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A B S T R A C T

The toughness of Al-to-steel welds decreases with increasing thickness of the intermetallic (IM) layer formed at
the interface. Co plating has been added as interlayer in Al-to-steel Friction Melt Bonded (FMB) welds to control
the nature and thickness of the IM layer. In comparison to a weld without interlayer, Co plating brings about a
reduction of the thickness of the IM layer by 70%. The critical energy release rate of the crack propagating in the
weld is used as an indicator of toughness. It is evaluated via an adapted crack propagation test using an energy
conservation criterion. For a weld without interlayer, critical energy release rate is found to increase when the
thickness of the intermetallic layer decreases. When the intermetallic layer is thick, the crack propagates in a
brittle manner through the intermetallic whereas, at low layer thickness, the crack deviates and partially pro-
pagates through the Al plate, which causes an increase of toughness. The use of a Co interlayer brings about an
increase of toughness by causing full deviation of the crack towards the Al plate.

1. Introduction

Multi-material designing is seen as a key strategy to reduce the
weight of automobiles, and by extension greenhouse gas emissions,
while keeping high levels of crashworthiness [1]. The joining of Al to
steel looks particularly interesting owing to the combination of the high
strength of steel and the low density of aluminium. Nevertheless, the
welding of Al to steel is challenging due to the large differences in
physical properties (melting temperature, thermal expansion coefficient
…) and to the formation of a brittle intermetallic (IM) layer at the in-
terface between Al and steel [2]. Two iron aluminides compose this IM
layer: Fe2Al5 is usually formed on the steel side while Fe3Al14 (also
referred to as FeAl3 [3]) is usually formed on the aluminium side [4–6].

The IM layer is the prominent microstructural feature affecting the
mechanical properties of an Al-to-steel welds. Tanaka et al. [4] ob-
served that reducing the thickness of the IM layer leads to an increase of
the strength of friction stir welds. They stated that IM thicknesses below
1 µm result in tough welds. The growth kinetics of the IM layer at the
Al-steel interface follows a parabolic law with constants depending on
the composition of the base materials and on temperature [6–8]. A
strategy to reduce the thickness of the IM layer is to reduce time and
temperature spent at high temperatures. Solid-state welding techniques

such as Friction Welding (FW), Friction Stir Welding (FSW) and diffu-
sion bonding bring low IM growth rates owing to a process temperature
below the melting point of the aluminium alloy. IM layer thicknesses of
the order of 1 µm can thus easily be achieved [4,9]. On the other hand,
liquid-state welding techniques such as arc welding, laser welding and
resistance welding involve large IM layer growing rates [10–13], but
might allow larger welding speeds due to the larger reactivity compared
to solid state welding. Hence, controlling IM layer thickness through the
control of the temperature/time profile is rather challenging for liquid-
state processing routes.

The reactivity between Al and steel can be controlled by adding
alloying elements in the base materials or by placing interlayers be-
tween them. Yin et al. [7] modified the growth rate of the Al/Fe in-
termetallic phases in the case of hot dipping of steel into liquid alu-
minium by increasing the concentration of Si in liquid aluminium.
Ikeuchi et al. [14] and Hwang et al. [15] observed that, during hot
dipping of steel into liquid aluminium, the growth rate of the IM layer
decreased with increasing concentration of carbon in the steel plate. In
friction welding, Reddy et al. [16] suppressed the formation of Fe/Al
compounds using Cu, Ni and Ag coatings as interlayers. Cu, Ni and Ag
aluminides formed at the interface, which increased the strength of the
weld under tensile and flexion loading. The use of interlayers is not
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limited to Al-to-steel welding. Sahu et al. [17] observed that the addi-
tion of a Ti interlayer in FSW of Al-to-Cu suppressed the formation of
Al/Cu IM phases and increased the strength of the weld under tensile
loading.

In the present work, Friction Melt Bonding (FMB) is used to weld
aluminium to steel in lap-joint configuration [5,6,18,19]. FMB is a li-
quid state technique that takes advantage of the large differences in
melting temperature of the materials to be bonded. In this process,
schematized in Fig. 1(a), the steel plate is placed on top of an alumi-
nium plate and the plates are clamped together. A rotating flat cy-
lindrical tool is pressed against the steel surface, generating heat by
friction and deformation on the top surface of the steel. The generated
heat leads to an increase of temperature in the steel plate up to between
the melting temperatures of steel and aluminium. Hence, the alumi-
nium alloy in contact with the steel plate locally melts and reacts with
the solid steel to form an IM layer. The tool moves on the surface of the
steel plate to form a continuous welding seam. No protective gas flux is
required since the Al-based molten pool and the reaction with the steel
are confined without contact with the atmosphere.

