-section on the right-hand side is overlayed to the FEM prediction in partial

transparency.

allows to confidently deploy the numerical model and provide useful
insights about the temperature field, which are difficult to access via
experiments due to technological difficulties.

Effect of the cooling rate

Fig. 4 shows the cross section of DC01 steel sheet (unwelded) and the
elemental EDS map analysis showing the Fe and Zn content as well as
thickness and distribution of the Zn coating on the surface. Fig. 5 (a, b)
and (c, d) displays the temperature distribution and cooling rate for the
samples welded in groups “a” (no oscillation) and group “b” (with
oscillation) with magnified view of the highlighted regions below each
section. These thermal values have been monitored at the interface be-
tween steel and aluminium as shown in Fig. 1 (d). The maximum values
are synthetically reported in Table 4. Results suggest that, in general,
active cooling reduces the peak temperature and increases the cooling
rate. Lowering the water flow temperature (ID 2 to ID 4 and ID 6 to ID 8)
further reduces the peak temperature and increases the cooling rate,
although this effect is less significant compared to switching from pas-
sive (ID 1 and ID 5) to active cooling (ID 4 and ID 8).

Additionally, under the welding parameters used in this study, the

°e 0¢ °
M@u‘@mg—medla(

100 um

peak temperature is slightly higher in group “b” samples (oscillation),
and the cooling rate is also significantly higher in this group. The mul-
tiple thermal cycles observed in the group “b” samples (oscillation) are
associated to multiple reheating/remelting of the weld pool. The
maximum cooling rate changes drastically (34%) switching from passive
(ID 1) to active (ID 2) cooling in group “a”; whereas, in samples with
beam oscillation (group “b”), this change is only 2.5 % from ID 5 (pas-
sive cooling) to ID 6 (active cooling) at the same temperature.
The effect of the cooling process is discussed as follows:

e reduction of the IMCs thickness. The active cooling process with water
flow in copper backing block provides additional cooling to the rapid
solidification during the laser welding. Cooling impacts IMCs in two
ways; first, it lowers the peak temperature, resulting in exponentially
lower reaction rate according to Arrhenius relationship (Bouayad
et al., 2003). This decreases the rate of IMCs formation. Second,
faster cooling reduces the solidification time, and consequently, de-
creases the diffusion time, which reduces the interaction between Fe
and Al atoms (less mixing). One example of reduction in IMCs
thickness by increasing the cooling rate can be seen in Fig. 6, which
compares the IMCs in two areas of sample ID 5 (Fig. 6 (b) and (c))

Zn Coating
¥

Fig. 4. (a) Cross-section of DCO1 steel sheet, and EDS composition map analysis showing the (b) Fe content and (c) Zn distribution.
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Fig. 5. (a) Temperature and (c) cooling rate diagrams for samples of group “a” (no oscillation); (b) temperature and (d) cooling rate diagrams for samples of group
“b” (oscillation). The highlighted blue area is zoomed in below each diagram. The solidus temperature of steel and aluminium was taken from Anon (2025a, 2025b),

respectively.

and in two areas of the sample ID 8 (Fig. 6 (d) and (e)). Fig. 6(a)
sketches the location of the selected two areas and the method for
measuring the total IMCs and Fe,Als phase. A decrease in FepAls and
needle like Fe4Al;3 IMCs can be seen when 10 °C water flow is used.
FeoAls is known as the most brittle IMC in Fe-Al system. Therefore, it
is more susceptible to cracking and fracture than other IMCs in this
system like, FeAls (or Fe4Al; 3 at non-equilibrium condition), Fe4Al; 3,

FeAl, FeAly, FeoAl; and FesAl (Table 5) (Sadeghian and Igbal, 2022).
An instance of the typical fracture and cracking in or around the
FesAls IMC can be observed in Fig. 6 (f).

Based on the Fe-Al phase diagram (Fig. 7) a range of IMCs can form

depending on the ratio of Fe to Al. The development of specific inter-
metallic phases is influenced by factors such as welding time,
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Table 4
Thermal properties obtained from Fig. 5.

