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Abstract

The bonding interface of pure Al — galvanized steel spot magnetic pulse welds was
characterized at the atomic scale. The Al-Zn interface microstructure is worthy of attention as
it contains a few micrometers thick biphased layer. This singular layer consists of an
aggregate of grains with a 200 to 400 nm size containing islands of either Al or Zn solid
solutions oversaturated in Zn or Al, respectively. Inside a grain, some mottled contrasts with a
size in-between 5 and 10 nm correspond to fluctuant solute contents. Besides, some native
oxides have been dissolved at the interface suggesting the incorporation of oxygen atoms in
the biphased layer. Large and elongated (Al,Fe,Si) particles primitively contained in the base
Al were also dissolved which gives rise to some round shaped Si particles in the biphased
layer. All these microstructural features and changes are consistent with a ballistic origin. Due
to both the absence of solidification defects and the rather planar morphology of the bonding
interface, the process is expected to occur at the solid state.

Keywords: Aluminum - galvanized steel spot magnetic pulse welding; Interface;
Microstructure; HAADF; HR(S)TEM; STEM-EDX

1. Introduction

Dissimilar assemblies with partial replacement of steel by light materials are of crucial
importance in automotive industry for both energy cost-savings and reduction of exhaust
fumes required for environment protection. Galvanized steel is used in automotive industry
for corrosion resistance. However joining aluminum with galvanized steel remains a
challenge since these materials are characterized by different melting points, thermal
conductivities, coefficients of thermal expansion, mechanical properties and flofli8js
In addition, the high chemical affinity between Al and Eprhay lead to the precipitation of
brittle intermetallic compounds (IMCs)1{2] at the joint interface. Diffusion is all the more
favored that joining proceeds at the liquid state in the case of welding or brazing. The
presence of Zn at the steel surface, with a melting point far lower than those of Al and steel,
may further promote Al and Fe diffusig¢f]. The formation of thick continuous IMCs at a
joint interface is well known to be harmful for the ductility and then the soundness of the joint
[56]. The use of solid state thermomechanical processes is thus particularly recommended
since they should limit the formation of IMCs. Nevertheless, the latter processes are
characterized by high strains and strain rates which generate very high densities of vacancies
favoring again atomic diffusion{6-97-10]
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High velocity impact welding techniques, among ethMagnetic Pulse Spot Welding
(MPSW), are smart processes able to solve the gmoloif dissimilar joining. Derived from
high speed magnetic pulse forming, MPSW is an enwrental friendly and energy saving
solid state process which only lasts a few microsds[2011] This time is far shorter than
the duration of usual solid state thermomechanicatesses, like friction or friction stir
welding processes, which are characterized by wegldycles of a few seconds. MPW is a
shock welding process where the current pulse mpagstirough an electromagnetic coill
produces high magnetic forces. Such forces proflgea sheet towards a static sheet, which
leads to the bonding of both shegt811]. MPSW brings about a low heat input to materials,
which should limit the formation of IMCs and redube heat affected zone ext¢h®-1211-
13].

With regards to the Al-steel system, various MRWhts were obtained in a tubular
[£3-2314-24]or planar[32;24-2913,25-30Fonfiguration. No work reports MPSW between
galvanized steel and aluminum except a paper optheent authors who have considered
magnetic pulse spot joining of hot dip galvanizezebwith AA1050 pure aluminurf8631].
The architecture of the interface was investigated mesoscopic scale. Going from pure Al
to steel, the interface is constituted of four ssive layers: (i) a 10 at.% Zn oversaturated Al
solid solution, (ii) an (Al+Zn)aggregate of Al and Zn grains, (iii) a Zn layer ang the
inhibition layer. The total thickness of the (Al+Zmixture and of the remainingn layer
corresponds to the initial thickness of the Zn itmpon steel.

The present paper characterides (Al+Zn) mixed layer at the atomic scale. Timisdepth
investigation will provide clues about the mechanisf formation of the bi-phased layer
which can be deleterious for the joint mechanicapprties. This joint indeed fractured in this
bi-phased layer during shear-tensile t¢8@31], very likely because of the low plasticity of
Zn.

