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The objective of this work was to characterize the Al,Cu, intermetallic compounds (IMCs)
formed at the abutting interface during solid-state friction-stir welding (FSW) of 6082 alumi-
num alloy and pure copper. As IMCs are potential sources of flaws in case of mechanical
loading of welds, their study is essential at various scale lengths. In the present case, they have
been identified by neutron diffraction, electron backscattered diffraction, and transmission
electron microscopy. Neutron diffraction analyses have shown that a shift of the tool from the
interface, in particular towards the Cu part, generates an increase of the IMCs’ volume fraction.
In accordance with an exacerbation of its kinetics of formation by FSW, a 4-um-thick layer has
precipitated at the interface despite the shortness of the thermal cycle. This layer is composed of
two sublayers with the Al4Cug and Al,Cu stoichiometry, respectively. Convergent beam electron
diffraction analyses have, however, disclosed that the crystallography of the current Al,Cu
compound does not comply with the usual tetragonal symmetry of this phase. The Al,Cu phase
formation results from both the local chemical composition and thermodynamics, whereas the
development of Al,Cuy is rather due to both the local chemical composition and the shortness of

the local FSW thermal cycle.
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I. INTRODUCTION

FRICTION-STIR welding (FSW) is a solid-state
bonding technique first developed for welding of Al
alloys (such as 2xxx and 7xxx), which are difficult to
fusion weld without hot crdckmg, porosity, or distor-
tion.!' 3 As FSW operates in the solid state, it was
naturally extended to the very strdteglc challenge of the
joining of dissimilar reactive materials™* with the aim
of reducing the amount of intermetallic compounds
(IMCs) by comparison with traditional fusion welding
processes. IMCs are readily formed at the faying
interface during the welding of metals with high
chemical affinity. Due to their inherent brittleness, it is
necessary to prevent the extensive formation of contin-
uous IMCs layers along the interface in order to ensure
suitable mechanical properties to the joint.>'# This
goal requires a careful study of the IMCs microstructure
in order to investigate in detail their mechanism of
formation. Such knowledge should be pertinent so as to
decrease their kinetics of formation by means of
judicious modifications of the processing parameters
and/or of the interface chemical composition. More
precisely, it is important to underline that a continuous
reaction layer with an optimal thickness is most often
required in order to obtain sound bonds by diffusion.!'?!
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Whatever the welding process and the chemical nature
of the parent alloys, too thick layers of intermetallics are
indeed deleterious for the mechanical behavior of the
joints. "1+ 181 Favorable effects of small changes of
the chemical composition of the base materials on the
kinetics of formation and nature of the IMCs with
profitable consequences for the mechanical behavior of
the joints have also been reported."®>” For instance, in
the case of diffusion welding of a Si-bearing Al alloy to a
Ti alloy, the presence of a silicon content of 1.2 pct was
shown to slow down the Al diffusion towards Ti; Si
enabled to master the growth of the diffusion layer at the
1nterface improving the mechanical properties of the
joint.?” Likewise, 1.5 pct Si and 1 pet Cu additions to
6000 Al alloys have been shown to change the nature of
IMCs formed at the 6000 Al alloy/steel interface
obtained by diffusion welding. Instead of Al;Fe, a Cu-
rich Al;;FeSi IMC has formed. These modifications of
both the nature and the crystal structure of the IMCs in
the interfacial layer have lead to an increase of the weld
ductlllt Very likely because of a multiplication of slip
planes." In addition, a sustained attention must be
paid to the effects of a change of the mechanism of the
chemical reaction by the presence of a coating or of a
transition layer w1th a ]udlClOuS chemical composition at
the faying interface.l'®!'” For instance, the insertion of a
thin foil of zinc at an Al alloy/pure Cu interface would
reduce the amount of harmful IMCs formed during
FSW, which gives rise to a 51gn1ﬁcant increase of the
average fracture load of the joints.'® This result must
nevertheless be questioned because of both the rather
low melting point of Zn and the high chemical affinit 2/
between Cu and Zn that overcomes the Al/Cu one.*' 2

