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The brittle behaviour of Fe/Al intermetallic compounds formed during dissimilar Al-to-steel welding is a major
drawback for the mechanical integrity of the joint, particularly for thick intermetallic layers. In order to improve
the toughness of the weld, the control of the thickness and the nature of the intermetallic layer have been inves-
tigated owing to the addition of an electroplated nickel or cobalt interlayer prior to welding by the novel Friction
Melt Bonding (FMB) process. The FMB joining of DP600 steel and AA1050 is achieved by the wetting and reaction
of liquid aluminium to the solid steel surface and subsequent solidification. Nevertheless, hot tears, also appear
owing to the dissolution of the interlayer in the liquid aluminium. The dissolution and diffusion of the interlayer
has been analysed and modelled using the second Fick's diffusion law when imposing a kinetic dissolution behav-
iour at the interface. The risk of hot tearing was assessed using the Scheil-Gulliver model to calculate the solidi-
fication path and a composition-based hot tearing criterion. As a result of the dissolution of the interlayer, the
composition of the molten pool evolves, which leads to changes in the nature, morphology and thickness of

the reaction interlayer.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

One of the strategies to decrease the fuel consumption by the trans-
port sector would be to reduce the weight of the vehicle structures
while keeping strength, formability and crashworthiness to ensure the
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safety of the passengers. This goal can be achieved with multi-material
structures where the best properties of different materials, like alumin-
ium and steel, are efficiently combined [1,2]. Hence, dissimilar welding
methods have to be developed to give answers to these requirements.

The complexity of aluminium-to-steel welding lays in their different
metallurgical and mechanical profiles. The aluminium-iron binary
phase diagram [3] reveal three main challenges: (i) the large difference
in melting temperatures of aluminium and iron, (ii) the low solubility
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Nomenclature
Symbol Description
Units

Cino Giiguia  Concentration of the dissolved species at the interface
and in the liquid Al, respectively
at.%
Cig Solubility of the dissolved species in liquid Al at equilib-
rium
at.%
D(0) Diffusion coefficient of the solute in liquid Al
m?s~!
D, Pre-exponential constant for diffusion
m?s~!
Ep Energy activation for diffusion
Jmol ™!
£(0) Solid fraction

k Dissolution rate
571

P Power generated by the tool
W

R Gas constant
Jmol~!'K™!

S Surface in contact with the liquid
m2

t Time
s

T, Torque on the tool
N m

Vv Volume of the molten pool
m3

bY Distance from the interface
m

n Efficiency of the heat generation on the tool

0 Temperature
°C

0] Rotational speed of the tool
rad s™!

between aluminium and iron, and (iii) the formation of brittle Fe/Al in-
termetallic compounds (IM) at the reacting interface [4-6]. According
to Tanaka et al. [4], the thickness of the IM layer determines the inter-
face toughness of Al-to-steel welds. They measured the tensile bonding
strength in the case of friction stir welds and concluded that the tough-
ness is inversely proportional to the IM thickness for thicknesses below
1 um, while larger thicknesses deteriorate the weld toughness.

In practice, dissimilar Al-to-steel welding processes can be split into
two categories whether or not the aluminium melts. In solid-state pro-
cesses such as Friction Stir Welding (FSW) [4,6] or friction welding [7],
solid Al reacts with solid steel to form the Al/Fe IM layer due to the ex-
posure of oxide-free fresh surfaces and the rise of temperature gener-
ated by severe deformation of the base materials. By keeping the
temperature below the solidus temperature of the aluminium, the IM
growth is easily controlled and thicknesses below 1 um can be achieved
[4]. If the aluminium melts and the steel remains solid owing to the
large difference in melting temperatures, the plates are welded by reac-
tive wetting. This is the case for arc welding [8], laser welding in conduc-
tion mode [9,10] and resistance spot welding [11]. The temperatures
reached in the case of reactive wetting processes are higher than in
solid-state processes, bringing faster IM growth rates and thus leading
to thicker IM layers. However, the high reactivity of liquid aluminium
and solid steel allows for faster welding speeds.

Two main strategies are used to control the thickness of the interme-
tallic layer. The first one consists in controlling the heat input [12-14].
The second one consists in using an interlayer as a diffusional barrier
to either avoid or control the formation of the IM layer. In a previous
work, Jimenez-Mena et al. [14] used a Co interlayer in Friction Melt
Bonding of AA1050 and Dual-Phase steel to increase the toughness of
the weld. The interlayer promoted an intermetallic layer composed of
Co-Al intermetallics with a thickness of the order of 1.5 pm. Reddy
et al. [7] used copper, nickel and silver interlayers in the case of Al-to
steel friction welding to change the nature of the IM. They observed
that the interlayer improves the weld toughness. Kannan et al. [15]
showed an improvement in the mechanical strength of friction welded
Al-to-steel samples using a silver interlayer. Chen et al. [16] studied
single-beam keyhole laser welding of aluminium to steel with a
0.1 mm Cu-foil interlayer. They reported a 30% increase of the strength
in lap-shear loading when compared to welds without interlayer. In an-
other work, Chen et al. [17] also reported a 7% increase of the strength of
a keyhole laser weld performed with a 0.1 mm Ni interlayer. The choice
of an interlayer to achieve low IM thicknesses should take into account
two phenomena: (i) the growth kinetics of the IM compounds and (ii)
the potential dissolution of the IM layer in the molten aluminium
[18,19].

In the present study, Friction Melt Bonding (FMB) process has been
used to study the influence of an interlayer in the interaction between
solid steel and liquid aluminium. FMB is a novel process to weld in
lap-joint configuration dissimilar materials showing large differences
in melting temperature as in the case of aluminium and steel [5,20]. A
schematic view of the process is shown in Fig. 1. In this process, a
steel plate is placed over an aluminium plate. The steel plate is heated
up by the friction of a rotating cylindrical tool pressed against its top sur-
face. If the bottom surface of the steel reaches a temperature over the
melting temperature of the aluminium, the latter locally melts and re-
acts with the steel to form a joint potentially made of an Al/Fe IM
layer at the interface. The tool is then displaced on the surface of the
steel to form a continuous weld beam. No shielding gas is required
since the aluminium molten pool remains confined between the steel
and the solid aluminium.