2. Experimental procedure

The base materials are 40 mm wide coupons of AAEIGMinum (90 mm long and
0.5 mm thick, hardness of 40 ) and of hot-dip galvanized cold rolled DP450 s{@4l0
mm long and 1.17 mm thick, hardness of 16t} The galvanized coating on DP450 steel
is 11 um thick. The chemical compositions of theebmaterials supplied by the provider are
indicated in Table 1. Aluminum which is the betédectrical conductor constitutes the flyer
sheet whereas steel with its higher yield stremgthe target workpiece. A 8 mm wide and 12
mm long hump was deep drawn on the Al flyer sh€ké sheets were cleaned with acetone
and stacked over a lap-length of 50 mm. They waraly joined by magnetic pulse spot
welding with a discharge energy of 10 kJ. The sgtis displayed in figure 1. The generator
is characterized bg capacitance of 408 uF, an inductance of 100 nHaaresistance of 14
mQ. The Cu inductor presents a 20 mm long and 2.7 tmigck active zone, a 44 nH
inductance and a 0.1 @nresistance. An insulating sheet with a thicknes®.&4 mm is
inserted at the Al — inductor interface. Then ttend-off distance corresponds to the hump
depth that is 1.5 mm. Further details are givetméprevious papg8031].

Table 1: Chemical composition of the base materialavt.%)

Al Fe Si Cu Mn Mg Zn Ti C P Cr Mo
AA1050 balance 0.40 0.25 0.05 0.05 0.05 0.07 0.05 - - - -
DP450 4 15.- Ti+
steel 008 balance 0-400 ) 1.600 i i Nb 0.100 0.040 0.800 0.300
’ max max 0.050 max max max max

max




Target workpiece: galvanized steel —>

Flyer sheet: AALOS0 —>
Insulating sheet

Cu inductor —>

Figure 1: Setting for Magnetic Pulse Spot Welding.

The transverse cross section of the joints wasapegepusing standard procedure and
finally polished with 1 pm diamond paste.

In order to complete itprevious mesoscopic analyd@831], the joint interface was
studied by high resolution scanning transmissi@ctebn microscopy (STEM) coupled to X-
ray energy dispersive spectroscopy (EDX). The amalyas achieved by means of a TITAN
Themis 300 S/TEM with a probe aberration correetod monochromator, allowing spatial
resolution of 70 pm and energy resolution of 150/mEhe microscope is equipped with a
super-X windowless 4 quadrant SDD (silicon driftetgor) detection system for the STEM-
EDX mapping and with several annual dark field dites. The experiment has been
performed with a 0.5 nm probe sizec@vergence angle of 21 mrad and a probe current of
approximately 100 pA. For the high angle annulatkkdaeld (HAADF) images collection
angles have been between 50 and 200 mrad. Or@mmntataps were acquired on a Techai G2
20 Twin microscope operating at 200 kV and equippeth a LaB filament and the
ASTAR™ tool. The TEM was set in micro-beam modenfd probe size) and smallest
condenser aperture (@) with precessed illumination (precession anglelofleg), a
scanning step size of 10 nm and an exposure tinR9 ahs. The thin foils (figure 2) have
been prepared by the Focused lonic dual Beam (fei@)nique. During cutting, the thin foil
edge facing the ion beam was protected by a 3.%hick deposit of platinumA 300 pA
beam intensity was applied for the final thinning.

Interfacial zone
L

(Al+Zn) Zn
mixed zone layer

Figure 2: General aspect of a thin foil cut alomg joint transverse section (HAADF image).

Inhibition layer

3. Results
As aforesaid, from steel to pure aluminum, theeriiaicial zone is successively
composed of (i) a 150 nm thick inhibition layer) & 3 um thick Zn layer, (iii) a 8 pm thick
(Al+zn) mixed layer(figure 2) and (iv) an Al solid solution containidg at.% of Zr{3031].
Given the too small thickness of the inhibitiondagomparedo the size of the X-rays
irradiated zone, the determination of its chememahposition was not possible by EDX. It is



however well known that the inhibition layer is geally constituted of RAlsZny and
FeAl;Zny intermetallic compound8132].

Figures 4a, 4b and 4c depict the ragged morphabdglge microstructure in the Al +
Zn mixed zone. This layer consists in a randonribistion of aggregates of either Al-rich or
Zn rich grains. The 50 to 450 nm size of the laggins is markedly smaller than the 1 pm
mean grain size of both the Al and Zn base matdtiad thus concluded that recrystallization
has occurred during either welding or the subsegimfoil preparation by ion polishing.