Sample  Oscillation Water Peak Max. Cooling
Temperature ( °C) temperature ( rate ( °C/s)
°C)
ID1 No RT no flow 833.74 7141
ID2 (group 25 794.84 9610
ID3 “a”) 17 790.53 9662
ID 4 10 786.66 9679
ID5 Yes RT no flow 904.89 85,709
ID6 (group 25 889.56 87,781
ID7 “b”) 17 886.05 87,897
ID8 10 881.62 87,935

temperature, and local composition (Xu et al., 2016). The properties of
these IMCs are primarily determined by the differences in their crystal
structure (Li et al., 2020), chemical bonding (Liu et al., 2017) and
stoichiometry (Zhang et al., 2023). The type and quantity of IMCs
significantly impact the mechanical properties due to variation in brit-
tleness. Table 5 presents the crystal structure and microhardness values
for different IMCs in the Fe-Al system. As solidification begins, the
FesAls phase is initially formed (Eq. (7a)). The nucleation of FeyAls
occurs preferentially because it has a higher melting point (~ 1169 °C),
and lower formation enthalpy and Gibbs free energy compared to FeAls
(Meng et al., 2020). The formation of a FeyAls layer restricts the diffu-
sion of Fe atoms from steel to Al. This results in a rapid decrease in Fe
concentration at the interface of molten pool/FeAls layer, which in turn
decreases the atomic ratio of Fe/Al. As the temperature drops to the
melting point of Fe4Al 3 (~ 1160 °C), if Fe concentration at the interface

(a) —

FeAl & FeAl,
Fe,Alg
Fe,Al 5

Weld pool

Total IMCS
thickness.
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is sufficient a peritectic reaction (Eq. (7b)) between FesAls and the liquid
Al occurs. Ultimately, a two-layer structure of IMCs including Fe;Als and
FeyAl;3 forms at the interface (Meng et al., 2020).

2Fe + 5Al—Fe,Als (7a)

2Fe,Als + 3Al »Fe,Alys (7b)

According to literature FepAls and FeyAl;3 are the most observed
IMCs in Fe-Al system (Shang et al., 2021). However, as it can be seen in
Fig. 6, FeAl and FeAl, phases are also visible in some regions. These
IMCs are relatively rare and form in great amounts only under specific
conditions that enable adequate diffusion and ordering (Beygi et al.,
2023).

e Intensification of the Zn vaporisation. This is responsible for spattering
and joint discontinuity during the welding. Faster cooling promotes
spattering because there is less time for degassing. The reduced

Table 5
Common types of IMCs in Fe-Al system and their properties (Sadeghian and
Igbal, 2022).

IMC type Chrystal structure Microhardness (HV)
FezAl Ordered BCC 250-350
FeAl Ordered BCC 400-520
FeoAl, Complex BCC 650-680
FeAl, Complex rhombohedral 1000-1050
FesAls BCC orthorhombic 1000-1100
FeAls Highly complex monoclinic BCC 820-980

)

| ¢
Fe,Aly;

20 um Fracture line

Fig. 6. (a) Schematic of weld cross-section indicating the two areas where micrographs were extracted, and the method for measuring the total and Fe,Als IMCs
thickness. (b-c) Micrographs taken from areas 1 and 2, respectively in sample ID 5. (d-e) Micrographs taken from areas 1 and 2, respectively in sample ID 8. (f)

Example of fracture happens in Fe,Als IMCs.
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Fig. 7. Fe-Al binary phase diagram (Ozaki and Kutsuna, 2012).

solidification time traps more Zn vapours in the molten pool, leading
to more spattering. This is in agreement with the findings in Singh
et al. (2019), Daurelio et al. (1986). This observation is also proved
by the EDS maps in Fig. 8, taken at the interface (aluminium) from
sample ID 8.

Evolution of mechanical properties during welding

Fig. 9 links the main determining factors in this study, including lap
shear stress, total and FeyAls IMCs thickness, peak temperature, and
cooling rate. Fig. 9(a) represents the lap shear stress results in group “a”
(no oscillation) and group “b” (oscillation). It is observed that the
application of water flow (active cooling) and enhancing the cooling
rate (from ID 2 to ID 3 and ID 4) improves the strength compared to the
passive cooling condition (ID 1), although improvement become mar-
ginal as water flow temperature decreases from ID 3 (17 °C) to ID 4 (10
°C). Similar behaviour can be seen when considering samples in group
“b” (oscillation). Likewise, as active cooling is employed and water flow