Furthermore, Van der Rest et al. [5], Crucifix et al. [12] and Jimenez-
Mena et al. [21] reported the presence of hot tears in FMB welds. Hot
tears are intergranular cracks nucleating and propagating at grain
boundaries in the semi-solid state [22,23]. The formation of hot tears
depends on the composition of the alloy and on the thermomechanical
cycles during solidification. Van der Rest et al. [5] observed hot tears
formed in the case of aluminium alloy AA2024 while no hot tears
were observed in commercially pure AA1050. Crucifix et al. [12] ob-
served that the amount of hot tears increased with increasing welding
speed. Jimenez et al. [21] used the criterion developed by Rappaz et al.
[24] to predict the formation of hot tears in the case of FMB of AA6061
to Dual-Phase steel as a function of the welding parameters.

WC-Co Tool
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Fig. 1. Schematic representation of the FMB process. The electroplated interlayer is placed
at the interface between the steel and aluminium plates.
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Fig. 2. SEM observation of the cross section of the interface. The formation of the interface
occurs at the IM-steel interface. The dissolution of the IM in the liquid aluminium occurs at
the IM-aluminium interface.

The hot tears observed in FMB joints with Co interlayer performed
by Jimenez et al. [14] are due to the dissolution of the interlayer in the
aluminium alloy. This dissolved interlayer changes the solidification be-
haviour of the aluminium alloy increasing the hot tearing susceptibility
and reducing the toughness of the joint. Thus, in order to obtain sound
FMB welds, not only a thin IM layer is required but also hot tears should
be avoided. To predict and increase the soundness of FMB welds an in-
tegrated approach is suggested. It combines: (i) the control of
thermomechanical cycles to form thin IM layers [12] and avoid solidifi-
cation defects [21], and (ii) the use of an interlayer to limit the growth of
the IM layer [14]. Currently, this approach lacks from a model allowing
to predict the influence of the interlayer in the hot tearing susceptibility
of the aluminium alloy.

Hence, in this work, a tool is developed to assess the influence of the
choice of the interlayer in the hot tear formation when welding DP600
steel to AA1050. A thermal finite elements (FE) model and the second
Fick's law are used to predict the dissolution behaviour of the interlayer
in the aluminium molten pool. The risk of hot tear formation owing to
the dissolution of this interlayer is evaluated using Kou's criterion [23].
This approach is experimentally validated for Co and Ni interlayers. Fi-
nally, the criteria to successfully choose an interlayer for the FMB pro-
cess are discussed.

2. Dissolution of the IM phase in liquid metal

The final thickness of the IM layer after welding is the result of two
competitive phenomena: (i) the thickening of the IM layer owing to
the reaction of a metal M with liquid aluminium to form an IM layer
in contact with this liquid aluminium,

Mg + Al ~MAl, + Al (1)

(ii) the thinning of the IM layer owing to its dissolution in the liquid
aluminium resulting in a liquid phase of dissolved metal and aluminium
[19]

MxAly + Al(l) —>M(]) + Al(l) (2)

The mobility of Al atoms compared to Fe in the Fe,Als lattice is much
larger due to the mobility of vacancies along the c-axis through which
the Al atoms diffuse [25,26]. Thus, the Al atoms diffuse through the IM
layer to encounter the Fe atoms and react to form the IM layer. It has
been observed that the c-axis of the Fe,Als lattice in FMB of Al6061 to

DP980 is perpendicular to the interface between the base materials
[27]. Therefore, the reaction of formation of the IM compounds occurs
at the steel-IM boundary shown in Fig. 2 while the dissolution phenom-
enon takes place at the IM-aluminium boundary. Since each competi-
tive phenomenon occurs at a different boundary, the IM layer
formation and dissolution phenomena can be uncoupled. The present
work focuses exclusively on the kinetics of IM dissolution at the IM-
aluminium boundary during welding since it mostly affects the hot
tear susceptibility.

According to Verhaeghe et al. [28], the dissolution of a solid in con-
tact with a liquid involves two different mechanisms: (i) the dissolution
reaction at the interface and (ii) the diffusion of the dissolved species
within the liquid.

Due to the transient nature of the problem in welding, the IM-liquid
interface is not at equilibrium. The flux of the dissolving species (i.e. Fe,
Ni or Co) from the interface to the liquid aluminium is described by the
Nernst-Shchukarev equation [28]:

dcin * S
= 1S/, (Clg(0)—Cin) 3)

where
Cine s the concentration of the dissolving species at the interface, G, is
the saturation concentration of the dissolving species at equilibrium, 6
is the temperature, k * is the dissolution rate, t is the time and S is the
surface of solid in contact with a liquid metal of volume V. The Nernst-
Shchukarev equation describes the increasing concentration of dis-
solved species with time in a liquid of volume V up to reaching the sat-
uration concentration, Cj,. This concentration corresponds to the
liquidus boundary of the phase diagram of the studied system and,
therefore, is a function of temperature.