Besides, it is worth noting the presence of oxy@snwell as of silicon bearing
spheroidal areas in the (Al+Zn) mixed zone (figByeln addition, silicon is not linked to iron
in this intermediate layer (figure 3). The meanmlwal composition of these O and Si rich
particles (marked by a white arrow in figure 4)4i8.6% Al-28.3% Si-24.1% Zn (at.%)
according tahe EDX analyses. Due to the larger volume of tha&yzed zone compared to
the particles’size, their Al and Zn contents are however overedtd. The presence of Al
and Zn may also be an artifact due to the paréicibedment within the mixed (Al+Zn) layer.

Inhibition layer

o]

Figure 3: Details of the rectangular zone 1 in fegB. On-line HAADF image (a) and STEM-
EDX maps of Al K (b), Zn Ky (c), Fe K (d) Si Ky () and O K (f).The brighteskzone in the
Fe Ky X-ray map is due to local thin foil thickening.




Figure 4: Details of zone 2 in figure 2. On-line ABF image (a) and STEM-EDX maps of
Al Kq (b), Zn Ky (c), Fe K (d) Si Ky (e) and O K (f). It is worth noting that the Fe

distribution is rather-hemegeneous low-at thea nah at.% content—whateverthe-Alor Zn
based-grainsBesides Fe is more concentrated imeas.a

With regard again to the intermediate (Al + Zn) stdxzone, the micrographs at a
microscopic (figures 3 and 4) and at an atomices@jures 5 and 6) display some mottled
contrasts in both Al and Zn rich zones. These cesaig contrast are randomly dispersed. The
contrast in HAADF images is proportional to the p#arthickness and to the atomic number
Z to the power of 1.73233] of the elements present within the material. Tatesas with
higher Zn (Z=30) concentration will appear brightlean Al (Z=13) rich zones. In order to
understand further the variations of contrast m HHAADF images we have looked through
the change in chemical composition by EDX couptedbtal changes in crystal lattice. The
variation of the HAADF contrast does not correspaodchange in crystal orientation as
confirmed by FFT (Fast Fourier Transform) patteimshe respective areablo subgrains
boundaries are detected either. Some examplespretel] in figures 5 and 6. Figure 5 shows
the atomic column arrangement in an Al grain oadrdlong a [-112] zone axis. According to
EDX analyses, the grain is locally enriched with Ea atomic content is in between 3.5 at%
and 7.8 at%. It then suggests the existence of{Ablid solutions. Figures 6 and 7 display
the atoms arrangement along the (0001) basal ma®. The EDX analysis reveals the
existence of a (Zn) solid solution with Al content in-between 9.4 at¥td 22.4 at.%.

The analysis of the atomic resolution HAADF imadégures 5 and 6) gives the
distances and angles between the atom planes vdsnlifies their Miller indexes and their
zone axis.The precision on interplanar distances and lafies@meters amounts to 0.04 nm.
Then the Zn and Al apparent crystal lattice paransetire deduced from the data. The
experimental atomic volumes have finally been daled by taking into account the
crystallographic data and the difference of compess of the two crystal lattices. Although
Al and Zn present distinct crystal lattice struesyrrespectively face cubic centered and
hexagonal, the Vegard’s law has been applied té\li#n system. It is worth noting that this
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reasoning has already been used in literature leaments with different crystal structures
[3334]. From the experimental atomic volumes and the Ygdaw, it has been possible to
estimate the amount of Zn (or Al) in solid solutionAl (or in Zn), respectively (red and
green squares in figure 8). The latter conteotmpared with those determined locally in the
same areas by EDX are summarized in figure 8. Ttadysis of the inter-planar distances
confirms the existence of Al and Zn solid solutidng the solutes contents determined by
application of the Vegard's law are generally dligthigher, in particular for the Al solid
solutions, than those measured by EDX (figure &uie 8 displays a negative deviation to
Vegard’s law. It can be explained by the competiti@tween electronic interactions between
both elements and the volume change entailed bysittee differenceof the substitutional
elemen{3435] The presence of a random distribution of briglatems (corresponding to Zn
atoms) in the zone bordered by a blue circle inrgg is a clear indication of the presence of
random solid solutions.