To study the effect of Co interlayers on the growth kinetics and
mechanical properties of IM layers, Co interlayers were electroplated on
steel plates prior to welding. The evolution of the thickness of the IM
layer was fitted by a parabolic growth law. The critical energy release
rate was assessed by means of an adapted crack propagation test using
an energy conservation criterion. Differences in critical energy release
rate are used as toughness difference indicator. Discussion highlights
the dependence of fracture mechanisms on IM layer thickness.

2. Thermal finite element modelling and IM layer growth

The temperature/time profile at the Al-steel interface is needed to
estimate the kinetics of the IM layer growth. A heat-transfer finite
element model has thus been adapted from the work of Crucifix et al.
[6] and implemented in Abaqus [20]. The steel and aluminium plates,
the backing plate and the welding table are modelled as shown on
Fig. 2(a). The power input at the tool contact is inferred from the torque
measurements carried out during welding using [6]

= ∙P η T ω( )z (1)

where Tz is the torque, ω is the rotational speed and ∈η [0,1] is the
efficiency parameter (Table 1) [6]. The inferred power input is pro-
vided in Table 3. The value of efficiency parameter, η =0.9, is taken
from the work of Crucifix et al. [6] accounting for the similarities of the
welding conditions. Low conducting and high conducting contact in-
terfaces are distinguished at the interface between the plates. The high
conducting contact interfaces are the steel-aluminium interface below
the tool, the steel-aluminium interface where the IM bonding is formed,
and the aluminium-backing plate interface below the tool. These in-
terfaces are given an infinitely large conductance value (arbitrarily set
to 106 kWm−2 K−1 in Abaqus), which yields no difference of tem-
perature between the sides of these interfaces. For the rest of the

contact surfaces, the conductance is set to the low value calibrated by
Crucifix et al. [6], i.e. 10 kWm−2 K−1. The emissivity of the system is
set to 0.3 and the convection coefficient is set to 15Wm−2 K−1

[21,22]. The curves in Fig. 2(b, c, d) show the temperature profiles
calculated above the solidus temperature of AA1050 at three distances
from the weld centreline (0mm, 2mm and 4mm) for the three ex-
perimentally tested welding speeds (300, 500 and 700mmmin−1),
respectively. The maximum temperatures reached and the reaction
times increase as the welding speed decreases. This model has been
further validated in a previous publication [19].

According to Tanaka et al. [8], the growth of the IM layer in the
reaction between iron and molten aluminium follows a parabolic law:

= ∙X θ t k θ t( , ) ( ) (2)

where X is the thickness of the IM layer, k θ( ) is a constant and t is time.
Tanaka et al. [8] used an Arrhenius law to account for the effect of
temperature on the growing kinetics of the IM layer:

= ∙
⎛
⎝

−
∙

⎞
⎠k θ k e( ) o

Q
R θ (3)

where ko is the pre-exponential factor, Q is the activation energy, R is
the gas constant and θ is the temperature. ko and Q are fitted with a
least squares procedure exploiting the temperature profile estimated at
the interface and provided in Fig. 2(b, c, d).

3. Crack propagation test and analysis

The crack propagation resistance was evaluated by means of a
cantilever bending test. A schematic drawing of the test is shown in
Fig. 1(b). Two specimens per weld of 8×50mm were extracted by
electric-discharge machining (EDM) from the part of the weld where
the two plates are completely bonded. A notch was machined at the Al-
steel interface by EDM. The specimen was fastened to the holder using 5
holes passing in the aluminium plate in which rods of 1.5 mm diameter
were inserted. A vertical hole was drilled in the aluminium plate below
the notch for allowing passage of a rod that pushes the steel plate away
from the fastened aluminium plate in order to propagate a crack at the
interface. The displacement and load were measured on the rod. The
test was recorded by a video camera with a frame period of 4 s and a
resolution of 70 pixels.mm−1.

The critical energy release rate, Γ, dissipated during the propagation
of the crack was estimated using an energy conservation principle. The
energy introduced in the system corresponds to the work exerted by the
testing machine, calculated as the integral of the load-displacement
curve of the pushing rod. 4 different contributions have been identified
to dissipated the energy exerted by the testing machine as the crack
propagates: (i) the energy dissipated in the deformation of the steel
beam,Wsteel, (ii) the energy dissipated in the deformation of the Al plate,
WAl, (iii) the energy dissipated by friction at the contact between the
pushing rod and the steel beam, Wfriction, and (iv) the energy dissipated
in the propagation of the crack, ∙ ∙b Γ a, where b is the width of the
specimen, Γ is the critical energy release rate of the assembly and a is

Fig. 1. (a) Schematic representation of (a) the FMB process; (b) of the crack propagation tests. Frod represents the load provided by the pushing rod and a represents
the crack length measured from the tip of the notch.
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the crack length. The equation for energy conservation as the crack
advances is thus

= + + + ∙dE
da

dW
da

dW
da

dW
da

b Γsteel Al friction

(4)

where, E is the work exerted by the testing machine and da is the crack
advancement.