Journal of Advanced Joining Processes 11 (2025) 100290

temperature decreases (from ID 6 to ID 7 and ID 8), strength growth is
observed with negligible increase in ID 8. This improvement in strength
with the increase of cooling rate is connected to the positive effect of
faster cooling in reducing the IMCs thickness. A negative correlation of
-0.90 and -0.85 is observed between the lap shear stress and total and
FegAls IMCs thickness, respectively. The full correlation analysis can be
found in Section "Impact of connection area and IMCs thickness on
strength". Both faster cooling and faster welding reduces IMCs thickness
in group “a” (no oscillation). Fig. 9 (b) and (c) displays the changes in
total IMCs and FeyAls IMC thickness, respectively. Once active cooling is
applied, a decrease in total and FepAls IMCs thickness is observed
(comparing ID 2 vs ID 1 and ID 5 vs ID 6 in Fig. 9 (b) and (c)). This trend
continues as the water flow temperature decreases to 17 °C and 10 °C (ID
3 and ID 4 of group “a” (no oscillation), and ID 7 and ID 8 of group “b”
(oscillation)). The changes are more pronounced in the samples with
beam oscillation (Fig. 9 (b) and (c)). This is because more mixing is
achieved in samples of group “b” (oscillation) due to slower welding
speed and higher penetration depth compared to group “a”. Further-
more, due to larger connection area (using beam oscillation) higher heat
sinking is available in specimens of group “b” which is in accordance
with the higher cooling rate in these samples compared to the samples of
group “a” (Fig. 9(e)).

Comparing the changes in total and FeyAls IMCs thickness with peak
temperature and cooling rate (Fig. 9 (d) and 9 (e), respectively) signifies
the positive effect of reduction in peak temperature and cooling rate
enhancement (lower diffusion time) in declining the total and FeyAls
IMCs thickness. Changes in lap shear stress with increase in cooling rate
is more evident in samples of group “b” (oscillation) where IMCs
thickness also rapidly drop with cooling rate growth.

On average, samples of group “b” exhibit lower strength compared to
group “a”. This can be explained considering higher total and FeyAls
IMCs thickness in samples of group “b” according to Fig. 9 (b) and (c). It
is apparent that increasing the joint area using beam oscillation in group
“b” (oscillation) is not successful in increasing the strength. This is
because IMCs thickness also grows as connection area and penetration
depth enhances. Moreover, higher distortion and residual stress is ex-
pected with larger connection area. Another observation is the higher
variation in shear stress in group “a”. This cannot be justified only

Fig. 8. (a) SEM and optical micrographs of the interface (aluminium) from ID 8 and the corresponding EDS map results for (b) all the elements, (c) Al, (d) Fe, and

(e) Zn.
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considering IMCs and it probably highlights a positive role of higher
connection area in stabilising the molten pool. This means that larger
connection area is more capable in producing repeatable results and is
consistent with the fact that larger connection area leads to more uni-
form stress distribution and less pronounced stress concentration. Be-
sides, any variability in the weld quality has a more profound impact in
samples of group “a” with a small connection area. It is worth noting
that, the highest variation in shear stress can be found in the sample with
the highest cooling rate in each group (ID 4 and ID 8). This higher
variation of the strength with increasing the cooling rate is mainly due to
the negative effect of cooling on Zn vaporisation. That is due to more Zn
vaporisation and spattering associated with faster cooling, and the
resulting lack of uniform joint and random-shaped connection area ac-
cording to interface (aluminium) for ID 4 and ID 8 in Fig. 10. In fact, the
dual effect of cooling on IMCs and Zn vaporisation is in its peak in the
highest cooling rate; strength increases due to the reduction in IMCs
thickness, while the repeatability of the strength decreases due to higher
Zn vaporisation. Higher spattering with reduction in water flow tem-
perature was witnessed by the number of trials required to change the
cover glass of the laser as well. In fact, the laser system alarmed for the
cover glass change after three trials when water flow temperature was
10 °C (ID 8), while it was alarmed after 15 trials when the water flow
temperature was 17 °C (ID 7) and after 20 trials when the temperature
was 25 °C (ID 6). When there was no active cooling, or the joint area was

Interface (aluminium)

Journal of Advanced Joining Processes 11 (2025) 100290

not large (group “a”) this problem was less critical.

Effects on connection area

Analysing the interface (aluminium) images (Fig. 10) of both group
“a” (no oscillation) and “b” (oscillation) reveals significant non-
uniformities as water flow temperature decreases. This behaviour pri-
marily attributed to the increased Zn vaporisation when the cooling
temperature decreases and it is more obvious in samples of group “b”
(oscillation) due to larger area. In samples of group “b”, beam oscillation
was introduced in combination with the copper backing block to enlarge
the joint area and check the effect of larger joint area. Beam oscillation is
supposed to help outgassing and enlarging the weld width by distrib-
uting the heat more evenly across a wider region (Ba et al., 2021; Thiel
et al., 2012).