. [-112]Al

[-11-1] .

EDX results
At%| Al Zn i
1 903 7.8 19
2 93.6 43 21
3 941 3.5 2.4

Figure 5: Al rich zone in the intermediate arealioa HAADF image (a) with associated Al
Ko (b), Zn Ky (c) X-ray maps. HAADF image (a), FFT pattern (dde&EDX results of the
areas marked in the HAADF image (a). Micrographig@resented at two magnifications.



Example of FFT pattern of zone 1

EDX results
At%| Zn Al Si
1 80.7 14.3 5.0
2 84.3 10.5 5.6
3 85.1 9.8 4.1
4 83.4 9.4 5.4

Figure 6: Zn rich zone in the intermediate are&ddHADF image (a) and FFT pattern (d) of
the zones marked in the HAAADF image, ii) on-linADF image (a) with associated Al

Ka (b), Zn Ky (c)X-ra maps. icoa () i presented at two nfaguions.

Zn

Counts

L 1 1 i 1 L n
2 4 6 8 10
Energy, KeV

Figure 7: Atomic scale analysis of a Zn rich zam&de the intermediate area: HAADF image
(a) and FFT pattern (b) of the zone marked in tA&BF image. The EDX spectrum (c) of
this encircled zone indicates the following compost 76.8% Zn - 22.4% Al - 0.8% Si

(at%).
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0 10 20 30 40 50 60 70 80 90 100
Zn at.% Al

Figure 8: Al and Zn amounts in solid solution in &nd Al, respectively according to i) the
Vegard’s law applied to the apparent lattice patansg(red and green squares), and to ii) the
EDX analyses (in blue). The coordinates of the swesare the experimental results
corresponding to the Al content estimated by theXEdhalyses and the atomic volume
deduced from the FFT patterns. Their position belbe straight line corresponding to the
Vegard’s law suggests a negative deviation to thgavd’s law for the Al-Zn system.

— Vegard's law
B Al content according to Vegard's law and crystal data deduced from FFT pattems for Zn solid sclutions
¢+ Al content according to Vegard's law and crystal data deduced from FFT pattems for Al solid solutions
% Atomic volume deduced from FFT pattemn and Al content measured by EDX

EDX results

93.6at.% Al
90.3 at.% Al

94.1at.% Al

Atomic volume (A3)

In addition, for a given crystal orientation, vargoatom spacings have been observed
in particular in the Al rich zones (see for instarthe L profile in figure 9). The distances of
0.218 and 0.260 nm between the atoms rows are ttosiee 0.234 (0.2025) nm spacing
between {111} ({002}) planes in pure Al.

The accurate observation of high resolution HAADkcnographs also puts into
evidence some distortion (see for instance ingide yellow rectangle irfigure 9). The
distortion may result either from the presence @bite atoms in Al which leads to crystal
lattice accommodation or from the proximity of strafields due to lattice defects
(dislocations, disclinations ...), internal stressefrom an undulating thin foil.

Finally, figure 10 displays the grains orientatiorap at the interface between the
AA1050 parent metal and the (Al+Zn) mixed zone.dynparison with thél (figures 10b
and c) and Zn (figures 11b and c) base materitads(Al + Zn) mixed zone is characterized by
important changes of grain orientation in both kirmd grains. In agreement with the various
Al grains orientations in the mixed zone (figureb},Ofigure 10c depicts additional and less
intense poles.



Intensity (a.u.)

62801
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6240
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0.272nm 0.248 nm

0.237nm 0.260 nm |

0.218 nm 0.248 nm 0.225nm | ;
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Distance (nm)
Figure 9: Al rich areas in the intermediate laye area surrounded with a yellow frame
shows atom planes distortion along one direction.

Al (111) L 7n(0003)

Figure 10: Orientation map of zone 3 in figure ZagMa) shows the distribution of Al and Zn
rich phases; the Al and Zn phases are coloreddrangl blue, respectively. Map (b) depicts
the crystal orientations of the Al and Zn grainsngl the normal direction, the meaning of the
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colors are indicated in the caption. (c) and (& twe Al (111) and Zn (0003) pole figures,
respectively.