The diffusion of the dissolved species in the molten metal is
modelled as a one dimensional problem using the Fick's second law:

dCiiguia \dzcliquid
i PO (4)

where Cjiquiq is the concentration of the dissolved species in the liquid, D
(0) is the diffusion coefficient and x is the distance to the interface. D(6)
follows an Arrhenius behaviour [29,30]:

D(6) = Doe(_ED/R(-)) (5)

where Dy is the pre-exponential factor, Ep is the activation energy for
diffusion and R is the gas constant. For the sake of simplicity, the
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Fig. 3. Concentration profiles resulting from dissolution when (a) dissolution is the
limiting phenomenon and the diffusion coefficient is infinite, (b) diffusion is the limiting
phenomenon and the concentration at the interface is the saturation concentration, G,
and (c) both phenomena, dissolution and diffusion, are accounted for. 6 denotes the
diffusion boundary layer where most of the dissolved solute accumulates.
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Table 1
Diffusion coefficients of Fe, Ni and Co atoms in liquid Al used in Eq. (5) [30].

Element Pre-exponential factor, Do [m? Activation energy, Q [k] mol ™"
s K]

Fe 234 x 1077 35.0

Ni 954 x107# 26.0

Co 8.13x 1078 274

diffusive flux of the dissolved species near the interface is approximated
by

dCquuid _ %

d 5 (Cine—Couik)

(6)
where § is the diffusion boundary layer and Cp, is the nominal concen-
tration in the liquid.

Following the assumptions of Verhaeghe et al. [28], three dissolution
cases can arise. The cases are schematically represented in Fig. 3 with
the evolution of the concentration adjacent to the interface and the pro-
file of concentration in the bulk of the liquid. The cases are:

1) Dissolution control, Fig. 3(a): solid-to-liquid migration is the limiting
factor, i.e. P /s>K. This case is also known as kinetic dissolution
[31,32]. The diffusion coefficient is large enough to consider the ho-
mogeneous composition of the liquid. Therefore, the dissolution is
controlled by the rate of migration of atoms from the IM to the liquid
as modelled by Eq. (3). This is the case for systems where the ratio
5/, is very large;

2) Diffusion control, Fig. 3(b): diffusion is the limiting factor, i.e.” /s<K.
In this case, owing to the low diffusivity of the dissolved species in
the liquid, they accumulate at the interface. The latter quickly
reaches the saturation concentration, G, = Cjiq, and only the Fick's
second law (Eq. (4)) has to be solved;

300 mm. min~!

3) Dissolution-diffusion control, Fig. 3(c): In the third case, the dissolu-
tion reaction kinetics and the diffusion rate of the solute within the
liquid are similar. Both phenomena have to be accounted for to de-
scribe the dissolution process.

Due to the nature of the welding process, exhibiting short reaction
times and large heating and cooling rates, the process has to be treated
as transient, so that the third case is expected to apply. The 1-D second
Fick's law of Eq. (4) is solved by imposing the dissolution flux of the spe-
cies modelled by Eq. (3) as a Dirichlet boundary condition at the IM-
liquid interface, i.e. Gjiguia = Cinr at X = 0. On the opposite boundary, x
= L, the flux of the diffusing species is set to zero.

In order to implement Eq. (3), the ratio / that accounts for the di-
mensions of the dissolution problem is removed. The geometry of the
molten pool is already accounted for in the Fick's diffusion law
(Eq. (4)). Therefore, Eq. (3) becomes

dc;
= k(Cha(0)—Cine)

(7)

where k = k™5/,,.
For the particular case of FMB, the reaction-diffusion problem is
modelled with the following hypotheses:

1) The solute flow in the molten pool is modelled under pure diffusion
conditions. The convective flows in the molten pool are thus
neglected. Indeed, in the FMB welding process, the molten pool is
not subjected to forced, thermal or electromagnetic convection.
Only the Marangoni flow due to the non-homogeneous temperature
and concentration gradients [33] might bring some convection but it
is not accounted for here.

The solute diffusion in the solid is negligible compared to the diffu-
sion in the liquid. According to Du et al. [30], the diffusion coefficient
in liquid aluminium for the studied species, Fe, Ni and Co, is at least
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Fig. 4. (a) Longitudinal view of the heat-transfer simulation carried out with Abaqus [34] for a weld performed at 500 mm-min~". (b, ¢, d) Temperature at the centreline of the weld at
three different distances from the interface (interface, 1 mm and 2 mm) from the simulations at 3 different welding speeds (b) 300, (c) 500 and (d) 700 mm-min .
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three orders of magnitude larger than in the solid. The diffusion co-
efficients in the solid are thus set to zero.

3) Despite the IM formation and dissolution phenomena, the interface
does not move significantly compared to the length of the system
and is thus considered as fixed.

4) Any delay in the reaction due to the presence of native oxide layers
on the surface of the plates is neglected.

The model accounts for solute precipitation during solidification.
When the temperature drops below the liquidus temperature, the con-
centration of the liquid is set to the new equilibrium concentration and
the difference with the previous concentration corresponds to the pre-
cipitated solute. Since the cooling in FMB is monotonous, the precipi-
tated solute does not further participate in the diffusion process.

The 1-D model to solve the second Fick's law (Eq. (4)) was imple-
mented in Python using a finite difference method. The total length of
the system was 2 mm, the element size was 2 um and the time step
was 0.004 s. The constants for diffusivity of the dissolved species (i.e.
Fe, Ni or Co) of Eq. (5), provided in Table 1, have been obtained from
the work of Du et al. [30]. The temperature of an element (used to calcu-
late the diffusion coefficient in Eq. (5)) is calculated as the average tem-
perature of the two nodes defining the element. The model requires the
thermal cycle of each node. This one is assessed from a finite element
(FE) heat transfer model described below.