Fig. 11 depicts the values of connection area and welding depth in
samples of group “a” (no oscillation) and “b” (oscillation), respectively.
Application of beam oscillation has resulted in larger connection area
and deeper welding penetration in group “b”. Reduction of the
connection area and welding depth occurs in samples with active cool-
ing and water flow temperature decreases (from ID 1 to ID 4 and from ID
5toID 8in Fig. 11). This is due to the fact that higher cooling rate causes
faster solidification in the weld pool and as a result lower melting of the
interface occurs on the aluminium. One interesting point that is

Top surface (steel)

Zn vaporisation

Spatter

Fig. 10. Images of interface (aluminium) and top surface (steel) showing the features, including spattering and gas escape in various samples. The orange box in ID 8
interface (aluminium) specifies the region where EDS analysis in Fig. 8 were performed.
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Fig. 11. Amount of connection area and welding depth for the samples welded in group “a” (no oscillation) and group “b” (oscillation).

observable in both groups is a large varation in connection area when
water flow temperature is 10 °C (sample ID 4 and ID 8 in Fig. 11). This
large variation in connection area is directly linked to the non uniform
connection shape when temperature decreases to 10 °C. The negative
impact of Zn vaporisation on reducing connection area and its unifor-
mity has been reported in other works (Baghbani Barenji et al., 2024;
Kapil et al., 2025). Considering the top surface (steel) in Fig. 10, one may
consider no sign of increase in spattering as water temperature decrease
despite more Zn gas mark in the interface (aluminium). It should be
noted that when water flow is used and water temperature decreases,
spattering intensifies, and spatter drops go to further distances rather
than the specimen’s surface. This is the main reason for lack of spatter
spectating on the top surface (steel) with decreasing the water flow
temperature (from 25 °C in ID 2 and ID 6 to 10 °C in ID 4 and ID 8).

Impact of connection area and IMCs thickness on strength

Connection area, IMCs thickness and strength are interrelated
properties that can be compared regardless of welding conditions such
as cooling rate. Cooling influences both IMC thickness and connection
area, making it impossible to isolate its effect on each factor individu-
ally. Similarly, since both IMCs thickness and connection area impact
strength, identifying a trend for strength as a function of only IMC
thickness or connection area is unfeasible. Nevertheless, general obser-
vations can suggest the influence of each factor. IMCs thickness is mainly
affected by joint depth and width. Fig. 12 (a) and (b) illustrates changes
in total IMCs thickness as a function of joint depth and joint width,
respectively. While IMCs growth is simultaneously influenced by both
welding depth and width, examining their effects separately in two di-
agrams provides valuable insights into the relative influence of each
parameter. The slopes of the trendlines for total IMCs thickness as a
function of joint depth and width are 0.113 and 0.027, respectively
(Fig. 12). This indicates that joint depth has approximately four times

(@) _ 100
§ 80 -
2 604 @
S 4] @
g 019
£ 20 ~ &
8 o . :
2 00 1.0 20 3.0

Joint depth (mm)

(b)

more influence on IMC growth compared to joint width. This is under-
standable, considering that increased joint depth leads to greater mix-
ing, resulting in faster IMCs growth. Additionally, this suggests that
increasing joint width does not significantly increase IMCs thickness and
can thus improve strength. The negative effect of excessively increasing
the joint depth in dissimilar metals while welding in keyhole mode has
been mentioned in literature (Jabar et al., 2023). This conclusion can
explain that higher penetration in samples of group “b” (oscillation)
resulted in higher amount of total and Fe;Als IMCs thickness. Regarding
the strength, IMCs thickness and connection area are the primary factors
affecting it. Fig. 13 demonstrates the changes in shear stress as a func-
tion of connection area, total IMCs and Fe,Als IMCs thickness. The data
reveals high negative correlation between joint strength with connec-
tion area (-0.81), total IMC thickness (-0.90) and FeyAls IMCs thickness
(-0.85). This notable negative correlation elucidates that increasing the
connection area does not improve the strength. This is primarily because
the positive effect of enlarging the joint area is offset by the negative
impact of IMCs when the connection area grows (and it is in contrast to
the fact that an increase in connection area typically increases the
bearable load). Also, as it was expected, increase in total and FesAls IMC
thickness, declines strength due to more susceptibility to cracking. Thus,
it can be concluded that a larger joint area cannot mitigate the adverse
impact of increased IMC thickness and Zn vaporisation, although some
improvements in shear stress and its variation can be seen by faster
cooling in a moderate temperature (17 °C in ID 7). To further investigate
the effects of cooling and joint area enlargement on the responses - such
as joint strength, total IMCs thickness, FeoAls thickness, connection area,
and welding depth — a one-way ANOVA test was performed separately in
each group of samples, with the results presented in Table 6. The test
assessed whether the means of all samples within the setup were the
same, against the alternative hypothesis that at least one mean differs. If
the p-value exceeds 0.1, the null hypothesis is accepted. Table 6 in-
dicates that the presence of cooling (group “a” (no oscillation)) and the
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Fig. 12. The effect of (a) joint depth and (b) joint width on the increase of the IMCs thickness.
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Fig. 13. The changes in linear load as a function of (a) connection area, (b) total IMCs thickness, and (c) Fe;Als IMCs thickness.
increased by only 2.5% under the same change in cooling method.
Table 6