131

Fe

001 101

i 000-3 2-1-10

Zn(0003)
Figure 11: Orientation map of zone 4 in figure BeTEDX map (a) shows the distribution of
the Fe and Zn phases colored in red, green andrelsgectively. Map (b) depicts the crystal
orientations of the Fe and Zn grains along the abudirection, the meaning of the colors are
indicated in the caption. (c) is the Zn (0003) pbtpire. Given the uncertainty about the
nature of the phases contained in the inhibitigredathis layer has not been considered for
the analyses.

4. Discussion

The analysis of the AA1050 — galvanized DP450 stesnetic pulsed joint interface puts
into evidence the successive presence of an irdndayer, of a 3 um thick Zn layer and of a
8 um thick (Al + Zn) mixed layer from the steelgore aluminum (figure 2).

In spite of its IMC nature, and thus brittle belmayithe inhibition layer has not been
seriously fragmented during welding (see FigureT8js impact resistance has very likely to
do with both its reduced thickness and the hydtosstate of stresses generated by its Al and
Zn continuous surrounding®536].

4.1Incomplete destruction of the primitive Zn layer

The noticeable remainsf the Zn layer at the joint interface can first dpgestioned. It is
however consistent with literature results givea fli um initial thickness of the Zn layer.
This width is expected to exceed the usual clos&Otqum thickness of the material layer
ejected to form the MPW jet which is constitutechwdterials from both sides of the interface
[3637] The existence of a pure Zn layer without any dsf@f shrinkage and of a rather
planar interface after welding proves that Zn hasmelted during MPW. This result agrees
with simulation data according to which a 200°C penature is reached during MPW of Al
alloy [3212]. It however contradicts some explanatig&g38] and multiphysics numerical
simulation data according to which temperatureshigh as 1200°C, are reached during
MPW of Al alloy [3839] The absence of Al-Zn eutectic further pleads dosolid state
process.

4.2 (Al+Zn) mixed layer
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4.2.1 Origin of the (Al+Zn) interfacial layer

As aforesaid, the origin of the 8 um thick (Al+Zmjxed layer must be considered. Two
mechanisms may be proposed a priori, namely a stditt diffusion mechanism and/or a
ballistic mechanism.

a) Diffusion mechanism - The diffusion coefficient of Zn in Al amounts B17&10"
cm?/s and3.63<10"°cm?/s at 110 and 415°C, respectivigy while the diffusion coefficient
of Alin Zn is equal to 3.1610° cm2/s at 300°¢3940]. According to these data, the diffusion
distances of Al and Zn would be lower than X¥8° and 1.4%10" um in Zn and Al for the
10 ps duration of MPSW. These distances are fatlanthan the 8 um thickness of the
(Al+Zn) mixed layer. Solid state diffusion aloneea if promoted by the high strain and high
strain rates inherent to MPSW, cannot explain tistadce crossed by the Al and Zn atoms
during MPW. High strains and strain rates actugiyerate very high densities of vacancies
[#8]. Thus the (Al+Zn) layer thickness cannot resutinir single atom diffusion during
MPSW. The actual microstructure may however refudin the metallographic sample
preparation. The ion milling, used to prepare thm ftfoil, is expected to proceed at a
temperature close to 400°C for 3 ho{#641] which should entail Al and Zn diffusion over
distances of about 58.0 and 19.8 um, respectiVdigse rough estimations exceed the 8 pm
thickness of the (Al+Zn)mixed (Al+Zn) layer. Complementary experiments #rerefore
planed in order to conclude on this eventual eftégost-welding.