The energy dissipated in plastic bending of the steel beam can be
assessed from the radius of curvature using the elasto-plastic beam
theory, as suggested by Rimovskis et al. [23]. The radius of curvature

along the steel plate was measured on the images provided by the video
camera using a least squares fitting procedure. Only bending is con-
sidered: shearing and longitudinal forces on the beam are neglected.
The deformation energy in the steel beam is obtained by integration of
the product of strain and stress in the analysed volume [24]

∫ ∫= ∙ ∙ + ∙ ∙ ∙
−

W b ε σ γ τ dz dx( )steel
a

h

h

0 2

2

(5)

where h is the thickness of the beam, ε and γ are the longitudinal strain
in the x direction and the shear strain, respectively, and σ and τ are the
longitudinal stress in the x direction and the shear stress, respectively.
Owing to the small thickness of the steel beam (0.9mm thick), a slen-
derness approximation is used and shear is neglected. In pure beam
bending, the strain increases linearly with the distance from the neutral
axis, which is supposed to remain at mid-thickness of the beam.
Therefore, the strain, ε, is calculated as [23]

=ε z
ρ (6)

where z is the distance from the neutral axis and ρ is the radius of
curvature. The mechanical properties of the steel after welding were
measured from tensile testing of specimens machined from steel plates
that had been previously welded to and detached from an aluminium
plate. The tensile test was carried out at a constant cross head speed of
2mm s−1. σ is obtained from the stress-strain curve of the steel plate at
a given tensile strain ε.

The energy dissipated by friction between the pushing rod and the
steel beam, Wfriction, is estimated from a Coulomb's friction law [25]:

= ∙ ∙⊥W μ F lfriction (7)

where μ is the friction coefficient, ⊥F is the load applied by the rod
perpendicular to the steel beam, and l is the relative displacement of
rod and steel beam measured on video images. As represented in
Fig. 1(b), the contact angle, φ, between the surface of the steel beam
and the pushing rod (represented by an arrow Frod) is not constant. At
the beginning of the test, the rod is perpendicular to the steel beam,

= °φ 90 , but it decreases monotonously. Therefore, = ∙⊥F F φcos( )rod ,
where the contact angle, φ, is measured on video images. The friction

Fig. 2. (a) Transversal cross cut view of a simulation of the
thermal fields using Abaqus [20] for a weld performed at
700mmmin−1. (b, c and d) Temperature profiles as a
function of time at the steel-aluminium interface from the
simulations at 3 different distances from the weld centre-
line (0mm, 2mm and 4mm) at welding speeds of (b) 300,
(c) 500 and (d) 700mmmin−1. The coordinate system (Y,
Z) refers to Fig. 1.

Table 1
Nomenclature.

Symbol Description Units

a Crack length m
b Width of the specimen m
E Energy exerted by the pushing rod J

⊥F F,rod Load in the pushing rod and perpendicular to
the steel beam, respectively

N

h h,st Al Thickness of the steel and aluminium,
respectively

m

k θ( ) Kinetic constant for IM layer growth m2 s−1

ko Pre-exponential factor m2 s−1

l Relative displacement of the rod and the steel
beam

m

Q Activation energy Jmol−1

R Gas constant J mol−1. K−1

t Time s
Tz Torque on the tool Nm
W W W, ,st Al friction Dissipated energy on the steel, aluminium and

by friction, respectively
J m−1

X IM thickness m
Γ Critical energy release rate J m−2

ε Strain in the steel beam –
η Efficiency of the heat generation on the tool –
θ Temperature K
μ Friction coefficient –
ρ Radius of curvature m
σ Stress in the steel beam Pa
φ Angle between the rod and the steel beam Degrees
ω Rotational speed of the tool Rad s−1
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coefficient, μ, at the contact between the rod and the steel plate was
measured by means of a Bruker tribometer at three different travel
speeds (0.1, 0.05 and 0.025mm s−1) and 6 different vertical loads (20,
50, 100, 200, 300 and 400 N) to cover the contact conditions during the
crack propagation test. Prior to the tests, the steel surface was machined
by EDM in such a way as to present the same surface characteristics as
in the crack propagation specimen.

The evolution of the energy dissipated in the Al during the propa-
gation, dW

da
Al , is unknown since the aluminium plate is partially hidden

by the holding device. From the video images, it could be observed that
the macro-deformation of the aluminium plate mostly occurs before the
crack starts to propagate and that the plate remains fairly static during
the crack propagation stage. It is thus assumed that WAl, and thus also
dW

da
Al , are negligible during crack propagation.
Tests were completed by longitudinal observations of cross sections

of the assembly in order to reveal the crack path. Fracture surfaces were
analysed by scanning electron microscopy to determine the type and
location of the crack path.

