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Abstract

Hybrid Metal Extrusion & Bonding (HYB) is a new solid-state joining method for metals and alloys that utilizes continuous
extrusion as a technique to enable aluminum filler metal additions. Previous works showed that this method is well suitable for
joining dissimilar metals such as steel and aluminum. In the present paper a Finite Element model for the thermal residual stresses
were implemented employing the FE code WELDSIM. As a starting point, the results of a semi-analytical heat generation model
previously implemented for HYB process of aluminum butt welds were used to estimate the net power input as a sum of
contributions that are dependent on the welding parameters i.e. the welding speed, the rotational speed and the material properties.
Subsequently, the thermal stresses occurring in the material and finally the residual stresses were determined. In the present work,
predictions of the FE model for different sets of welding parameters are presented and discussed.
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1. Introduction

Energy and environmental preservation are critical issues that must be addressed, and decreasing vehicle weight
through good material selection and the development of joining techniques are effective ways to reduce fuel
consumption (Coelho et al., 2012; Ermolaeva et al., 2004; Kochan, 2002; Michalos et al., 2010). During the last few
decades, there has been a rise in interest in joining steel and aluminum alloys in both science and automotive fields
(Chen and Kovacevic, 2004; Coelho et al., 2008; Lee et al., 2006; Springer et al., 2011; Tanaka et al., 2009; Uzun et
al., 2005; Watanabe et al., 2006). Many designers and engineers are attracted to hybrid structures that combine the
high strength, good formability, and creep resistance of steels with the low density, excellent corrosion resistance, and
high thermal conductivity of aluminum alloys. Although much work has been done to weld steel to aluminum alloy,
sound connections are still difficult to achieve using traditional fusion welding techniques. The low solubility of Fe
in Al, which is close to zero at ambient temperature, is one of the key challenges in joining these two metals.
Furthermore, at high temperatures, the solid solubility limit of Fe in Al is very low, leading in welding defects such
as solidification and liquidation cracks, as well as porosity, making the production of sound joints challenging
(Dehghani et al., 2013). Moreover, under the high temperatures of fusion welding techniques, the refractory Al,Os
oxide film is easy to form on the surface of aluminum alloy, resulting in slag inclusion in the weld and, as a result,
joint performance loss. Another issue to consider is the fact that liquid aluminum alloy has poor wetting and spreading
properties when applied on uncoated steel sheets (Wan and Huang, 2018). Furthermore, differences in melting
temperature, thermal properties, and cooling rate after welding of both metallic alloys are issues that affect the bond
quality, particularly with traditional fusion welding processes that involve high temperatures. Furthermore, the
interfacial zone of Al-steel joint is prone to generate brittle intermetallic compounds (IMCs) such as FeAl,, FeAls,
Fe,Als which lead to crack formation when combined with tension arising from welding residual stresses leading to a
weak joint (Liu et al., 2015). To summarize, the mechanical properties of Al-steel joints can be strongly influenced
by the growth of brittle IMCs, which are formed during the interfacial reaction between solid steel and liquid
aluminum. For all these reasons, new methods are needed to realize the rapid development of the welding of dissimilar
aluminum alloys and steels.

During last decades, a lot of effort has been spent in finding a suitable solid-state process for the production of sound
Al-steel joints. The methods include friction stir knead welding (Geiger et al., 2008), friction welding (Sahin, 2009;
Taban et al., 2010), surface activated bonding (Howlader et al., 2010), abrasion circle friction spot welding (Chen et
al., 2012), cold metal transfer (Cao et al., 2013) and barrel nitriding process (Kong et al., 2014). However, the high
cost and the special equipment that those techniques require are still limiting factors to consider.

Recently, a new solid-state joining method for metals and alloys has been developed, known as the Hybrid Metal
Extrusion and Bonding (HYB) process (Leoni et al., 2021, 2020a, 2020b). This method, which is based on the
principles of continuous extrusion, allows joining to be performed using aluminum filler metal (FM) additions similar
to that done in gas metal arc welding (GMAW) but without any melting involved (see Fig.1). In recent years, the first
generation of Al-steel HYB butt joint was investigated and promising results were reported (Berto et al., 2018). More
recently, a work on the second generation Al-steel HYB butt joint that was subjected to microstructural and mechanical
characterization has been published (Bergh et al., 2020). In the cited work, Bergh et al. found that the Al-steel HYB
butt joint showed considerable bond strength that was attributed to a combination of microscale mechanical
interlocking and a nanoscale interfacial Al-Fe-Si layer. In their work, they found that the quality of the weld increased
compared to what previously reported by Berto et al. (Berto et al., 2018), showing how the different welding setup
can largely affect the joint quality. In particular, they attributed the increasing in the bond strength to two main factors:
the shape of the steel groove and the position of the hardest material on the AS instead of on the RS. The first
generation had a half V-form and the steel was placed on the RS while the second generation had a half Y-form and
the steel was placed on the AS. This change was consistent with the standard practice of placing the hardest material
on the AS for FSW butt joints because it is known that the material on the AS experiences larger shear forces, which
gives better Al-steel bonding. From these previous works one can conclude that small changes in the welding setup
can bring to large differences in the joint quality. So far, regarding the second generation of Al-steel HYB butt joint,
only one welding condition was investigated, leaving unknown the dependency of the weld quality to the main process
parameters.
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Fig. 1: Schematic illustration of Al-steel HYB butt joining. The plates are clamped onto a steel backing, with Al on
the retreating side (RS) and steel on the advancing side (AS). During operation, the HYB PinPoint extruder moves
along the joint line, continuously extruding Aluminum Filler Material through the rotating dies of the pin. The bond
is formed when the Al FM fully fills the groove.