3. Thermal modelling

The thermal fields during welding were simulated using a FE heat
transfer model implemented in Abaqus [34] (Fig. 4(a)). The model is
an adaptation of the model proposed by Crucifix et al. [12]. The alumin-
ium and steel plates as well as the stainless steel backing plate are in-
cluded in the model along with the welding table. The thermal
conductivity and heat capacity of Dual-Phase steel plate are considered
as the properties of pure iron [35-37]. Similarly, the thermal properties
of the aluminium alloy AA1050 are considered as those of pure alumin-
ium in both solid and liquid states [35]. The contact between the sur-
faces is divided into two regions with either high or low thermal gap
conductances [12]. The high gap conductance value is arbitrarily chosen
sufficiently high to ensure a temperature continuity between interfaces,
i.e. 10 kW m~—2 K. Three regions are associated to this value: (i) the
contact between the molten Al and the steel plate just below the tool;
(ii) the contact between the Al plate and the backing plate just below
the tool; and (iii) the welded regions due to the presence of a thin IM
layer that suppresses the gap between the plates. Everywhere else, the
contacts are assumed to present a low conductance value. Due to the
similarity of the systems, the same value as assessed by Crucifix et al.
[12] is used for the low conductivity contacts, i.e. 10 kW m—2 K™, The
emissivity and convection coefficients at the surfaces exposed to the
air are 0.3 and 15 W m—2 K™, respectively [38,39].

The model requires the power input, P, as a measurement of the en-
ergy introduced in the system [40]. P is inferred from in-situ torque
measurements as follows:

P =1(T,) ®)

where T, is the torque, o is the rotational speed, and 1) € [0,1] is the ef-
ficiency. The value of ) = 0.9 is taken from the work of Crucifix et al.
[12].

Table 2

Composition of the base materials measured by inductive coupled plasma (ICP).
Wt% Al Fe Si Ti Mn Ga \Y% C Cr
AA1050 Rest 038 006 001 0.01 001 001 - -
DP600 0.02 Rest 021 002 196 - - 0.16 019

Table 3

Process parameters and power input during welding with a constant rotational speed of
2000 rpm. The power input has been inferred from the torque measurements on the tool
using Eq. (8).

Welding speed [mm-min~"'] Tool plunge [mm] Power input [kW]

300 —0.11 36+0.1
500 —0.16 40+02
700 —-0.19 44401

The coated interlayers are not accounted for in the model due to
their low thickness compared to the rest of the dimensions. The latent
heat of the reaction between Al and Fe as well as the dissolution are
also not considered in the thermal model, only the latent heat of fusion
of aluminium is accounted for. This model has been validated in previ-
ous publications [12,14,21].

Fig. 4(a) shows the resulting simulated temperature distribution for
welding performed at 500 mm-min . Fig. 4(b, c and d) shows the ther-
mal cycles of the liquid aluminium at the weld centreline at different
distances from the interface into the molten pool (interface, 1 mm and
2 mm) for welding speeds of 300, 500 and 700 mm-min !, respectively,
and constant rotational speed of the tool of 2000 rpm.

4. Hot tearing assessment

Kou [23] demonstrated that the occurrence of hot tearing is propor-
tional to |’ / \/W" where 6 is the temperature and f(6) is the solid frac-

tion. He proposed a hot tearing risk (HTR) index as the maximum slope
of the 6—/f,(6) curve within a susceptibility interval of solid fraction
between 0.84 and 0.98. Therefore, the HTR index is defined as [23]:

d9/
d\/f(6)

To evaluate the HTR index, the solidification path of the alloy has to
be known. The f;(0) curve for the studied compositions was calculated
using the Scheil-Gulliver module for non-equilibrium solidification in
Thermocalc [41]. For the sake of simplicity, the welds without interlayer
are analysed as a binary Fe-Al system [42] and no other impurities are
accounted for. In the welds with nickel or cobalt interlayers, only Fe is
accounted for as an impurity (0.38 wt%, Table 2) so that they are thus
analysed as Ni-Fe-Al and Co-Fe-Al ternary systems, respectively [43].

HIR = max< 9)

)0.845;3 <098

5. Experimental methods

The base materials were commercially pure aluminium alloy
AA1050 and Dual-Phase steel (DP600), with thicknesses of 3 and
0.9 mm, respectively. The compositions are provided in Table 2. The
as-received plates were machined to dimensions of 200 x 80 mm. The
surface of the plates was ground with a 320-grit abrasive paper and
cleaned with acetone. The stack was completed with a stainless steel
backing plate below the aluminium plate to protect the welding plate
and to minimise the heat losses through the bottom of the stack. The
welds were performed on a Hermle milling machine. The welding tool
was a 16-mm diameter cemented tungsten carbide cylinder. The tool
had a backwards angle of 0.5° and the rotational speed was set to

Table 4
Composition of the electroplating baths for Ni and Co [44,45].
Ni plating Co plating
Reactive Concentration [g17] Reactive Concentration [g17]

NiSO4-6H,0 50 C0S04-7H,0 400
NiCl-6H,0 30 NaCl 17
H3BO; 30 H3BO; 45
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Table 5
Parameters for electroplating [44,45].
Ni Plating Co plating
Temperature [°C] 55 25
Current density [A cm 2] 42x1072 42x1072
Time [s] 720 370

2000 rpm. The plunge of the tool into the steel, provided in Table 3, was
increased with the welding speed to ensure a good contact between the
tool and the steel plate. The welding speeds were set to 300, 500 and
700 mm-min~, respectively. Three welds per welding speed and inter-
layer were performed. The power input, provided in Table 3, was in-
ferred from torque measurements performed with a Kistler
dynamometer using Eq. (8).

The Ni and Co plating were performed on the steel plate using the
solutions provided in Table 4 and the parameters in Table 5 [44,45]. To
increase the performance of the deposition, the areas to be coated
were delimited with adhesive tape. The thickness of the plating was cal-
culated as the total weight gain after plating divided by plated area and
density of the plated element. This assessment yielded approximately 5
um for Co and 10 pm for Ni. Three systems are labelled according to the
main element in contact with the liquid aluminium: Fe-Al system for
the weld without interlayer and Ni-Al and Co-Al systems for those per-
formed with nickel and cobalt interlayers, respectively.