4. Materials processing and characterisation

Base materials were AA1050 aluminium alloy and Dual-Phase steel
(DP600) with respective thicknesses of 3.0 and 0.9 mm. Their compo-
sitions are given in Table 2. The plates were cut to a size of
200×80mm. Friction melt bonding was carried out on a Hermle
milling machine. The tool was a cylinder of cemented tungsten carbide
(WC-Co) with 16mm diameter. The tool had a backwards tilting angle
of 0.5° and its rotational speed was 2000 rpm. The welding speeds were
300, 500 and 700mmmin−1, respectively. To keep a good contact
between the tool and the steel plate, the plunge of the tool was in-
creased along with the welding speed (Table 3). The torque on the tool
was measured with a Kistler dynamometer.

Co was electroplated on the steel plate using the solution and con-
ditions listed in Tables 4, 5 [26]. The areas to be coated were delimited
with scotch tape. The thickness of the plating was 5 µm. Two different
assemblies are designated according to the main element in contact
with the liquid aluminium: Fe-Al assembly for the weld without inter-
layer and Co-Al assembly for welds performed with cobalt interlayer.

The thickness of the IM layer at different positions from the weld
centreline was measured by SEM observations in transversal cuts.
Transmission electron microscopy (TEM) was used to identify the
phases formed at the interfaces. TEM specimens were cut from the
joining interface of the three systems using a dual-beam focused ion
beam (FIB) instrument (FEI Helios Nanolab 650). Scanning TEM energy
dispersive X-ray (STEM-EDX) elemental maps as well as selected area
electron diffraction (SAED) patterns were acquired in a FEI Osiris TEM
operated at 200 kV and equipped with a CHEMISTEM detector. A
dedicated analytical holder was used for the EDX measurements.

5. Results

5.1. IM phase identification

Fig. 3 illustrates the dependence on welding speed of the IM layer
thickness at the weld centreline for the Fe-Al, and Co-Al systems, re-
spectively. The thickness of the layer clearly decreases with increasing
welding speed. Both systems show homogeneous IM layer. Hot tears

were observed in the re-solidified aluminium molten pool at a speed of
700mmmin−1 for the Co-Al system. Hot tears are cracks developing at
the grain boundary due to the contraction strains of the aluminium
alloy during the solidification. Their formation is linked to the com-
position of the aluminium and to the thermomechanical cycles carried
out during processing [19,27].

Fig. 4 shows the identification of the IM phases using STEM-EDX
elemental maps and SAED patterns. In both systems, the IM layer is
composed of two phases, as shown in Fig. 4 and listed in Table 6. For
the Fe-Al system, Fe4Al13 grows on the Al side while Fe2Al5 grows on
the steel side. For the Co-Al system, Co2Al9 is observed on the Al side
while CoAl3 is found on the Co plating side. From Fig. 4 and Table 6, it
can be concluded that EDX measurements are in good agreement with
the crystallographic identification of the phases by SAED. The presence
of Fe in IM3 and IM4 in Table 5 is explained by the presence of 0.38%
wt. Fe in the liquid aluminium. Due to the very low solubility of Fe in Al
[8], the Fe is rejected from the growing Al grains during solidification
and incorporated in the IM phase. In addition, 1.2%wt. Fe is measured
in the Co plating after welding. This Fe can also be incorporated in the
IM layer.

5.2. IM growth

IM thickness was measured every 0.33mm in a width of± 4mm
from the weld centreline. As mentioned in the previous sub-section, two
IM phases are formed. The thickness measurement thus includes both
phases. Thickness variation as a function of the distance from the weld
centreline is shown in Fig. 5 for the different welds. IM layer thickness
decreases when welding speed increases and is always maximum at the
weld centreline. For a given welding speed, layer thickness is lower in
the Co-Al system than in the Al-Fe system.

The constants ko and Q of Eq. (3) can be derived by fitting the
thickness values provided shown in Fig. 5 using the temperature pro-
files calculated via the FE simulations (Fig. 2). The constants ensuing
from this fitting procedure are given in Table 7 and the corresponding
simulated curves are shown as continuous lines in Fig. 5.

5.3. Crack propagation testing

Fig. 6 shows frames of the videos recorded during the crack pro-
pagation test at the same rod displacement of 3mm for the Fe-Al and
Co-Al systems welded using three different welding speeds. The de-
bonding crack propagates from the right to the left and its length is

Table 2
Composition in % wt. of the base materials measured by induced coupled
plasma (ICP).

Al Fe Si Ti Mn Ga V C Cr

AA1050 Rest 0.38 0.06 0.01 0.01 0.01 0.01 – –
DP600 0.02 Rest 0.21 0.02 1.96 – – 0.16 0.19

Table 3
Process parameters and power input during welding. The power input has been
inferred from the torque measurements on the tool using Eq. (1).

Welding speed [mm.min−1] Tool plunge [mm] Power input [kW]

300 − 0.11 3.6 ± 0.1
500 − 0.16 4.0 ± 0.2
700 − 0.19 4.4 ± 0.1

Table 4
Composition of the Co electroplating bath [26].