As mentioned above, an important aspect to consider when dealing with welding processes are residual stresses, which
are a consequence of heating and cooling cycles occurring in the joint and in the parent material. The localized heating
induced by welding results in non-uniform temperature fields, which are associated with thermal expansion and
contraction of the metal. It is well known that residual tensile stresses can contribute to brittle fractures or cause
premature failures in components subjected to fatigue (Foti et al., 2019; Foti and Berto, 2020), while compression
stresses are responsible for deformations and buckling in thin large panels, such as those used in the automotive
industry. For these reasons, the assessment of magnitude and distribution of residual stresses can be extremely helpful
in the design phase of a welded structure (Barsoum and Barsoum, 2009; Dong, 2005; Leggatt, 2008; Masubuchi, 2013;
Sandnes, 2018).

In the past, welding residual stress investigation employed only experimental measurement methods. However, all
these experimental techniques are time-consuming and unable to capture the complete stress distributions. In recent
years, the development of numerical Finite Element codes made it possible to simulate the whole welding process
considering all the related effects such as precipitates dissolution, solid-state phase transformation, elastic-plastic and
creep behavior of the material under investigation.

In the present study, the authors explored the second generation of Hybrid Metal Extrusion and Bonding (HYB) of

AA6082-S355 with a finite element approach and investigated the effects of the main process parameters on the
residual stresses. The results presented herein will be used to better choose future sets of experimental setups.

2. Materials and Methods
2.1. Geometry

Fig. 2 shows the dimensions of the geometry together with the mesh used. A finer mesh was modelled in the vicinity
of the weld line to account for the higher thermal and stress gradients that occurs in this zone.
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Fig.2: Schematic representation of the weld modelled with the corresponding measures and mesh used for the FE simulations.

2.2. Material properties

The material properties implemented in the model for the steel plate are shown in Fig. 3, while the ones used for the
Aluminum side are shown in Fig. 4.
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Fig. 3: Temperature-dependent material properties of S355. Data of Heat Capacity, Thermal Conductivity and
Thermal expansion were taken from (Zhu et al., 2019).
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Fig.4: Temperature-dependent material properties of AA6082.

2.3. Numerical modeling

First, the thermal simulation of the process was run to obtain temperature fields in accordance to experimental records
of similar welding setups previously calibrated for aluminum butt welds. Once the model was considered calibrated
from the thermal point of view, mechanical stage to get thermal-induced stresses and deformations were conducted.
The independent process parameters levels taken into consideration for the present preliminary study are summarized
in Table 1 while the simulated conditions are summarized in Table 2.

Table 1: Process parameters levels being investigated.

Level 1 Level 2 Level 3
Welding speed (mm/s) 8 12 16
Rotational speed (RPM) 350 350 350
Table 2: Simulation layout.
Condition Welding speed (level) Rotational speed (level)
1 1 1
2 2 1

3 3 1
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2.4. Heat generation model

The heat source has been modeled as a double ellipsoid along the weld bead. The energy of heat source qo (W) was
extrapolated from (Leoni et al., 2021). In brief, the model employed used an adaptive adjustment of the friction
coefficient that takes into consideration the temperature at the tool matrix interface and adjusted the heat generated in
order to obtain a condition of balance between the heat generated and the temperature reached. Indeed if one consider
a heat generation which is too high for the welding speed considered, would found a local temperature field too high
for the material to be in solid state, but if the material undergoes to melt, then the hypothesis of friction between the
tool and the matrix would not be verified anymore. Instead, the balance between the local temperature and the heat
generated at each welding speed has to be satisfied, and the model adopted in the present investigation is believed to
describe with a reasonable degree of accuracy this effect.