In the same way, and concerning this time coated

VOLUME 43A, DECEMBER 20124655



steel-Al alloy FSW joints, the presence of a Zn-based
coating causes the formation of an Al-Zn eutectic film,
which removes the oxide film at the Al surface and
therefore promotes the dissimilar bonding by means of
the formation of Al-rich Al.Fe, compounds.'” The
nature of the interfacial IMC is further strongly depen-
dent on the thermomechanical aspects of the welding
process, that is to say, on the homogeneity and amplitude
of the plastic deformation at and close to the interface, as
well as on the heating and cooling rates. Such a feature is
exacerbated for the FSW case where the distance of
atomic diffusion must be changed from place to place
because of both the variation between local thermal cycles
and the very high heterogeneity of the plastic flow
pattern.>*%! Thermal diffusion occurs because a close
to 0.8 peak value of homologous temperature is required
in order to achieve a suitable material flow.** Mechan-
ical mixing and short-circuit diffusion may also happen as
very drastic plastic strains ranging from 2 to approxi-
mately 130273 are predicted to occur in local areas
within the nugget. The effectiveness of such phenomena is
the most likely as local and transient high supersatura-
tions of vacancies are generated at high strain ratest®>3%
and therefore at the 1 to 650 s '13:427:30:32.35391 yq]eq
commonly assessed during FSW. Furthermore, the
favorable effect of a discontinuity of IMCs layers on the
joint strength has also been reported.*”) All of these
observations prove the chief interest of a thorough study
of the microstructure of the IMCs layers formed in
dissimilar welds in order to improve the mechanical
resistance of the bond by means of a change of the
processing parameters. Heretofore, only few studies have
dealt with the fine microstructure of the interfacial area in
dissimilar FSW welds, however, made of materials other
than Aland Cu alloys.”*'** According to the systems, the
interfacial zones were shown to consist either in interdif-
fusion or in intermetallic areas. By way of examples, i) the
presence of an interdiffusion zone extending over a 1.5 to
1.8 um distance was proved by energy dispersive spec-
troscopy (EDX)/transmission electron microscopy
(TEM) at the interface of Fe-Ni samplest*!l; ii) electron
diffraction analyses put into evidence a 250-nm-thick
interfacial layer of AlFe in an Al alloy—austenitic
stainless steel joint!*; iii) a 1-um-thick interface made
of intercalated lamellae enriched in Al or Ti-V was
observed by EDX/TEM in Al 6061-T6-Ti-6 pct Al-4
pet V friction stir joint**; iv) the presence of the Al;,Mg;-
IMC in the 1-um-thick interfacial layer of an AA6040 Al
alloy-AZ31 Mg alloy friction-stir weld was further
established by electron diffraction.**! For the case of
Al-Cu FSW, a rather global characterization of the
interface has only been carried out.>*! X-ray diffrac-
tometry combined with selective etching has revealed the
presence of two sublayers of Al,Cu and Al;Cug within a
1-um-thick continuous and uniform layer at a AlI-1060—
pure Cu interface.l”) For the same system, SEM analyses
have also shown that according to the rotational speed,
comprised between 400 and 1000 rpm, the thickness of
the interface changes from 0.3 to 3 um, respectively.[*”!
The too macroscopic scale of these investigations justifies
the current study of a 6082-T6 Al alloy/Cu-al combina-
tion more especially as it is further concerned by
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numerous potential uses. Potential applications of such
joints will be in the fields of power generation and energy
transmission because of both their attractive thermal and
electrical conductivities and of significant savings. This
article focuses on a multiscale study of interfacial IMCs.
The macroscopic investigation was essentially achieved
by neutron diffraction, whereas at a finer scale, the study
was performed by both electron backscattered diffraction
and transmission electron microscopy.