The dissolved solutes in the molten pool were measured by EDX at
different distances from the interface at the weld centreline. The mea-
surements were performed on horizontal rectangles of 125 x 10 um?.
The long side of this rectangle was parallel to the interface in order to
average horizontally the variations in composition resulting from
microsegregation.

6. Results

The SEM observations in this section reveal the reduction of IM
thickness achieved with the use of Co and Ni interlayers as well as the
detection of hot tears just below the welded interface. The dissolution
of the interlayer in the molten pool is also revealed with SEM observa-
tions while the concentration of dissolved species in the aluminium
plate is measured using EDX at different distances from the interface.
Then, the dissolution model is used along with the thermal profiles
assessed from the finite element model to fit the value of the dissolution
rate, k. Finally, the hot tearing susceptibility of AA1050 after dissolution
of the interlayer is assessed for the range of compositions observed.

6.1. SEM observation
Fig. 5 shows welds where only half of the welded surface was previ-

ously coated, while the other half surface shows the direct Fe-Al reac-
tion for reference. In both cases of Ni and Co interlayers, the IM layer

a) Steel

 Ni interlayer
U |

Aluminium

is thinner. As observed in Fig. 5(a), the thickness of the IM layer formed
in the Ni-plated region is 0.7 4+ 0.1 um while the IM layer in the non-
plated region is 6.9 & 1.0 um. In the case for the Co plating shown in
Fig. 5(b), the thickness of the IM layer below the Co-plated region is
2.2 4+ 0.2 ym while it is 6.4 4 0.5 um in the non-plated region.

Fig. 6(a, b and c) corresponds to SEM micrographs of the solidified
pool just below the interface at the weld centreline for the Fe-Al, Ni-Al
and Co-Al systems, respectively, for a welding speed of
300 mm-min~". It can be observed that the microstructure changes
with the welding system. The Fe-Al system in Fig. 6(a) presents primary
Al grains surrounded by an eutectic phase. In the case of the Ni plated
system, Ni-Al needle-shaped precipitates surrounded by a eutectic
phase can be observed as indicated by the white arrow in Fig. 6(b).
This microstructure suggests that, during welding, the molten pool pre-
sented Ni concentrations above the eutectic concentration. For the Co-
Al system, a eutectic dominated microstructure can be observed close
to the interface, highlighted by the white arrow in Fig. 6(c). Further
away from the interface, the microstructure is mostly composed of the
Al phase surrounded by a eutectic phase.

Fig. 7(a, b and c) provides the EDX measurements of the dissolving
species performed on Fig. 6(a, b and c), respectively. The measurements
are performed at increasing distances from the reaction interface. It can
be observed that the concentration of the dissolving species (Fe, Ni and
Co, respectively) decreases as the distance to the interface increases.
The EDX measurements also reveal that the concentration of dissolved
species is lower as the welding speed increases for the three reactive
systems.

Hot tears are found in the Ni-Al system for every welding speed
(Fig. 8(a)) and for the Co-Al system for a welding speed of
700 mm-min~"' (Fig. 8(b)). No hot tears were observed in the Fe-Al sys-
tem. The dissolution of the interlayer thus seems to modify the solidifi-
cation behaviour of the aluminium, increasing the hot tearing
occurrence.

6.2. Interface dissolution in liquid Al

In order to validate the hypothesis described in Section 2 stating that
the convective fluxes (i.e. Marangoni flux) are negligible and the dis-
solved species flow under pure diffusion conditions in the molten
pool, cross sections of the welds with Ni plating performed at 300 and
500 mm.min~! were examined by SEM. The EDX maps shown in
Fig. 9 reveal the distribution of the dissolved Ni in the molten pool. At
a welding speed of 300 mm-min~", Fig. 9(a), a Ni-rich area (in red) is
found in the bulk of the aluminium molten pool (in black). This Ni-
rich area is associated to the presence of convective fluxes. At a welding
speed of 500 mm-min !, all the dissolved Ni (in red) is found close to
the interface in a diffusion layer of about 300 um thick between the
steel plate (in blue) and the aluminium plate (in black). No Ni-rich
areas are observed anywhere else in the pool (Fig. 9(b)). These observa-

tions also prevail for a Ni-plated weld performed at 700 mm-min~".

b) Steel

_ Co interlayer

Fig. 5. SEM observations of the interfaces after welding, illustrating the thickness reduction achieved with (a) a Ni interlayer and (b) a Co interlayer. The left sides of the micrographs show

the coated interface while the right sides show the uncoated interface for reference.
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Fig. 6. Backscatter SEM observations with backscattered electrons of the solidified
aluminium just below the interface for (a) Fe-Al, (b) Ni-Al and (c) Co-Al systems,
respectively, at a welding speed of 300 mm-min~"'. The white arrow in (b) shows the
needle-shaped precipitates. The white arrow in (c) shows the eutectic microstructure.

The continuous lines in Fig. 7(a, b and ¢) correspond to the fitted dif-
fusion profiles of the dissolving species using the finite differences
model described in Section 2, the temperatures from the FE model
from Fig. 4 and the fitted values of k for Eq. (7) provided in Table 6.
The fitting of k has been carried out using a least squares procedure
constrained by the area below the curves, i.e. the area of the fitted pro-
files should equal the area below the curve defined by the experimental
measurements. The welds performed at 500 and 700 mm-min~' were
used for fitting since they are compliant with the pure diffusion hypoth-
esis described in Section 2 and no convective fluxes were observed. Be-
sides a general good agreement, the differences in solute distribution
between the experiments and the model can be explained by the

macrosegregation owing to a transient solidification front that increases
the solute concentration at the latest stages of solidification [46]. The
lowest solute concentrations in the molten pool are found for the Co-
Al system, while the largest concentrations are found for the Ni-Al
system.

