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Friction stir diffusion bonding of dissimilar
metals

M. Girard', B. Huneau**, C. Genevois?, X. Sauvage® and G. Racineux®

This paper reports on a new method based on the friction stir welding process to join dissimilar
metals in butt joint configuration. Two different systems were considered: AA1050 H16 aluminium/
ASTM A284 steel and AA1050 H16/UNS C12200 HO1 copper. The unthreaded steel tool pin was
positioned in the aluminium plate so that it was tangential to the opposing metal. Bonding was
accompanied by interfacial chemical reactions with no significant mechanical mixing. This new
solid state welding process is called friction stir diffusion bonding. Room temperature cross-weld
tensile strengths up to 82 MPa were obtained for both metal combinations. Microstructure
characterisation suggested that higher joint strengths were associated with thinner, <1 um thick

intermetallic reaction layers at joint interfaces.
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Introduction

Friction stir welding (FSW) of dissimilar metals and
alloys has been investigated for approximately 10 years.
Despite the numerous published works, no standard
method exists especially in the case of the butt joint
configuration. Indeed, for this configuration the welding
parameters are not only the rotational speed and the
traverse speed but also the pin position with regard to
the interface between the plates and the choice of the
plate to be in the advancing side. These parameters are
highly dependent on the metallic couple investigated.

Two different situations may be considered. The first
consists in joining two different alloys of the same
metals, for example two aluminium alloys,l’3 or two
different alloys having relatively close properties, such as
aluminium and magnesium alloys.* 7 In all these studies,
the pin of the tool is positioned at the interface between
the two plates to be welded, which means that both
alloys are intimately mixed. The cross-sections reveal
defect free welds and the mechanical properties are
relatively good. Some authors also reported the dissim-
ilar welding of pure iron to pure nickel.® In this case the
pin was also placed at the interface between the two
plates to be welded.

The second situation is related to dissimilar welding of
metallic alloys with very different properties. In the
following, the authors consider two systems: aluminium/
steel and aluminium/copper.
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In the case of dissimilar welding of aluminium alloys
to structural steels, a few studies have been published
since 2003.°'* All these studies showed that the best
tensile strength results are obtained with the aluminium
plate in the retreating side, but there is no common
agreement concerning the position of the pin with regard
to the interface between the two plates. Watanabe et al.
investigated different positions of the pin relatively to
the interface and showed that the best mechanical
strength of the joint was obtained when the pin was
mainly positioned in the aluminium plate with a 0-2 mm
lateral shift towards the steel plate.”'° These experi-
ments were performed with a tool made of hard steel,
which can be a problem if one considers the wear of the
tool. Fukumoto et al found the same kind of results
even if they suggested a smaller penetration in the steel
plate of 0-1 mm.'? On the other hand, Kovacevic and
co-workers tried to position the pin at the interface,
leading to a stronger mixing of the two alloys. In their
first published work using this configuration, the steel
tool was broken.'! It also appeared that aluminium was
partially melted during the process, resulting in a large
amount of intermetallic compounds (IMCs). In a second
study, they managed to prevent the breakage of the tool
by using a special W—Re tool, which is very expensive.'*

Concerning the dissimilar FSW of Al alloys to copper,
the mixing of the two materials is expected to be easier
than that of Al alloys with steels. However, as reported
for the joining of 6xxx aluminium alloys to copper,
defect free friction stir welds are not easy to achieve.
There is usually a void formation throughout the
weld."!® Nevertheless, most of studies about the FSW
of Al alloys to copper reported a configuration where
both metals were mixed.""'>'® Savolainen er al., who
obtained some void free welds, investigated the influence
of the position of the pin with regard to the interface and
showed that the best mechanical properties were
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1 Typical configuration of FSDB process

obtained when the 6 mm diameter pin was shifted of
1-5 mm from the centreline towards the copper plate.'®

Therefore, obviously, a general and reliable method to
perform sound friction stir welds of dissimilar metal has
not yet been established so far. This paper presents a
method called friction stir diffusion bonding (FSDB)
designed to produce defect free joints of dissimilar
metals. The approach that is proposed minimises the
formation of deleterious IMC. The present study reports
on the application of FSDB to aluminium/steel and
aluminium/copper systems.