II. EXPERIMENTAL PROCEDURE

Two 5-mm-thick 6082-T6 aluminum alloy and Cu-al
plates were abutted and friction-stir welded perpendicu-
larly to their rolling direction. Joining was conducted
under a 1500-kg controlled axial force with a clockwise
rotation rate of 800 rpm and at a transverse speed of
750 mm/min. The tool was made of a heat-treated
Z38CD)S5 steel with a hardness of 50 HRC. It comprised
a 15-mm-diameter concave shoulder prolonged by a pin.
This 4.8-mm long probe was a M4 threaded tapered
cylinder with a diameter of 9.7 mm at the root and 3 mm
at the edge, respectively. The tool was 2.5 deg backward
tilted and located at the faying interface (WI), or at a
distance of 1 mm from this interface either in the Cu
advancing side (WCu) or in the Al retreating side (WALI).
Neutron diffraction experiments were performed in the
bulk of the three kinds of seams by using the high-flux
multi-detector (800 cells) G4.1 diffractometer at Labora-
toire Léon Brillouin in France. A wavelength of 2.423 A
was used for the determination of both the nature and
volume fraction of the intermetallic compounds in the
welds. The investigations were made at room temperature
within a volume 0f 0.9, 0.5, or 0.4 cm? for the WCu, WAL,
or WI bead, respectively. All the data refinements dealing
with the cell parameters and atomic positions were made
by means of the Rietveld method and making use of the
FullProf Suite program (LLB, CEA-Saclay, France).[*®!
The Thompson—Cox—Hastings pseudo-Voigt model fits
well to the shape of the diffraction peaks of the phases.
The intermetallic compounds located at or close to the
faying interface in the WCu sample were characterized at
a fine scale by TEM by means either of a Philips CM30
microscope (Philips, Amsterdam, the Netherlands) oper-
ating at 300 kV or of a 200 kV FEI Tecnai G2 20
apparatus (FEI Company, Hillsboro, OR). Both systems
were equipped with precession electron diffraction and
EDX devices. Thin foils were prepared by the focused
ionic dual-beam (FIB) technique and using an FEI
STRATA DB 325 microscope. They were located at the
joint interface and at a depth of 670 (zone 1) or 1500 um
(zone 2) from the top surface of the WCu weld (Figure 1).
During cutting, the thin foil edge facing the ion beam was
protected by a 2-um-thick deposit of platinum-tungsten.
Electron backscattered diffraction (EBSD) analyses were
also carried out in the vicinity of the WCu joint. A Bruker
Nano high-resolution e¢’Flash HR™ EBSD detector
(Bruker AXS Inc., Madison, WI) mounted on a Zeiss
Supra 55VP field-emission gun scanning electron micro-
scopy (FEG SEM; Carl Zeiss, Oberkochen, Germany)
was used.
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Fig. I—Location of the thin foils cut by FIB at the FSW interface between Cu-al and 6082-T6 aluminum alloy.

III. RESULTS AND DISCUSSION

As detailed in previous papers,*’*®! the malleability
of Cu is insufficient for a suitable mechanical stirring,
which requires an homologous temperature close to
0.8.1) Indeed, according to the high thermal conduc-
tivity of both materials on the one hand, and to a well
established expression of the peak temperature for Al
alloys as a function of the rotation rate and of the travel
speed of the tool on the other hand, welding is actually
expected to }[‘)roceed at a close to 723 K (450 °C) peak
temperature,”” and thus at a close to 0.75 and to 0.5
homologous temperature for the 6082 alloy and for the
Cu base material, respectively.*”! In agreement with this
insufficient malleability, determination of fracture initi-
ation sites in the welds by means of both SEM and
digital image correlation during tensile tests has proved
that the most harmful flaw is a lack of consolidation.[**!
Due to this deficient adhesion, the resulting mechanical
properties were rather poor. For instance, the yield
strength of the WCu joint amounts to 71 pct and 75 pct
of that of the Al alloy and Cu base materials in the
transverse direction, respectively. In accordance with
this incomplete consolidation this joint efficiency mark-
edly decreases with plastic deformation. The ultimate
tensile strength indeed corresponds to only 49 pct and
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58 pct of those of the Al alloy and Cu base materials,
respectively. Besides this lack of consolidation, the
deleterious effect of the softened zone on the Al side
as well as the fracture of the intermetallic compounds
(Figure 2) are at most of secondary importance for the
mechanical behavior.

In spite of this result, the study of the nature and
causes of formation of the present interfacial interme-
tallic compounds remains of the uppermost importance
because of the promises of FSW with respect to the
challenge imposed by dissimilar welding.

A. Macroscopic Analysis of the Joint

This section deals with the effect of the tool offset on
the material flow with its consequences on the IMCs
volume fraction.