Reactive CoSO4·7H2O NaCl H3BO3

Concentration [g l−1] 400 17 45

Table 5
Parameters for electroplating [26].

Temperature [°C] Current density [A.cm−2] Time [s]

25 4.2× 10−2 370
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measured from the tip of the notch. The distance between the black
marks on the side of the specimens is 5mm (starting from the initial tip
of the notch).

Fig. 7 shows the load-displacement curves measured during crack
propagation tests. The reproducibility between the tested samples is
excellent, justifying that only one curve is provided per condition. The
load reaches a maximum just before crack extension starts. For the Fe-
Al system at a welding speed of 300mmmin−1, load-displacement
curves show drops of the load (indicated with arrows in Fig. 7(a)).
These drops are associated with the load relaxation brought about by
the sudden propagation of the crack. The crack propagates more
smoothly for higher welding speeds. The largest load values are found
for the Al-Fe system at a welding speed of 700mmmin−1 and for the
Al-Co system at a welding speed of 500mmmin−1.

Fig. 8(a) shows the stress-strain curve of the steel sample processed
by FMB. This curve is used in Eq. (5) to assess the energy dissipated
during bending of the steel. The steel presents a martensitic micro-
structure resulting from the heat cycle carried out during the FMB
processing. It differs from the typical microstructure of DP steel, i.e. a
distribution of martensite islands in a ferritic matrix. Fig. 8(b) shows

the evolution of the friction coefficient, µ, measured by tribometry as a
function of the vertical load: µ increases as the load increases, but the
travel speed has no significant influence. For obtaining the friction
coefficients to be used in Eq. (7), the data of Fig. 8(b) were fitted by a
linear law (dashed line) using least mean square statistics.

Fig. 9(a, b) show an example of the energy conservation calculation
for a weld without plating welded at 700mmmin−1 and for a weld
with Co plating welded at 500mmmin−1, respectively. Each point on
the curve corresponds to a frame of the video. For each frame, the
curvature of the steel beam along its length, the crack length, the

Fig. 3. Backscatter SEM micrographs of the intermetallic phases formed at the interface for the Fe-Al and Co-Al welding systems with welding speeds of 300, 500 and
700mmmin−1, respectively.

Fig. 4. (a and d) EDX elemental maps acquired on FIB samples of the Fe-Al and Co-Al systems, respectively. (b, c, e and f) are SAED patterns obtained on IM1, IM2,
IM3 and IM4, respectively, with indicated zone axis corresponding to the identified phase.

Table 6
EDX composition measurement of the IM layers shown in Fig. 4. The mea-
surements were obtained in the zones indicated by white squares in Fig. 4.

Intermetallic Al (% at.) Fe (% at.) Co (% at.)

IM1 (Fe4Al13) 70.3 ± 2 27.2 ± 2 –
IM2 (Fe2Al5) 67.1 ± 2 32.1 ± 2
IM3 (Co2Al9) 75.8 ± 3 5.5 ± 5 18.7 ± 3
IM4 (CoAl3) 71.8 ± 3 3.4 ± 2 24.8 ± 3
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position of the rod and the contact angle between the rod and the steel
beam are obtained by computer-aided analysis of the image. The blue
circles correspond to the work made on the sample, E . They are cal-
culated by integration of the load-displacement curves shown in Fig. 7.

The red inversed triangles correspond to the energy, Wsteel, dissipated by
the deformation of the steel beam calculated via Eq. (5). The green
triangles correspond to the friction dissipation, Wfriction, calculated via
Eq. (7) using the friction coefficients, μ, given in Fig. 8(b). The black
squares correspond to the energy dissipated specifically related to crack
propagation and is calculated as = − −E W WΓ steel friction. The curves are
fitted by a straight line covering the first linear regime after the crack
starts to propagate using a least squares method. The fitted slope is then
divided by the width of the steel beam, b, to obtain the critical energy
release rate, Γ. Fig. 9(c) shows the calculated values of Γ for the Fe-Al
and the Co-Al systems as a function of the mean of the IM layer
thickness values measured in Fig. 5.

5.4. Crack observations and fractography

Fig. 10 illustrates the two types of crack propagation mode observed
in the Fe-Al system. In the presence of the thick IM layer formed at a
welding speed of 300mmmin−1, the crack fully propagates through the
IM layer (Fig. 10(a, b)). SEM observation of the fracture surface shows
evidence of a brittle mode of fracture by cleavage (Fig. 10(c, d)). In the
presence of the thin IM layer formed at a welding speed of 700mm
min−1, SEM observation shows evidence of a combination of two
modes of fracture (Fig. 10(e, f)): part of the fracture surface exhibits a
ductile fracture mode with crack propagation through the Al plate
whereas the other part exhibits a brittle fracture mode with crack
propagation through the IM layer (Fig. 10(g, h)). The ductile fracture
mode is characterised by dimples resulting from a sequence of ductile
cavity formation, growth and coalescence. The brittle fracture mode is
characterised by cleavage facets [28]. At both welding speeds, trans-
verse cracks are observed in the IM layer ahead of the crack tip.