b) Ballistic mechanism - In the present case, Al (low density 2.7 gicimgh melting
temperature 660°C) and Zn (high density 7.1g/clow melting temperature 419°C) very
likely present a similar sensitivity to ejectionrohg MPSW like for the couple Al - Mg
[3637], Al - Al [4242] and contrary to the couples of materials Al - CAb- Ni [4242] or Al
- Fe [12,26;4213,27,43]for which the jet is essentially constituted bé tlighter and lower
melting point metal that is Al. A jet comprisingetiAl and Zn fragments generated by the
disintegration of the surfaces of the AA 1050 amdcdating under the high pressure impact
at high velocity is therefore formed. These fragteeare of various sizes. The largest ones
present a 200 to 400 nm size, while others aresreithnometric clusters of atoms or even
isolated atoms. Some oxide particles are also @etiafrom the surfaces and dragged in this
chaotic material flow. In close contact with thefaoe of material not affected by the jet, the
flow of a part of the resulting ballistic mixture then very likely stopped by the surfaces
asperities created by the former extracted fragsehhe varioudragments are propelled
towards each other with a huge pressure up tEa[26.37-4327,38,44]Under such a high
pressurethe largest fragments are deformed and their atvm$orced to share and exchange
electrons, leading to a compact agglomerate ofrieags. Thus a part of the ballistic mixture
remains trapped at the joint interface and consstuthe mixed (Al+Zn) layer. This
interpretation is consistent with (i) the absentergstal orientation relationships between the
Al and Zn rich grains constituting the mixed (Al+YZhayer and (ii) the numerous
miscellaneous crystal orientations of these grdiiguire 10). The ballistic explanation is
further consistent with literature results whiclvsled some Fe fragments and discretd-4l
intermetallic particle$2627] or amorphous fragmenfd445]at Al/steel and Al/metallic glass
MSW joint interfaces, respectively.

In addition, the (Al+Zn) mixed area contains son®® 3im sized oxygen and silicon
bearing particles with a spheroidal morphology ufe 4) which differs from the elongated
shape of the 1 um long and 100 nm wideaRé@ Si rich precipitates present in the primitive
AA 1050 alloy (see yellow arrows in figure 2). 8dn as well as iron is an aluminum
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impurity. In the primitive aluminum alloy, and &asis the rule foraw Al 1050 alloyd4546],
some AkFe/Si; precipitates are detect¢@8031] while silicon is not linked to iron in the
mixed zone (figures 3 and 4). The presence of i particles suggests that the Fe and Si
bearing precipitatesich were dissolved during MPW in spite of theirga dimensions.
Precipitate dissolution during MPW cannot have esepihhermal origin because the lowest
temperature at which g&gSi, particles become liquid is 577°C via a eutectiaction, at
least at equilibriunj4647]. This temperaturés significantly higher thathe 200°C expected
MPSW peak temperaturg212] In addition, in pure thermal conditions, the mdjve
distances covered by Fe and Si atoms in Al at reamperature for 10 ps are shorter than
2.1x10* and 1.%10° pm, these values being calculated at 520°C aqupitdi available data
[4]. Therefore, we must conclude that the high derdiyacancies generated by the intensive
plastic deformation together with the disintegmatauring MPSW has significantly promoted
the dissolution of AlFe,Si; precipitates, Si and Fe atomic diffusion and fararaof big Si
rich particles. The formation of Si particles h#soao do with thdack of Si solubility in Al
and Zn, at least in equilibrium conditiof. At last, the presence of oxygen and silicon rich
particles in the mixed (Al+Zn) zone is likely tostdt from the oxidation of the silicon
particles trapped at the joint interface.

Besides, some oxygen may have penetrated into thednzone during the impact.
According to literature, the solubility of oxygemtd Al is 3x10® at.% in equilibrium
conditions[4748]. Literature also indicates that oxygen in oversdininahas been put into
evidence by atom probe tomography at the interéd@d and Fe in Al-steel welds elaborated
at the solid state by ultrasonic additive manufactuwhich proceeds at a 18" shear strain
rate[4849]. In such a weld, the decomposition of oxides imkggen atoms during welding
was suggested to result from the extensive plagéformation which led to oxygen
segregation to dislocations and vacancies. Thespnetation may be validated in the present
case of MPSW and would be consistent with the thebballistic mixing in metal$4950].
This approach requirdsuge increase in the non equilibrium defects dgnéis already said,
numerous vacancies may have been created during\M$t&ce local strain rate can reach
values up to 10s™ for a few pg29.3830,39] Instead of being completely ejectedtbg jet as
usually established for MP\[8#38], some oxides may have dissolved into the (Al+aygt
under the impact effect.

Another assumption would suggest that the adserptiooxygen within the mixed
zone may have occurred during the specimen preparabd transport. It is however less
probable since, in the latter case, the prefereltcalization of oxygen in the mixed zone
(figures 3 and 4) is not consistent with the défezes of chemical affinity between O and Al,
Fe, Zn and S4].