Figure 3 shows the refinements of neutron diffraction
patterns of the three kinds of welds. Irrespective of the
tool location, only two intermetallic compounds,
namely y;-Al4Cuy and 6-Al,Cu, were detected. How-
ever, it is worthy to note that contrarily to the AlL,Cu
case, it remains difficult to resolve the diffraction peaks
of the Al4Cug phase. This problem is probably caused by
the submicrometric grain size of Al4Cuy, which has been
clearly proven (Figures 4 through 6). Furthermore,
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concerning the estimation of the volume fraction of each
IMC constituent, the processing of the neutron diffrac-
tion data was ticklish because of the small number of

Fig. 2—Fractured intermetallic compounds observed on the surface
of a polished tensile test sample (back scattered electrons [BSE]/
SEM).

peaks attributed to each compound (Figure 3). Never-
theless, Table I displays the IMCs volume fractions
assessed by this procedure.

Table I shows that the IMC volume fraction differs
according to the position of the tool. When the tool is
offset from the interface, the amount of intermetallics is
almost twofold the WI one. These differences are gene-
rated by the complex interaction of various parameters,

Th position of the y,-Al,Cu, peaks
————— Theoretical position of the 6-AlLCu peaks
Coumts Tool shifted towards the Al part
— oy Tool at the interface
Tool shifted towards the Cu part

A

L

T 20(7)
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Fig. 3—Refined neutron diffraction pattern for each joint (These
colored spectra are clearly differentiated in the electronic version of
the paper).

Fig. 4—Orientation images (EBSD) and Cu pole figures of zone A in Fig. 9 (WD, TD, and Z are the welding, transverse, and plate thickness

directions, respectively). (Color figure online).
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Fig. 5—Orientation images (EBSD) and Cu and Al,Cuy pole figures of zone B in Fig. 9 (WD, TD, and Z are defined in Fig. 4 caption). (Color

figure online).

that is to say, the heat input, the temperature field, and
the ease of plastic flow, which governs the distribution
of both the amplitude and rate of plastic strains, and
therefore, the local mixing between the components. As
explained in the introduction, all of these variables are
indeed expected to govern the IMC nature as well as
their kinetics of formation. The heat generated by
metalworking will increase with the resistance of the
base material to deform. In the present case, the less
malleable component of the bead is Cu because of its
low homologous temperature and its higher flow stress
at welding temperature.”"’ In addition, the volume
fraction of Cu in the stir zone directly depends on the
tool location with respect to the faying interface.
Therefore, this amount of Cu as well as the ensuing
heat input increases in the order WAI, WI, and WCu. In
case of dissimilar Al-Cu FSW, an augmentation of peak
temperature by some decades has indeed been observed
on the side of the Cu stronger alloy."! In accordance
with this argumentation and, therefore, with the kinetics
of thermal diffusion of Al and Cu, the WCu sample
contains the highest volume fraction of IMCs. This
temperature effect is, however, in contradiction with the
higher amount of IMCs in WAI than in WI. The Al4Cuy,
and therefore the Cu-rich chemical composition of the
predominant IMC found in WAL, is further inconsistent
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with both the primitive availability in solute and the far
higher thermal mobility of Cu in Al than of Al in
Cu.’*>¥ In fact, at the 773 K (500 °C) expected peak
temperature the coefficient of interdiffusion actually
ranges from 5.8 to 1.5 x 10" cm?s™' in presence of
3.05 at. pct of Cu against only 1.7 x 10 "* cm®.s ! in
Cu-15 at. pct Al to Cu-20.7 at. pct Al alloys.’?! In
addition, and again close to the actual peak tempera-
ture, the impurity diffusion coefficient of Cu in Al is four
orders of magnitude higher than that of Al in Cu.’¥
Moreover, the intrinsic diffusivity of Cu is again
somewhat higher than that of Al in a thin film of
Al,Cuy.® The latter proof is, however, more or less
suitable according to several parameters such as the
effects of the IMC layer thickness and of the elaboration
process on the density of lattice defects within the IMC
layer, and/or a possible change of the diffusion mech-
anism over the range of temperature extrapolation and/
or the influence of the nature of the adjoining phases on
the overall kinetics of atom displacement.