6.3. Hot tearing risk

The occurrence of the hot tearing during the solidification of the
molten pool owing to the dissolution of the interface is assessed by eval-
uating Eq. (9) for the composition profiles represented in Fig. 7(a, b and
c). Thed—./f,(0) curves for a selected range of Ni and Co concentrations
are shown in Fig. 10. These curves include the presence of iron impuri-
ties, so that, they are treated as ternary systems. The dashed straight
lines show the maximum slope within the susceptibility interval. It
can be observed that the risk is maximum at low concentrations, i.e.
around 0.08 at.% of Ni and 0.01 at.% of Co in the Ni-Al and Co-Al systems,
respectively. The curves of the Fe-Al system are not shown since they
are flat in the susceptibility range, confirming the experimental obser-
vation that the HTR in the analysed interval of compositions is zero.
Fig. 11 shows the HTR index as a function of the Ni and Co concentra-
tions, respectively.

7. Discussion

The Al to steel welding brings 2 potential challenges for the integrity
of the joint, i.e., the formation of a brittle IM layer and the hot tearing

L
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300 mm.min~"| |
A 500 mm.min~!

| (a) Fe-Al

Lo
o

k2
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e 700 mm.min~' |

Fe concentration [at. %]
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h o v B

0
o

=
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F-Y =]

e
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Fig. 7. Concentration profiles of the dissolved species in the re-solidified Al shown in Fig. 6
as a function of the distance from the interface for the (a) Fe-Al, (b) Ni-Al and (c) Co-Al
systems, respectively. The points represent the measurements performed by EDX. The
continuous lines correspond to the simulated profiles. The measurements and
simulations have been carried out for the three studied welding speeds. It is worth
emphasizing the different scales for the concentration.
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Steel

Ni plating

(b) Co-Al Steel

Co plating

Fig. 8. SEM observations of the hot tears formed in the solidified aluminium during the solidification process for (a) a Ni interlayer and (b) a Co interlayer. Large hot tears are found at all

welding speeds with a Ni interlayer. The hot tears in the case of a Co interlayer are much smaller and their occurrence is restricted to welds performed at 700 mm-min

appearance. An additional layer seems very effective to reduce the
thickness of the IM layer and to increase the strength of the Al-to-steel
weld as previously demonstrated by Reddy et al. [7] and Jimenez-
Mena et al. [14]. Nevertheless, an increase of hot tearing susceptibility
can occur because of the dissolving interlayer. Thus, in order to predict
the potential strength increase that an interlayer can bring, an inte-
grated approach of the problem is suggested. First, the thermal model
developed by Crucifix et al. [12] allows predicting the thermal cycles
that can result in a control of the IM layer thickness. Also, the resulting
thermomechanical cycles can influence the formation of hot tears [21]
or residual stresses [47]. Then, the nature of the interlayer is chosen
using two criteria (i) Assessing the IM layer thickness reduction that it
will bring as shown in the work of Jimenez-Mena et al. [14], and (ii)
evaluating the impact that the interlayer will have in the hot tear sus-
ceptibility of the aluminium alloy as described in this work.

The following sections discuss the methodology to evaluate such im-
pact in hot tear susceptibility. First, the performance of the kinetic disso-
lution model to predict the dissolution of the interface in purely
diffusive systems is first discussed. Then, the predictions of Kou's
model for the hot tearing susceptibility [23] owing to the dissolution
of the interface are then compared to the experiments. Finally, a crite-
rion to choose an interlayer based on the dissolution rate and the hot
tear susceptibility is discussed and potential materials for interlayers
are suggested.

7.1. Dissolution of the interface
The dissolution behaviour of the interface in the liquid aluminium

has been modelled combining a kinetic dissolution boundary at the in-
terface and pure diffusion of the dissolving species in the molten pool

(a) 300 mm.min?

—1

(Egs. (3) and (4), respectively). The kinetic behaviour of an interface
has been often defined as the combination of the intrinsic dissolution
rate and the geometry of the dissolving system using a constant k = k’-
S /v~ In the model proposed in this work, the geometry of the system is
not accounted for since it is already accounted for in the finite differ-
ences model for diffusion of the dissolved species in the molten pool.

Yeremenko et al. [48] calculated k5 /, = 0.38 x 10~ s~ for the dis-
solution of pure iron in liquid pure aluminium, which is three orders of
magnitude lower than the value calculated in this work, k = 0.37 s~ .
The difference is mainly explained by the fact that Yeremenko et al.
[48] based their calculations in the case described in Fig. 3(a) by consid-
ering a homogeneous concentration in the liquid aluminium. In this
work, k was assessed using the case described in Fig. 3(c), which re-
quires to know the concentration profile in the liquid aluminium.
Dybkov [49] used a similar system to the one used by Yeremenko
et al. [48] to measure the dissolution of Fe-Ni alloys in liquid aluminium
at different concentrations and rotational speeds of the sample in the
liquid aluminium in order to change the hydrodynamic boundary
which modifies as well the diffusion boundary, 6. They observed that
the value of k"5 /,, depends on the rotational speed, what implies that
k* is a property of the experimental conditions and not only of the
chemical properties of the metals in contact. In the present work, the
dissolutive behaviour of Eq. (7) is a boundary condition of the whole
system, which makes it independent of the flow (either convective or
diffusive) of the dissolved species in the liquid aluminium. Therefore,
k only represents the chemistry of the contact and could be used as
input data in further models.

The evolution of the concentration of the dissolving species at the in-
terface as a function of time is shown in Fig. 12 for the three systems ata

(b) 500 mm.min™!