Fig. 11 illustrates crack propagation in the Al-Co system. At low
welding speed (300mmmin−1), the crack propagates along the inter-
face between the IM layer and the Co coating (Fig. 11(a, b)). Ob-
servations on the aluminium side of the fracture reveal a pattern of
horizontal cracks in the IM layer originating from the bending of the
specimen during the test (Fig. 11(c)). At higher magnification, SEM
observation (Fig. 11(d)) reveals that the surface is covered by faceted
grains corresponding to the CoAl3 intermetallic: EDX analysis confirms
the presence of Co and Al. For a weld speed of 500mmmin−1, the crack
fully propagates through the Al plate (Fig. 11(e, f)). Unlike the case of
the Fe-Al system, no isolated region of brittle intermetallic fracture is

Fig. 5. Thickness of the IM layer in the (Y, Z) plane (defined in Fig. 1). The
points represent the measured thickness from the SEM images. The continuous
lines are drawn using Eqs. 2 and 3 with the fitted parameters given in Table 7
and the temperature field from the FE simulations. Results are provided for the
welding systems, (a) Fe-Al, and (b) Co-Al, at three welding speeds (300, 500
and 700mmmin−1).

Table 7
Fitted values for ko and Q in Eq. (3).

System ko (m2 s−1) Q (J mol−1)

Fe-Al 9.5 2.68× 105

Co-Al 2.89× 10−7 1.17× 105

Fig. 6. Frames from the video recording of the crack propagation test at a
constant rod displacement of 3mm for the Fe-Al and Co-Al systems at three
different welding speeds (300, 500 and 700mmmin−1). The horizontal black
marks on the specimens are spaced of 5mm starting from the tip of the notch.

Fig. 7. Load-displacement curves of the pushing rod measured during the crack
propagation tests for the (a) Fe-Al and (b) Co-Al systems. The red arrows denote
a sudden brittle propagation of the crack at 300mmmin−1 in the Fe-Al system.
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observed on the surface (Fig. 11(g)). Observations at higher magnifi-
cation reveal that the fracture mode is ductile, as attested by the pre-
sence of characteristic dimples (Fig. 11(h)). Similarly to the Fe-Al

system, transversal cracks can be found in the IM layer ahead of the
crack tip at both welding speeds.

For the Co-Al system at high welding speed (700mmmin−1), hot
tears are observed in the aluminium plate below the interface, which
lead to crack propagation along hot tear defects (Fig. 12(a, b)).
Fig. 12(c) reveals that hot tear defects alternate with interface parts that
fractured in a ductile way. A closer look at the hot tear surface in
Fig. 12(d) reveals free solidification morphology.

6. Discussion

6.1. IM growth

Fe-Al intermetallic phases present a ‘tongue-like’ microstructure
resulting from directional growth along the c-axis of the Fe2Al5 unit cell
[29] (Fig. 3(a, b, c)). Co-Al intermetallic phases form a homogeneous
layer. At a low welding speed, Co2Al9 crystals at the interface with the
aluminium presents faceted grains (Fig. 3(d)).

The growth rate of the IM layer during reactive wetting is de-
termined by two competitive phenomena: (i) the formation of the IM
phase by reaction of Al with Fe; (ii) the dissolution of the IM phase into
the liquid aluminium [30]. In the Fe-Al system, the growth of the IM
phase mainly depends on the rate of formation of Fe2Al5, according to
the mechanism well described by Tanaka et al. [8]. The mobility of Fe
in the IM phase is negligible compared to the mobility of Al [31]. Al
atoms diffuse through the IM layer from the aluminium side to the steel
side where they react with the Fe atoms to form Fe2Al5, bringing an
increase of the IM layer thickness. Simultaneously, at the IM-Al inter-
face, the dissolution phenomenon reduces the thickness of the IM layer
[32]. The Co-Al systems shows lower IM layer thicknesses since the
difference between growth and dissolution rates is smaller than in the
case of the Fe-Al system, where growth clearly dominates over dis-
solution. At a speed of 300mmmin−1, the mean IM layer thicknesses in
the Fe-Al and Co-Al systems are 8.0, and 2.5 µm, respectively, clearly
demonstrating the beneficial role of Co on the reduction of IM layer
thickness.

The kinetic constants of Eq. (3) for the Fe-Al system have been al-
ready assessed by other authors. The apparent activation energy cal-
culated in the present work, Q =268 kJmol−1 (Table 7) is larger than
the values measured by other authors. Indeed, Yin et al. [7] measured Q
=207 kJmol−1 for the dipping of pure Fe into pure Al. Zhang et al.
[33] calculated Q =239 kJmol−1 in resistance spot welding of a gal-
vanised steel to AA6008 alloy. Crucifix et al. [6] calculated Q
=200 kJmol−1 in FMB welding of ultra-low-carbon steel to AA2024
alloy. The presence of alloying elements in the base materials can
modify the growth rate of the IM layer. This is the case for carbon in
steel and for Si in aluminium, elements which are known to reduce the

Fig. 8. Data used for the calculation of Γ. (a) Stress-strain curve of the steel. The insert shows the martensitic microstructure after processing and (b) evolution of the
friction coefficient, µ, as a function of the vertical load for various travel speeds.