The complementary role of mechanical mixing must
be taken into account in order to explain the WAI
results. It is indeed relevant to note that the formation of
an intermetallic compound relies on the apparition of
local mixtures of atoms with a suitable chemical
composition.">*! In addition, a sharp concentration
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Trace of faying
interface

Fig. 6—Overall microstructure of the joint interface in zone 1
(TEM). Red lines (dark in a gray micrograph) delineate the bound-
aries of the IMC layer.

gradient inhibits the intermetallics nucleation.®” Con-
cerning the WAI sample and compared with its two
other locations, the tool has to displace the lowest
volume fraction of the Cu more resistant base material.
The material flow is accordingly easier which by
enhancing the mechanical stir of both materials is likely
to generate more IMCs than in the WI joint in spite of a
somewhat lower temperature. It should be noticed that
this latter explanation agrees well with the presence of
an incipient onion ring structure in the WAI joint which
contrasts with the sharpness of the WI interface.*”! In
accordance with the occurrence of a ““forced” plastic
deformation, the WCu sample further exhibits the most
well-defined onion ring structure encountered in this
study. It can be inferred from all of these results that by
comparison with the cases of a predominant volume
fraction of one component, mechanical mixing as well as
material flow are significantly hampered during the
metalworking of bulk bi-materials made of equivalent
volume fractions of ductile components with distinct
malleability. It is relevant to note that this remark agrees
with the salient decrease of the fineness of mixing of the
components with a diminution of the tool offset in the
case of steel/Al friction-stirred welds.*®

Besides, the Al4;Cug most frequent chemical compo-
sition of the reaction product for any tool offset is going
to be discussed in the following.

B. Local Analysis of the WCu Weld

The study of the microstructure of the welds at the
finer scales of SEM/EBSD and TEM is only reported for
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Table I. Volume Fractions of IMCs within the Welds*

Phases (vol pct) WAI WI WCu
AlyCug 2.6 2.2 3.6
Al,Cu 1.4 0.2 1.7

*The precision of these measurements is at least of 0.1 pct.

the case of the WCu sample as it contains the highest
content in intermetallic compounds (Table I). This
section essentially deals with the IMCs nature according
to their location and kinetics of formation. It finally
establishes their accelerated formation by FSW.

As mentioned in Section II, the metallurgical and
chemical features of the bonding between the 6082 alloy
and Cu-al were investigated in zones | and 2 (Figure 1),
and therefore, at two depths from the top surface of the
weld. The comparison of both areas put into evidence
less well-defined subgrains boundaries within Cu in zone
2 than in zone 1. This observation arises from the
difference of thermo-mechanical history of each zone
according to its location within the weld. According to
their magnitude, the misorientations measured by EBSD
have for instance proved that either dynamic recrystal-
lization or dynamic recovery has occurred from place to
place (Figures 4 and 5). This result has further been
checked by the comparison between the pole figures of
the base metals and of the weld.®” In addition, both the
substructure of the dislocations boundaries and the
invariable contrast of the dislocations cells indicate that
the two materials have experienced dynamic recovery in
zone 2 (Figure 7).

Due to the difference in malleability and, therefore, of
plastic flow pattern of both parent materials, large
debris of copper have penetrated inside the aluminum
part of the weld."*” Such a feature may give rise to the
formation of IMCs particles in their place (shown by the
white arrows in Figure 8). These large plate-shaped
precipitates, with a length of approximately 500 nm and
a width of approximately 200 nm, act as pinning centers
for the Al alloy grain boundaries. In accordance with
the global availability of atomic species, the electron
diffraction patterns obtained with the precession mode
are consistent with their Al,Cu nature. In other areas,
EBSD further shows that small y;-Al;Cug crystals were
formed in close contact with some other massive debris
of Cu (as shown by bold arrow in Figure 5).

1. Interpenetration bands

In the Cu side, stripes of primitive Al have penetrated
into pure Cu over distances up to a few micrometers.
These bands are marked by arrows on the left-hand side
in Figure 6. They are made of nanograins with a size
between 50 and 100 nm. Electron diffraction analyses
prove that their P43m group space and their crystal
lattice agree with the y;-Al4Cug ones. These results are
consistent with the issues of the EBSD/SEM analyses of
similar zones (Figures 4 and 5), which are typical of the
joint in the Cu side and close to the crown (Figure 9). As
depicted by the pole figures in Figure 5, this y;-Al4Cug
phase presents a quasi-random texture that contrasts
with the dominant [111] fiber texture due to the shear
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Fig. 8—Precipitation state in zone 1 (TEM): particles of Al,Cu (white arrows) and of Al(Fe,Mn,Cu)Si (black arrows).
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Fig. 9—Optical micrograph of the cross section of the WCu joint showing the limits of the nugget (yellow or white lines in the electronic version
or in a gray picture, respectively).
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Fig. 10—Profiles of EDX analysis along the direction of the red arrow marked in the micrograph. This line, which appears in black in a grey
micrograph, crosses two interpenetration bands (indicated by white arrows) in the Cu part.