Thus the ballistic mechanism with the trapping @igients of both the Zn and Al
layers at the interface seems to be the most pi®laaid predominant mechanism explaining
the formation of the mixed (Al+Zn) area at the jointerface during MPSW. However the
presence of well crystallized grains as evidencethbFFT spot patterns (figures 5, 6 and 7)
differs from other MPW results showing existencenafrow amorphous layers at Al/Fe
interfaces [£4;3515,16] It must nevertheless be noticed that amorphizads well as
crystallization may arise from usual conditionsiad milling [4041]. This assumption could
be checked by performing cryogenic ion milling aing oscillating (pulsed) current to avoid
excessive heatin@o41].

4.2.2 Mottled areasin Al and Zn grains
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The dimensional features of the mottlamhtrasts in the Al and Zn rich zones (figures
5 and 6) are close to those due to spinodal decsitipo in the Al-Zn system. This
conclusion arises from the similarity of the prdsemcrostructural features with those
displayed in a TEM bright field imad&651] or found by numerical simulations of spinodal
decompositio{5152]. Nevertheless the present microstructure canng¢ &om a spinodal
separation because the 9.4 to 14.3 at% Al, an®.®¢o 9.7 at% Zn mean solute content in
the Zn and Al-rich zones, respectively, are largrlyside the 41 to 83.5 at% Al limits of the
incoherent miscibility gap at 277°C in the equililbn Al-Zn phase diagrar].

The mottled contrasts are due to the presencdanitis of-cerrespond-to oversaturated
Al and Zn solid solutions (figures 5 and 6). Actyalaccording to the Al-Zn equilibrium
phase diagram, the solubility of Al into Zn is imgent while that of Zn into Al is 2 at.% at
room temperatur@t]. These solubility limits are clearly exceededhr present study where
the Al rich zones within the Zn based grainrs-seblition contains up to 22.4 at-% Al and the
solute rich areas in the Alene based grains cachrap to 7.8 at.% Zn.

Like the architecture of the mixed (Al+Zn) layehet mottled areas are very likely
formed by the ballistic mixture. The presence ddsth solute enrichments in one grain is
assumed to result from the-relusionincorporatibtg nanometric fragments or clusters of
atoms of the other material followed by thei—dlaiendispersion during the impact. The
incorporation of the foreign material pieces oraas either from the shock between pieces or
from the viscousike material flow generated by the impact. Actyalit the interface, Al and
Zn very likely behave as high velocity fluids besawf the high strain rates and the great
pressures up to 10MPa[26,37-4327,38,44]The viscous state would be induced by the great
atomic disorder due to a high density of vacangeserated by the high strain rate reaching
values up to 10s? for a few ug29-3830,39] It is worth noting that the-vershert-duration-of
welding—and the temperature and duration of ionlimgil were not sufficient to reach
equilibrium, which should imply repulsion betweehakd Zn rather than homogenization of
solid solutions-ferthe-homogenization-of the-selabntent-in-the-grains. The anomalous Si
contents of the grains in the (Al+Zn) layer prolyabave a similar ballistic origin. According
to the EDX results in figures 5 and 6, and in caditction with the equilibrium solubility
limits the Zn rich grains are more oversaturated®irthan the Al rich grains. Besides it is
worth noting that the Si content of the Zn richigsaexceeds its nominal content in the
AA1050 alloy (figure 6).

5. Conclusions
The characterization at the atomic scale of thgudar biphased layer contained in the Al
-galvanized steel MPW joint supplies clues abowt hiallistic origin. This conclusion
originates from the following observations:
(i) The layer displays a random distribution of Al ahdrich grains with various crystal
orientations and heterogeneous chemical composition
(il) Fhe—grainsar&ome oversaturated Al and Zn based solid solutratistecal-selute
enrichments are locally observed in the grains.

Besides, the important layer thickness and theoltliien of very large particles must be
noted since they cannot result from single atonffaglon even aided by the very high strain
rates inherent to MPW. The dissolution of the laggaticles rather arises from their
desintegration.

The absence of both solidification defects and Al-2utectic as well as the planar
interface morphology prove that the bonding integfhas formed without melting.
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