Fig. 9. Calculation of the critical energy release rate, Γ, on (a) a Fe-Al specimen
welded at 700mmmin−1 and (b) a Co-Al specimen welded at 500mmmin−1.
Each point of the curve corresponds to a frame of the video recording. The
continuous lines correspond to the linear fit. (c) Calculated critical energy re-
lease rates, Γ, for the Fe-Al and the Co-Al systems as a function of the mean IM
layer thickness. The empty marks denote the presence of hot tears in the spe-
cimen.
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growth rate of the IM layer [7,15]. Another source of error in the
evaluation of activation energy is the estimation of the temperatures at
the interface from the finite element model. The unknown variables of
the model are calibrated from measurements away from the molten
pool [6,19] and no measurement can be made inside the molten pool
and at the reacting interface.

6.2. Critical energy release rate during crack propagation

Both the nature of the interlayer and the welding speed have an
influence on the cracking resistance of the weld. In the Fe-Al system, a
transition occurs as the welding speed increases from an in-plane
fracture path through the IM layer parallel to the interface (Fig. 10(a))
to an alternating crack path between the IM layer and the Al plate
(Fig. 10(e)). The in-plane IM layer cracking occurs in the 8-µm thick IM
layer obtained at a welding speed of 300mmmin−1 and the critical
energy release rate is evaluated of the order of 1 kJm−2. Using the
value of fracture toughness for Fe2Al5 (KIC = 0.51MPam−0.5) mea-
sured by Kyokuta et al. [34], the Young's modulus of Fe2Al5 (E =
240 GPa) measured by Tsukahara et al. [35] and linear elastic fracture
mechanics, the intrinsic critical energy release rate of the IM layer
would be of the order of 1 Jm−2, i.e. three orders of magnitude lower
than the measured values. The crack path alternating in aluminium and
IM layer is observed in the case of the 2-µm thick IM layer obtained at a
welding speed of 700mmmin−1. The energy conservation method then
yields a critical energy release rate of up to 8 kJm−2. This value is close
to toughness values measured for other aluminium alloys, i.e. over
10 kJm−2 [36].

The large differences between the measured toughness for a thick
IM layer (approximately 1 kJm−2 for an 8-µm thick IM layer) and the
intrinsic toughness of the IM phases (approximately 1 Jm−2) can be

explained by strain energy dissipation in the elasto-plastic substrates
(steel and aluminium) around the crack tip during crack propagation as
suggested by Kyokuta et al. [37]. They stated the critical stress needed
to cause cracking of the IM layer between elasto-plastic substrates is a
function of its thickness. A similar argument could be proposed in the
case of an in-plane crack. Fig. 13 illustrates the cases where a centred
crack propagates in a thick or a thin intermetallic layer embedded be-
tween two elasto-plastic plates. If the distance from the crack tip to the
substrates is too large, the substrates are not significantly affected by
the strain field around the tip of the crack (Fig. 13(a)). On the other
hand, if the IM layer is thin, the distance between the substrates and the
crack tip decreases and the substrates show a large plastic zone that
dissipates more energy, hence increases the critical energy release rate
(Fig. 13(b)).

Moreover, Fig. 10(a, e) and 11(a, e) show the presence of transverse
cracks in the IM layer that are formed ahead of the crack tip as a result
of the bending of the steel beam. The presence of such cracks tends to
deviate the crack path from in-plane through the IM layer to perpen-
dicular towards the base materials where it propagates in a ductile
manner. These two effects, the formation of a processed zone in the
base materials and the deviation of the crack towards the aluminium
plate, explain the larger toughness values measured for thin Fe-Al IM
layers.

In the case of the Co-Al system, at a welding speed 500mmmin−1,
the crack fully propagates within the Al plate, bringing slightly higher
values of Γ than the ones measured for the Fe-Al system at 700mm
min−1 since no IM layer fracture is involved at all. In this case, the
value of the critical energy release rate (up to 12 kJm−2) is of the order
of the values measured for some aluminium alloys [36].