2.5. Thermal Model

A backing plate was modelled to simulate the heat conduction that occurs between the plates and the backing welding
table. Both the BMs plates and backing plate shared the same length and width. The boundary conditions are
represented by heat transfer coefficients between the material and the environment. The top and bottom surfaces of
the workpiece are assumed to have two different heat convection coefficients. At the top surface, a convective heat
transfer coefficient of 20 Wm K-! was used. The value is typical for natural convection between aluminum and air.
At the bottom surface of the workpiece, a conductive heat transfer of 200 Wm!' K-! was set between the two domains
(i.e. the plates and the backing table). To simulate the heat generation associated with friction and hot material
extrusion, the welding heat source was modeled as a double ellipsoid volume distributed heat source as proposed by
Goldak et al. (Goldak et al., 1984), positioned in the middle of the two workpieces. This heat source moves along the
weld line in the mid-thickness of the workpiece at the same speed as the tool, i.e. at 8 and 12 and 16 mm/s. To account
for the metal deposition from the PinPoint extruder, elements that form the weld were continuously activated during
welding as the heat source proceeds along the weld. Furthermore, in order to obtain the correct heat capacity of the
part, the density of the filler metal has been adjusted to account for the excess of material present in the real joining
procedure compared to the ideally smooth weld profile being modelled.

2.6. Mechanical Model

Fig. 5 shows the mechanical boundary conditions and their corresponding locations. The only forces considered herein
were the ones due to thermal expansion. Unclamping was considered employing a time dependent mechanical
boundary condition, which deactivated the normal stiffness at the edges of the plates after cooling.
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Fig. 5: Mechanical Boundary conditions.
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3. Results and discussion
3.1. Thermal field

Fig. 6 shows the thermal field arising during dissimilar HYB welding. The thermal gradient is much higher in the
steel side because of the lower thermal conductivity that characterizes this zone, while in the aluminum side, having
a much higher thermal conductivity coefficient the heat is transferred much faster and creates a wider and less steep
gradient. This is shown also in Fig. 7, where the evolution of temperature during time in a cross section taken at the
mid-length of the plates was considered. As can be seen the gradient in the steel side is greater than that on the
aluminum side, and this causes the aluminum side to be subjected to plasticization in a wider zone since the thermal
softening occurs for a greater portion of material. This phenomenon affects the thermal stresses distribution, creating
a wider zone where the gradient is lower whereas where the gradient is greater the stresses are localized in a narrower
zone. This effect is shown in Fig. 9.
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Fig.6: Contour plots showing the thermal field (°C) during welding operation of aluminum-steel for the welding
speeds of 8, 12 and 16 mm/s and for the power inputs of 900, 1000 and 1100 W respectively.
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Fig. 7: Evolution of temperature for the three welding velocities and for the respective heat input of a transverse cross section taken at the mid-
length of the plates.

3.2. Thermal and residual stresses

Fig. 8 shows the evolution of longitudinal stress during cooling. As expected, in the zone that does not undergo
plastic deformation, the stress starts to decrease until the balance between stresses due to the plasticized zone in the
vicinity of the weld line are balanced by the elastic response of the cold unyielded material.
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Fig. 8: Evolution of longitudinal thermal stresses during cooling considering a cross section at the mid-length of the plates being welded.

Finally, Fig. 9 displays longitudinal residual stress distribution at the middle length of the plates calculated by the
finite element model for the welding speed of 8, 12 and 16 mm/s and a heat input of 900, 1000 and 1100 W
respectively.
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Fig. 9: Longitudinal stresses for different welding velocities.

4. Conclusions

This study conducted the estimation of thermal residual stresses of HYB butt welds of dissimilar S355-AA6082 plates
by means of a Finite Element model. The model was used to compare the results for different welding setups, in
particular, the influence of the welding speed on transverse residual stresses was studied. The non-symmetric stress
field typical for dissimilar joints was found and from the study it can be concluded that the transverse residual stresses
of the weld are lower for higher welding speeds but not as much as one would expect considering common fusion
welds. This because in HYB process the power used by the machine is proportional to the welding speed used. This
phenomenon was observed for aluminum butt welds and the same can be expected for the current dissimilar metal
case. The physical framework behind this behavior is attributed to the fact that the torque needed to plastically deform
the parent material is grater for lower temperatures, which actually tend to be lower when one welds at higher speeds.
This effect on the other side causes a higher torque being applied and consequently a higher heat input to consider
when one models the process. In conclusion, despite this mitigating effect typical for friction driven processes, it can
be said that higher welding speeds produce a narrower zone of residual stress, but this beneficial aspect has to be
further investigate with experimental measurements. At present, experimental measurements of residual stresses of
HYB welds are still missing but some work is in progress. The purpose of the present investigation is to present
preliminary results using data currently available that permits a quite good reliability at least from the thermal point
of view. The presented simulations will be then better calibrated as experimental validations will be available.
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