deformation of Cu. Despite the primitive Al-rich chem-
ical composition in the shear bands as well as the faster
kinetics of diffusion of Cu in Al than the reverse,’” and
the comparison of the thermodynamical driving forces
for precipitation of the various AlCu, equilibrium
IMCs (see the predictions of the effective heat of
formation model in Section III-B-3), Al;Cuy forms
preferentially to the Al,Cu compound in these bands. In
this regard, it seems worthy to note that this preferential
reaction is assisted by both the relaxation of local
residual stresses and the IMCs solubility range. The
formation of y;-Al4Cuy indeed generates a volume
contraction of approximately 23 pct against 10 pct for
the 0-Al,Cu case. It is, therefore, more suitable in order
to reduce the magnitude of the residual compressive
stresses in the Al bands, which have deformed more
easily than their surrounding Cu slugs. Besides, it has
also been stated that the kinetics of growth of an
intermetallic compound increase with its composition
range and that this effect is as efficient as that of the
coefficient of diffusion within this IMC.[*") Accordmg to
the Al/Cu binary equilibrium phase diagram,Y such an
effect can, therefore, explain the higher kinetics of
growth of y,-Al4Cug compared with the 6-Al,Cu one.
EDX analyses have further established that the
Al4Cug intermetallic compounds are rich in oxygen
(Figure 10) and sometimes in silicon and magnesium.
The two latter elements very likely originate from the
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dissolution during friction-stir welding of the Mg,Si
precipitates orlé%mally contained in the 6082-T6 alumi-
num alloy.[®

2. Interface

Concerning the surface of contact between both
metals, Figure 6 shows that it can be 3- to 4 um thick
and composed of dislocation-free grains. A gradient of
chemical composition is in particular noted across this
interface. According to EDX profiles (not supplied in
this article), which are displaying two plateaus, the
interface comprises two kinds of Al,Cu,, compounds: an
Al-rich and a Cu-rich intermetallic layer located on the
Al alloy and on the Cu side, respectively. Both inter-
metallic layers display a thin sublayer of equiaxed
nanograins with an average diameter of 300 nm at the
faying surface. This central sublayer is prolonged by
columnar grains that are perpendicular to the interface.
In apparent contradiction with the predominant Al,Cug
volume fraction assessed by the neutron diffraction
analyses of the bulk samples (Table I), Figure 6 depicts
IMC basaltic grains that are more developed on the Al
side. They are approximately 1 um long by 0.5 um wide
against 0.5 um in length and 0.25 um in width on the Cu
side. This discrepancy between the results of neutron
diffraction and TEM analyses is expected to arise from
both the miscellaneous nature of the thermomechanical
history in FSW welds and the large difference of volume
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Fig. 11—Experimental precessed electron diffraction patterns of the
Al,Cu and Al4Cug phases.

(4mm)
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Fig. 12—(a) Theoretical [001] ZOLZ CBED pattern of the AL,Cu
phase showing the (4 mm) symmetry. (b) (m) symmetry of the exper-
imental [001] ZOLZ CBED pattern recorded in the Al-rich side. The
contrasts visible inside the diffracted disks result from the thickness
variations, but they cannot affect the symmetry.

investigated with each technique. EDX spectroscopy
combined with precessed electron diffraction analyses
proves the presence of Al4Cug and of Al,Cu on the Cu
and the 6082 side, respectively (Figure 11). Nevertheless,
more accurate convergent beam electron diffraction
(CBED) analyses showed that Al,Cu possesses an
unusual symmetry (Figure 12). The thermodynamically
stable 6-Al,Cu phase has the tetragonal structure
(I4/mcm, No. 140). Theoretically, and as shown in
Figure 12(a), the highest “‘ideal” symmetry (i.e., the
symmetry taking into account the position and the
diffracted intensity of each reflection on a zone axis
pattern [ZAP]) of this phase should be (4 mm) on the
[001] zero-order Laue zone (ZOLZ) ZAP obtained by
CBED. By way of contrast, the experimental CBED
pattern, displayed in Figure 12(b), only indicates the (m)
symmetry. This decrease of symmetry discloses that the
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Fig. 13—Al(Fe,Mn,Cu)Si precipitates (marked by white arrows) into
ALCu IMCs (details of zone a in Fig. 6) (TEM).