Materials and procedure

Three materials were considered in the present study: an
AA 1050 H16, a structural steel labelled S235 (equiva-
lent to ASTM A284) and a commercially pure copper
labelled Cubl HI11 (equivalent to UNS C12200 HO1).
All plates are 4 mm thick. The edge of the steel plate is
previously machined whereas the aluminium and copper
plates are rough edge.
Friction stir welding experiments were performed using
a Computed Numerically Command (CNC) milling
machine controlled in position with a gantry configuration.
The tool has a 20 mm diameter shoulder and an
unthreaded cylindrical 6-5 mm diameter pin that is
~4 mm in length. The rotational speed is ~900 rev min '
and the traverse speed is 20 or 100 mm min~'. These
parameters are sufficient to ensure an intimate contact
between the two materials (no porosity), which is essential
for diffusion bonding. In all cases:
(1) the welding direction coincided with the rolling
direction of the material plates
(i) the aluminium was positioned in the retreating
side
(iii) the tool pin was positioned in the aluminium
plate so that it was tangential to the steel or
copper plate with a precision of =+0-05 mm
(Fig. 1a and b).
The plates are clamped on top of a backing plate and
held together with powerful fixtures as shown in Fig. lc.
Microstructures were characterised using scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM). The SEM specimens were mounted
and mechanically polished before observation. The
TEM specimens were prepared in the cross-section of
the welds: 3 mm discs were punched out and mechani-
cally thinned down to 50 um in thickness. Electron
transparency of foils was achieved by ion milling.
Observations were performed with microscopes operat-
ing at 200 kV (JEOL 2000FX and JEOL 2100, JEOL
Ltd, Tokyo, Japan).

The mechanical properties of the welds were char-
acterised by tensile tests performed on transverse

samples at room temperature and at 1 mm min '

Results and discussion
Al/steel welds

Macrosections of the Al/steel joints welded with a
traverse speed of 20 mm min~' do not exhibit any
visible defects like macrocracks or voids (Fig. 2). The
macroscopic interface between the steel and the alumi-
nium plate looks sharp without any significant rough-
ness or particles. There is no visible mixing of the two
materials. This feature is attributed to the specific
experimental conditions since the pin of the tool was
fully located in the aluminium plate.

However, a careful observation of the interface in the
SEM clearly reveals an IMC layer (Fig. 3). One should
note that depending on the location in the weld this
reactive layer exhibits very different features. On the top
of the weld (Fig. 3a), it is ~3 um thick and some cracks
appear. The EDX analyses revealed that the interfacial
layer is composed of two intermetallics, namely AlzFe
and AlsFe, (profiles not shown here). In the bottom of
the weld, the IMC layer is one order of magnitude
thinner, <0-5 pm (Fig. 3¢), quite regular and crack free.
It is unfortunately too thin for any quantitative EDX
analysis. The transition from the bottom to the top
structure is not continuous and regular. Indeed, in the
middle of the weld, the IMC layer exhibits both a thin
layer at the interface and larger particles a few
micrometres in diameter (Fig. 3b). These particles are
similar to the intermetallic phases identified in the top of
the weld (EDX data not shown here).

The presence of the two IMCs Al;Fe and AlsFe; is
consistent with some data from the literature concerning
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2 Top view and cross-section of Al/steel joint (20 mm min~")
showing defect free weld
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a top of weld where cracks and large IMC layer appear; b middle of weld where both large particles and thin IMC layer
appear; ¢ bottom of weld where only thin layer of IMC appears
3 Secondary electron SEM images showing cross-section of Al/steel weld (20 mm min~") at different positions

solid state reaction between Al and Fe.!”2! Moreover,
Chen et al recently suggested that in the case of an
aluminium/steel friction stir lap joint, the Als;Fe is the
first phase to appear; then it reacts with aluminium to
produce AlsFe,.”® This sequence is supported by the
theoretical work of Pretorius et al. and their so called
effective heat of formation model.??