Fig. 10. Crack and surface observa-
tions for the Fe-Al system corre-
sponding to a weld performed at (a, b, c
and d) 300mmmin−1 and (e, f, g and
h) 700mmmin−1. (a and b)
Longitudinal cross section and sche-
matic representation of the crack pro-
pagation through the IM layer, respec-
tively. (c and d) Surface observations of
the fracture revealing a brittle fracture
at low and high magnification respec-
tively. (e and f) Longitudinal cross
section and schematic representation of
the alternating crack propagation
through the Al plate and the IM layer,
respectively. (g and h) Surface ob-
servations of the fracture surface re-
vealing a ductile fracture at low and
high magnification respectively.
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6.3. Coating performance

As stated in the introduction, the IM layer thickness can be reduced
by controlling the thermal cycles. For the case of the Fe-Al system, there
is a window of welding speed that results in a thin continuous IM layer
bringing high toughness. If the welding speed is too slow, the IM layer
becomes too thick so that the toughness of the weld is largely de-
creased. If the welding speed is too fast, the heat input is not large
enough to allow melting of the Al plate and the bonding reaction does
not take place [19]. Since the growth rates of the Fe/Al aluminides are
large, the window of useful welding speed is very narrow and the risk of
facing any of the above-mentioned problems increases. In order to ease
the control of the IM layer thickness, the choice of an interlayer should
aim at providing an environment in which the growth rate of the IM

layer is lower than that occurring in the Fe-Al system. In the present
work, the use of Co greatly reduces this growth rate and IM layers.

The interlayer should also be chemically compatible with the base
materials. More specifically, the interaction of the interlayer and the
liquid aluminium should not induce solidification defects such as hot
tears. In the present work, hot tears are due to the dissolution of the
interlayer in the Al molten pool, which changes the composition of the
liquid and modifies the hot tearing susceptibility [37,38]. The dis-
solution of Co in the molten pool acts in such way that hot tears can be
formed, which drastically affects the strength of the weld. Nevertheless,
the formation of hot tears depends on welding parameters. Previous
observations of hot tears in FMB [5,6,19] highlighted the fact that hot
tears are more likely to form at high welding speeds. This means that
the hot tearing risk is slightly increased by the dissolution of Co into the

Fig. 11. Crack and surface observa-
tions for the Co-Al system corre-
sponding to a weld performed at (a, b, c
and d) 300mmmin−1 and (e, f, g and
h) 500mmmin−1. (a and b)
Longitudinal cross section and sche-
matic representation of the crack pro-
pagation through the IM-plating, re-
spectively. (c and d) Surface
observations of the fracture revealing
the faceted Al13Co4 grains on the Al
side of the fracture. (e and f)
Longitudinal cross section and sche-
matic representation of the crack pro-
pagation through the Al, respectively.
(g and h) Surface observations of the
fracture surface revealing a ductile
fracture characterised by dimples at
low and high magnification respec-
tively.

Fig. 12. Crack and surface observa-
tions for a weld with a Co interlayer at
700mmmin−1. (a and b) Longitudinal
cross section and schematic re-
presentation, respectively, of the crack
propagation through the Al and the hot
tear defects. (c) Surface observation of
the fracture surface revealing a combi-
nation of hot tears and ductile fracture
surfaces. (d) Observation at high mag-
nification of the surface of a hot tear
showing a solidification structure.
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molten Al and the effects are only observed at high welding speeds, i.e.
at 700mmmin−1.

7. Conclusions

The effect of Co interlayers has been investigated in Al-to-steel
welds made by Friction Melt Bonding. The main results are the fol-
lowing:

1. With the use of Co plating, the nature of the intermetallic phases
formed at the welded interface changes from a Fe4Al13 - Fe2Al5 to
Co2Al9 - CoAl3.

2. The use of Co plating reduces the thickness of the IM layer by 70%
when compared to a weld without interlayer.

3. The toughness of the interface was assessed by measuring the cri-
tical energy release rate via an adapted crack propagation test. In
the case of a weld without interlayer the toughness is observed to
increase as the IM layer thickness decreases. Critical energy release
rates of the order of 1 kJ m−2 are measured for IM layer thicknesses
over 8 µm (300mmmin−1). They increase up to 8 kJ m−2 when the
thickness is reduced to 2 µm (700mmmin−1). When the IM layer is
thick (~8 µm), the crack propagates in a brittle manner through the
thickness of the IM layer. The increase in toughness for thin IM layer
(~2 µm) is ascribed to a larger plastic dissipation around the crack
tip in the base materials and to alternate crack propagation: in a
ductile mode through the Al plate and in a brittle mode through the
IM layer.

4. At intermediate welding speeds, 500mmmin−1, the Co/Al inter-
metallic layer formed with a Co plating is about 1.3 µm thick. In this
case, the crack fully propagates through the Al plate in a ductile
manner, which leads to the best critical energy release rate mea-
sured in this study, 11 kJm−2. At lower welding speed (300mm
min−1), the crack propagates through the interface between the Co
plating and the Co2Al9 IM layer, leading to critical energy release
rates of the order of 1 kJm−2, similar to the Fe-Al system at the
same speed. At higher welding speeds (700mmmin−1

), the critical
energy release rate is drastically reduced by the presence of hot tears
(1–7 kJ m−2).
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