formed phase does not correspond to usual 0-Al,Cu.
Further details on this new phase will be addressed later
in another article. This compound of unusual crystal-
lography will be called ““modified Al,Cu.” Moreover, it
is also worthy to note that rather large Al(Fe,Mn,Cu)Si
precipitates with both an equiaxed morphology and a
mean diameter of approximately 20 nm are observed
inside the columnar grains of modified Al,Cu (Fig-
ure 13). This feature proves that these columnar grains
have formed within the Al alloy side as Al(F e,Mn,Cu?Si
precipitates are originating from the 6082-T6 alloy./*
This observation is the most veracious as it has often
been found that precipitates of this kind are not
modified during the friction-stir welding of 6082-T6
alloys.[0> %! Not any microstructural evidence of an
effect of these particles on the nucleation and growth of
modified Al,Cu has further been noticed.

Besides, the detection of very scarce and micrometer-
sized alumina particles at the Al,Cu/6082 Al interface
(Figure 6) very likely originates from the fracture during
welding of an oxide layer present at the abutting
interface of the Al plate before joining. This fragment
was stuck into the surface of a slug of Al, which was
machined during friction-stir welding. Such a fracture of
an Al,Oj; layer entailed by a marked plastic deformation
of its aluminum substrate has already been claimed to
occur in other FSW studies.®” In addition, and as
illustrated by Figure 6, these large particles of alumina
clearly hamper the growth of the Al,Cu layer.

Figure 6 shows that, except the presence of the deep
bands of penetration of Al on the Cu side, the interfaces
are rather smooth between the IMCs layers and base
materials. Such a feature suggests that the formation of
these layers mainly occurs in the wake of the traveling
tool.

To conclude on the current techniques of investiga-
tion of the microstructure, it seems worthy to emphasize
that the TEM experiments have confirmed the neutron
diffraction results while supplying further information
on the IMCs nature and location in the weld. However,
concerning the measurement of the IMCs volume
fraction, it is worthy to emphasize that due to its
too-fine scale of analysis, TEM generally leads to
nonstatistical results, which may be misleading in
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samples with a heterogeneous microstructure, as it is the
case for FSW joints.

3. Nature of the intermetallic compounds

The formation of both Al;Cug and modified Al,Cu
during friction-stir welding implies that welding was
reactive. The observed stoichiometries are consistent
with previous observations where the intermetallic
phases at the interface were identified elther bsy X-ray
diffraction in an Al-Cu friction stirred weld™ or by
energy dispersive X-ray analysis (EDX/TEM) in an
Al-Cu joint made by friction-stir diffusion.!®!

Such identifications of only two compounds may seem
rather curious as the formation of six Al,Cu, equilib-
rium IMCs, i. e 9 ALCu, 1,-AlCu, (,-Al;Cuy, 9, }/1-
Al4Cuy, and acz Yand of a metastable one: Al;Cuz 1914
a priori possible with a close to 773 K (500 °C) peak
temperature.

More strictly speaking, the modified Al,Cu, identified
for the first time in this study, has not been said to occur
in the Al-Cu equilibrium phase diagram. So, due to this
lack of thermodynamic data and at a first approxima-
tion, we are going to merge it with the usual 0-Al,Cu
phase. The formation of the Al,Cu phase on the Al side
of the weld is favored by both local chemical composi-
tion and thermodyndmlcs The very limited solubility of
Cu in AI"®Y explains the formation of the Al,Cu phase,
which is also the Al-richest phase among the Al.Cu,
ones. This formation also agrees with the prediction of
the effective heat of formation model according to which
the first intermetallic phase to nucleate is the one with the
most negative effective heat of formation at the compo-
sition of the lowest temperature of the liquidus.”” In
addition, Al,Cu seems to be the first phase to nucleate at
an Al-Cu interface by chemical interdiffusion.”"! The
preferentlal growth of Al,Cu displayed in Figure 6 is
agam consistent with the far higher diffusion rate of Cu
in Al than of Al in Cu.”” As a result, the growth rate of
ALCu is predominantly explained by the diffusion
kinetics all the more as it presents a very narrow
composition range. However, the exactness of this piece
of reasoning dealing with diffusion remains questionable
because of both the very likely difference of interface
quality in various works and the rather unknown
diffusion kinetics within intermetallics.