Ni Fe|Al

Fig. 9. EDX mapping of Ni-Al system welds performed at (a) 300 mm-min~" and (b) 500 mm-min~". The blue, black and red colours correspond to Fe, Al and Ni, respectively. At slow
welding speed, (a), Ni-rich areas can be found in the bulk of the molten pool owing to the convection inside. At faster welding speeds, (b), the Ni stays close to the surface in the

diffusion boundary.
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Table 6

Fitted values of k from Eq. (7).
System k(s
Fe-Al 0.38
Ni-Al 0.37
Co-Al 0.17

constant temperature of 900 °C. The profiles of Fig. 12 suggest that the
dissolution of the interface is mainly dominated by the solubility of
the dissolving species in liquid aluminium, Gjg, at long reaction times.
This can be observed when comparing the curves of Fe and Ni in
Fig. 12. Indeed, Fe and Ni show similar values of k, 0.38 and 0.37 s/, re-
spectively, but the concentration at the interface increases much faster
in the case of Ni since its solubility in liquid Al at 900 °C is about 3
times larger than the one of Fe, 5.3 and 16.3 at.%, respectively
(Table 7). When the values of solubility are similar, as in the case of Fe
and Co, 5.3 and 5.4 at.%, respectively, the value of k then determines
the concentration at the interface. The value of k for Fe in liquid alumin-
ium is roughly twice the value of Co, 0.38 and 0.17 s~ !, respectively. In
this case, two time scales can be observed on Fig. 12. If the dissolution
process is of the order of a few seconds, notably below 15 s, the process
is in a transient state where the dissolution of Fe is faster. On the other
hand, if the dissolution time is much longer than 15 s, the interface
reaches the saturation concentration. As shown in Fig. 4(b, cand d), dis-
solution only lasts for around 2 s, which well justifies the transient na-
ture of the process.

The Ni-rich areas in the bulk of the molten pool (Fig. 9(a)) indicate
that the pure diffusion hypothesis is not met for a welding speed of
300 mm-min~ . Those Ni-rich areas are the result of convective fluxes
that displace the dissolved species from the dissolution boundary
layer to the bulk of the molten pool. With the presence of convective

fluxes, the migration of the dissolving species cannot be modelled ex-
clusively with a Fick's diffusion law and the liquid flow in the molten
pool should also be accounted for. On the other hand, welds performed
at 500 and 700 mm-min~' show no convective fluxes since no Ni is
found away from the diffusion boundary layer (Fig. 9(b)). Hence, the
samples met the hypothesis described in Section 2. It is worth noting
that, despite the presence of convective fluxes, the model captures
quite well the solute profile in the aluminium at a welding speed of
300 mm-min~'. Since the measurements were taken at the weld
centreline, it is suggested that the convective fluxes are low at this
point owing to the symmetry of the system.

The thickness of the interlayer that has been dissolved can be calcu-
lated by integrating the concentration of the dissolved species in the
molten pool and dividing by the density of the element (Fe, Ni or Co).
The dissolved thickness for a weld performed at 300 mm-min~—! is
1.3,7.2 and 0.7 um for Fe, Ni and Co, respectively. The minimum plating
thickness in the case of Ni should therefore be approximately ten times
larger than in the case of Co to avoid its complete dissolution. This has
an impact on the cost of the process since more solute, energy and
time are needed to perform the coating.

The solubility of metals can be used as a first-order criterion to
choose the interlayer. Table 7 suggests several candidates, with higher
melting temperatures than Al, according to the maximum solubility at
900 °C [3]. The best elements to reduce the dissolution of the interlayer
are those with the lower values of Cji,. Ti and Mo could thus be good can-
didates. On the other hand, Cu and Ag, as used in the work of Reddy et al.
[7], show a large solubility in liquid Al and the interlayer would quickly
dissolve in the molten pool. Therefore, Ag and Cu, which were good al-
ternatives in solid state welding, are not suitable in reactive wetting
welding unless very thick interlayers are deposited.

7.2. Effect of dissolution on the IM growth

665 ' — T ; According to Tanaka et al. [4], an IM thickness below 1 um is neces-
(a) Ni-Al ;_ 3 sary to increase the strength of the welded interface. As observed in
660 | c| :”: ] Fig. 5(a), the use of a Ni interlayer provides a 90% reduction of the IM
5 g Wi layer thickness compared to a weld without interlayer. The IM thick-
2. 655} \ nesses reported in literature for some of the most common reactive
g ! ; wetting welding processes such as arc-welding or resistance welding
§ 650 : 1 are roughly between 4 and 15 um [5,9,13]. Disregarding the effect of
g the nature of the IM compound, the use of a Ni interlayer would be suf-
£ 645 1 ficient to achieve thicknesses in the order of 1 um for most reported
& cases and potentially increase the toughness of the weld. On the other
640 | hand, the Co interlayer provides a 65% reduction in the IM thickness
and would be mostly interesting in welds where the original IM thick-
635 ness is around 3 um.
655.0 The growth rate of the IM layer is the result of a competition be-
tween the formation reaction and the dissolution in the molten pool
654.5 as explained by Tanaka et al. [19]. The thick IM layer formed in the Fe-
) Al system results from the combination of a low dissolution rate of the
2, 654.0 iron aluminides in the liquid aluminium and a high reaction rate.
W
E 653.5 5000
§, i g o EN Wi
£ 6530 0.05% % 4000} » N e
> 0.07% = 3000l .
652.5| (19 g ®.
_ T 2000} ® T e
32880 0.85 0.90 ) 0.95 ) 1.00 S @ »
5 B o e 1/2 2 1000F c"’.‘
Square rool of the solid fraction (f;) = " J.'l . o i
0.0 0.1 0.2 0.3 0.4 0.5

Fig. 10.0—/f(0) curves allowing the estimation of the risk of hot tearing in the (a) Ni-Al
system and (b) Co-Al system. The curves have been calculated using the Scheil module in
Thermocalc [41]. The dashed lines show the maximum slope of the curves in the
susceptibility interval according to Kou's criterion (Eq. (9)) [23]. It is worth emphasizing
the different temperature scales.