Some Al/steel joints were performed with a higher
traverse speed, at 100 mm min~'. Considering that heat
input will be smaller in this case, the IMC layer is
expected to be thinner and free of cracks. The
macrosections of the welds (data not shown here) look
similar to that obtained with a traverse speed of
20 mm min~! (Fig. 2). There are no visible macro-
cracks, voids and even mixing of the two materials at the
interface. However, contrary to the joint obtained at
20 mm min~ !, no IMC layer could be observed in the
SEM from the top to the bottom of the weld (Fig. 4a).
Thus, the cross-section of the weld was characterised by
TEM and a very thin (50-100 nm) and irregular IMC
layer was revealed (Fig. 4b). This layer does not
continuously cover the interface but seems to be
composed of numerous nanoscaled particles that have
nucleated at the Al/steel interface. Surprisingly, some
particles could also be observed inside the aluminium
plate, but at a very short distance of the IMC layer (in a
range of 100 to 200 nm).

The results of the mechanical tests performed on Al/
steel welds are summarised in Table 1. Each ultimate
tensile strength (UTS) value is an average value from at
least two tests. The fracture location and the plastic
deformation in the aluminium side are also reported.
Complementary tests on the base Al alloy have shown
that the UTS is of 138 and 69 MPa after a recrystallisa-
tion heat treatment (30 min annealing at 400°C).

Table 1 clearly shows that welds performed with a
higher traverse speed (100 mm min ") are stronger. This
feature is attributed to the thinnest and crack free IMC
layer formed at the interface as revealed by SEM and
TEM. The welds performed with a traverse speed of

SEM image
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a secondary electron SEM image; b TEM bright field
image showing thin and irregular IMC layer at interface
4 Cross-sections of Al/steel weld (100 mm min~")

20 mm min ! exhibit an UTS which is only ~40% of
the base aluminium. For this configuration, the joints
break at the interface with almost any deformation of
the aluminium. On the contrary, for the tests performed
at 100 mm min~', the fracture occurs after a plastic
deformation, regardless where it is located, interface
(Fig. 5a) or aluminium (Fig. 5b). When the fracture
occurs at the interface, the plastic deformation is smaller
than when the fracture occurs in the aluminium. At
100 mm min~!, UTS remains lower than the base
material one, ~60%, since the strain hardening con-
tribution is partially lost in the zone affected by the
process. Compared with the annealed base aluminium

Table 1 Results of tensile tests performed on Al/steel welds
Plastic
Traverse Average UTS, Fracture deformation % base aluminium % annealed
speed, mm min~" MPa location in aluminium side, % UTS base aluminium UTS
20 55 Interface <1 40 80
100 80 Interface 2-7 58 116
81 Aluminium 13-14 59 117




a fracture at interface; b fracture in aluminium plate
5 Macrosections of two Alsteel joints (100 mm min")
after tensile tests
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6 Top view and cross-section of Al/Cu joint (20 mm min ")
showing defect free weld

which is fully recrystallised, the strengths of these joints
are greater.

These results suggest that a thin layer is less
detrimental than a thicker one, which is consistent with
the literature. Indeed, some authors have shown that
there is a critical IMC layer size above which the tensile
strength of the Al/steel joint quickly decreases, both in
the case of FSW?? and diffusion bonding.**** According
to these works, the critical size of the IMC layer is
between 0-5 and 1-5 pum.