Due to the strain and stress conditions during the
process, the existence of transitory IMCs, among which
perhaps the modified Al,Cu seems possible. The forma-
tion of out of equilibrium solid solutions pleads in favor
of this suggestion.[”*!

Concerning the nature of the IMC formed on the Cu
side, it is relevant to note that it is not a,, i.e., the Cu-
richest compound among the Al,Cu, ones as should have
been expected from the chemical composition of the base
metal. In fact, the IMC formed on the Cu side is the -
Al4Cug phase, which occupies the second rank among
the Cu-rich compounds that can precipitate. Its forma-
tion occurs in spite of the predictions of the effective heat
of formation model according to which #,-AlCu phase
should be the second compound to precipitate.’”
However, 1,-AlCu as well as the equilibrium {,-Al;Cuy
phases, which actually form during isothermal
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treatments over the same temperature range,!''’* were

not observed at the faying interface. Compared with the
Al4Cuyg case, the formation of both 7,-AlCu and (,-
Al;Cuy is expected to be hampered by their higher Al
content. Always in comparison with Al4Cuy, the kinetics
of growth of a,, ,, and {, are further assumed to be
impaired by a limited composition range.’®” It must,
however, be noted that in another Al-Cu friction-stirred
weld, the #,-AlCu phase was found as isolated particles
near the bottom of the stirred zone.!”! This clue suggests
that the nature of the IMCs formed by reactive solid-
state FSW is governed by both the local short thermal
cycle (a few seconds) and the local chemical composition.
These two main causes may also be assisted by the severe
deformation amplitude and local internal stresses.!”!

4. Kinetics of formation of the intermetallic compounds

The kinetics of intermetallic formation seems to be
exacerbated by friction-stir welding. Actually, with
annealing conditions equivalent to the current FSW
thermal history, i.e., approximately 673 K (400 °C) for
10 seconds, a neghglble thickness of intermetallic forms
in cold-rolled bonded Al/Cu bimetallic plate.'!) Such an
enhancement of kinetics due to FSW can also be inferred
from the comparison with diffusion data obtained with
defect-free interfaces according to which the diffusion
length of Cu in Al is an order of magnitude smaller than
the measured intermetallic thickness. The current asser-
tion is again reinforced b ?/ the slower kinetics of diffusion
in Al Cu, compounds.”* Such an acceleration of the
kinetics of diffusion is the most significant as the
interface must not be defect free in FSW-processed
samples. The increase of kinetics of IMCs formation by
FSW arises from the material flow that brings about
mechanical mixing, short circuit diffusion, and a high
supersaturation of vacancies.>*2" 323331 1 support of
this settlement, the efficiency of defect-induced atomic
diffusion on the kinetics of IMC formation during Al/
steel friction-stir spot Welding (FSSW) has been recently
established from the comparlson w1th results obtained
with solid-state diffusion couples.[’® The latter deduction
is the most relevant as, due to a significant gap between
the tip of the probe and the faying interface, the FSSW
plastic flow has occurred only within the upper plate of
aluminum and without any deformation of the joint
interface.

IV. CONCLUSIONS

The main conclusions of the present paper are
summarized as follows:

1. AlL,Cu and 7y,-Al4Cug phases are formed in dissimi-
lar Al 6082-T6/Cu friction-stir weld under the used
conditions. Their formation is essentially governed
by both the thermomechanical history and the local
mixing of the chemical species.

2. The Al,Cu compound is termed “modified” as it
possesses an unusual crystal symmetry. This,
heretofore, unknown symmetry suggests its out of
equilibrium conditions of formation.
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3. The volume fraction of both y;-Al4;Cuy and modi-
fied Al,Cu depends on the tool offset because of
the predominant effect of the material flow pattern.

4. The rather thick interface of the joint is composed
of equiaxed and columnar grains of both kinds of
intermetallics.
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