Summary of the ANOVA tests with p-values (bold values represent statistical
significance between factors).

Responses Source Source
Group “a” (cooling and no Group “b” (cooling and
oscillation) oscillation)
Shear stress 0.6654 0.0016
Total IMCs 0.0012 0
thickness
Fe,Als IMCs 0.000003 0.00003
thickness
Connection area 0.228 0
Welding depth 0.4855 0.00009

combination of cooling with beam oscillation to enlarge the joint area
(group “b” (oscillation)) significantly affect the total IMCs thickness and
FegAls thickness. However, shear stress, connection area and welding
depth are not influenced by cooling alone (group “a” (no oscillation)),
though they are affected by the combination of cooling and joint area
enlargement (group “b” (oscillation)). Beam oscillation does enlarge the
connection area and stabilise the molten pool. With beam oscillation,
active cooling at 10 °Cresulted in 74 MPa of shear strength, representing
54% of the strength of the parent aluminium and a 103% improvement
compared to passive cooling (36 MPa). Without beam oscillation, pas-
sive cooling led to 64 MPa of shear strength, which is approximately
double that of passive cooling with beam oscillation. On the other hand,
active cooling at 10 °C yields 82 MPa shear strength, representing 60%
of the strength of the parent aluminium and a 28% improvement over
passive cooling. The sharper increase trend in strength with beam
oscillation can be due to the faster reduction of IMCs thickness. Also,
better repeatability of the strength was achieved in the samples with
beam oscillation although spattering and Zn vaporisation is more
intensive in these samples. This is attributed to the positive effect of
larger connection area in mitigating the defects.

Conclusion

Laser welding of dissimilar hot-dip galvanised DCO1 steel to 5251-
H22 aluminium parts was conducted in a zero-gap overlap configura-
tion and the effect of passive and active cooling on Zn vaporisation and
IMCs growth were investigated. A 3D FEM thermal model was also used
to link the thermal cycles to the experimental results. The key findings
are summarised as follows:

e Increasing the cooling rate through active cooling has a positive ef-
fect in reducing IMCs thickness. Higher cooling rates reduce the peak
temperature and diffusion time and as a result the growth of IMCs is
limited. In group “a” (no oscillation), the cooling rate increased by
34% when switching from passive to active cooling. In contrast, in
group “b” (with 2.5 mm lateral oscillation), the cooling rate
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This resulted in a shear stress of 82 MPa, which corresponds to 60%
of the joint efficiency compared to the parent aluminium.

Fast cooling has dual effect in the welding process of a Zn-coated
steel. On one hand, it reduces the IMCs thickness and provides
high strength. On the other hand, fast cooling also increases the Zn
vaporisation and spattering, which negatively affects the strength
and the stability of the weld pool.

Zn coating causes difficulties in welding Zn-coated steel to Al in
overlap configuration as it evaporates during welding and causes
spattering. Especially, when active cooling is applied, the disruptive
influence of Zn vaporisation is seen by more spattering and non-
uniform shape of the joint.

Although beam oscillation increases the connection area and helps
with stabilising the molten pool, does not lead to an improvement in
shear stress compared to the scenario without oscillation. This is
primarily due to higher formation of brittle IMCs, which have a
greater negative impact than the beneficial effect of the larger
connection area.

Future work will study the corrosion resistance properties of the
welded samples, and will explore novel beam shaping (both static and
dynamic) approaches to control the cooling rates via fast spatial and
temporal modulation of the heat input. Additionally, the effect of a
shielding gas system and a localised vapour extraction system on weld
stability and efficiency will be analysed.
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