Al/Cu welds

Similar to the Al/steel system, macrosections of the Al/
Cu joint welded with a traverse speed of 100 mm min !
do not exhibit any visible defects such as macrocracks or
voids (Fig. 6). The macroscopic interface between the
aluminium alloy and the copper plates looks sharp
without any significant roughness or particles. There is
also no visible mixing of the two materials. As in the Al/
steel system, this feature is due to the position of the pin
that was fully located in the aluminium.

Similarly to the Al/steel, the dissimilar materials are
bonded by a thin layer of IMC (Fig. 7a), but under similar
welding conditions (traverse speed 100 mm min ') this
layer is thicker (~200 versus 100 nm). Within the interface

Table 2 Results of tensile tests performed on Al/copper welds

A Layer 1 Layer2 | Cu
100 +—t—et—y AlCu (8) AlCus (1)
>
80 ;

# g * *Al

g * i Cu
2
40 ’ :
20 i +
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{ b} Distance (nm)

7 a TEM bright field image of cross-section of Al/Cu weld
showing thin layer of IMC (Al on top) and b EDX profile
through IMC layer at Al/Cu interface

region, two layers of nanoscaled IMC grains are clearly
exhibited. On the Al (respectively Cu) side, the mean grain
size of IMC is ~ 120 nm (respectively 80 nm). The TEM
observations were carried out in various locations of the
weld. It clearly appears that the IMC bonding layer is not
everywhere as regular as shown on the bright field image of
the Fig. 7a, it is more fragmented in the bottom of the
weld. Using EDX analysis, the mean chemical compo-
fosition of these two nanolayers was measured (Fig. 7b).
Near the aluminium side, it contains about 64 at-%Al and
36 at-%Cu, corresponding to the ALCu (0) phase. One
should note that, considering the effective heat of
formation model®* and as shown by Moreno ez al.,*® this
phase is expected to nucleate first. On the copper side, the
copper concentration of the second nanolayer is in a range
of 65 to 75 at-% corresponding to the Al4Cus (y) phase.
The EDX line scan shows a larger composition gradient in
this later phase compared to the Al,Cu, in agreement with
the equilibrium phase diagram. It has been reported in the
literature that the AICu () phase could also nucleate
during the solid state reaction between aluminium and
copper.'®?” In the present case, nanograins of this IMC
may be located between the Al,Cuy (y) and AL,Cu (6)
layers but they cannot be pointed out without ambiguity
owing to possible grain overlaps and lack of spatial
resolution of the EDX analysis.

The strength of the welds was tested in tension
(Table 2). Although the fracture occurred at the Al/Cu

Traverse

speed, Average Fracture Plastic deformation % base % annealed

mm min ! UTS, MPa location in aluminium side, % aluminium UTS base aluminium UTS
100 82 Interface 4-5 60 118




interface, the joint failed after a significant plastic
deformation in the thermomechanically affected zone
of the Al plate, as observed for Al/steel welds obtained
for the same traverse speed. Therefore, the UTS of Al/
steel and Al/Cu welds are very similar, ~80 MPa, which
corresponds approximately to 60% of the base alumi-
nium UTS.

Conclusions

The present study leads to the following conclusions:

1. The FSDB process was used to produce defect free
joints of dissimilar metals such as Al/steel and Al/Cu,
without any mixing of the two materials. This process is
based on atomic diffusion which leads to the formation
of an IMC layer whose thickness varies from 50 nm to a
few micrometres.

2. When the IMC layer remains thin (<1 pm), the
UTS of the dissimilar joints reaches 60% of the
aluminium alloy one, whatever the fracture occurs in
the aluminium or at the interface. In the case of a high
heat input, i.e. for the low traverse speed used for the Al/
steel joint, the IMC layer can grow to a few micrometres
in thickness. In this case, the large and irregular interface
embrittles the joint and reduces its tensile strength to
40% of the aluminium one.

3. In the high heat input Al/steel joint, the IMC layer
is composed of AlsFe, and Als;Fe, while in the Al/Cu
joint, it is composed of Al,Cu and Al;Cu,.
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