Solute concentration |at. %)

Fig. 11. Hot tearing risk (HTR) index from Eq. (9) as a function of concentration for the Ni-

Al and Co-Al systems for a welding speed of 500 mm-min .
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Fig. 12. Concentration of the studied elements at the interface as a function of time using
Eq. (7) and the fitted values of k in Table 6 for a constant temperature of 900 °C.

Owing to the low dissolution rate of the cobalt aluminides in the liquid
aluminium, the thinner IM layer formed in the Co-Al system can be only
explained by the low reaction rates between the Co and the steel. In the
case of the Ni-Al system, the large dissolution rates control the IM layer
growth. The reaction rates for the formation of the Ni/Al IM layer are
therefore similar to the dissolution rates, keeping the thickness of the
IM layer at a minimum.

7.3. Hot tearing prediction

The dissolved species change the solidification behaviour of the alu-
minium molten pool. Hence, hot tears and solidification shrinkage can
arise as solidification defects. The presence of hot tears results in a deg-
radation of the mechanical properties of the joint [5]. Kou's criterion
[23] to predict the formation of hot tears provides a semi-quantitative
comparison of the susceptibility of alloys to form hot tears with regard
to their composition.

Fig. 11 shows that the HTR index quantifying the hot tearing suscep-
tibility, i.e., the maximum slope of the curves in the susceptibility range,
is larger at low solute concentrations with respect to the maximum sol-
ubility of the dissolved species. The larger HTR values for the Ni-Al sys-
tem confirm the observations that the Ni-Al system is much more prone
to hot tears than the Co-Al system (Fig. 11). This criterion also correctly
predicts the lack of formation of hot tears for the Fe-Al system. The Fe
concentration in the base material is 0.38 wt%, a concentration that
shows no susceptibility to hot tearing and neither does any higher Fe
concentration. The HTR is maximum at low concentration of the dissolv-
ing species, in the order of 0.1 and 0.01 at.% for Ni and Co, respectively.
Such low concentrations of dissolved Ni or Co bring, even for short dis-
solution time, a significant increase of the hot tear susceptibility of
AA1050.

Unlike the RDG criterion [24], Kou's criterion [23] depends solely on
the composition of the alloy, the effect of the welding speed on the

Table 7
Maximum solubility, in liquid aluminium at 900 °C, of candidate materials ac-
cording to the equilibrium phase diagram [3].

Element Saturation concentration, G [at.%]
Ti 0.80

Mo 0.85

Cr 42

Fe 53

Co 54

Ni 16.3

Cu 553

Ag 91.3

maximum HTR index cannot be predicted. However, the formation of
hot tears only for a welding speed of 700 mm-min~" in the Co-Al sys-
tem indicates that there is indeed an effect of this welding speed. Cruci-
fix et al. [12] observed that the amount of hot tears increased with
increasing welding speed. In the case of the Ni-Al system, owing to its
large HTR index, hot tears are found for every welding speed. In the
case of Co, due to its lower susceptibility, hot tears are only found if
the thermomechanical cycles meet the conditions for the formation of
hot tears. These conditions are met for large welding speeds [5,12,21].
In further analyses, other impurities such as Si or Cu could be accounted
for and included in the Scheil-Gulliver calculations.

In the present work, AA1050 is an alloy presenting a large resistance
to hot tearing which has been hindered by the dissolution of the inter-
layer. However, the opposite case can be considered: an alloy prone to
hot tearing that becomes less susceptible due to the dissolution of an in-
terlayer. It could be the case for AA2024 alloy, which has been observed
to be prone to hot tearing [5,12]. A similar concept is already used in al-
uminium arc welding, where an Al-Si filler material is mixed with the
welded alloy in the molten pool, suppressing the formation of hot
tears by changing the composition [50,51]. In that case, an interlayer
material with a high solubility, such as Si, Cu or Ag (Table 7) could be
considered. The case of Si is particularly interesting since it is known
to reduce hot tear susceptibility when added to an aluminium alloy
[51]. Furthermore, Si does not form IM phases with Al. Also, if the Si in-
terlayer completely dissolves and leaves the steel plate in contact with
the liquid aluminium, the presence of dissolved Si in the liquid alumin-
ium reduces the growth rate of the Fe-Al IM layer [52].

Furthermore, the choice of the aluminium alloy to be welded might
constraint the choice of the interlayer. In this work, AA1050 drastically
changes its hot tearing susceptibility with the dissolution of small
amounts of Ni. It would be worth studying base materials with compo-
sitions that remain resistant to hot tearing even though part of the inter-
layer is dissolved into the molten pool.

8. Conclusions

A methodology to choose an interlayer to control the IM thickness in
dissimilar steel-to-aluminium welding by Friction Melt Bonding has
been developed. Ni and Co are good candidates since their use as inter-
layer significantly reduces the thickness of the IM layer. However, in ad-
dition to their potential to control the IM thickness, two phenomena
have to be accounted for when choosing the interlayer, the dissolution
rate of the interlayer in the Al molten pool and the changes induced in
the solidification behaviour of the molten pool potentially leading to
hot tearing.

The dissolution of the interface and subsequent diffusion of the dis-
solved species in liquid Al has been modelled using the second Fick's law
in a purely diffusive model if the convective fluxes in the molten pool
are low. At the solid-liquid interface, a kinetic dissolution behaviour
has been imposed as boundary condition to capture the behaviour of
the interface during dissolution and the value of the dissolution reaction
rate, k, has been fitted.

The risk of formation of hot tears has been assessed using the Scheil-
Gulliver equation and the hot tearing criterion developed by Kou [23].
The criterion can predict the risk of hot tearing formation quantified
in a hot tearing risk (HTR) index. The criterion predicts correctly the for-
mation of hot tears when using Ni and Co coatings. It also predicts the
absence of hot tears for welds performed without interlayer. The
highest risk of hot tearing formation is found at low solute
concentrations.

Data availability

All data processed herein are available on request.
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