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The present research is concerned with the alumilayer of a loosely packed tri-layer copper-
aluminum-copper composite deformed by ECAE procé&dectron back scattered diffraction
(EBSD), transmission electron microscope, and Xtemhnique were employed to investigate the
detailed changes occurring in the microtexture,rositucture (cell size and misorientation), and
dislocation density evolution during consecutivesges of ECAE process performed on the
composite based on route Bc. According to tensgeriesults, the yield stress of the aluminum layer
was increased significantly after application ofAECthroughout the four repeated passes and then
slightly decreased. An ultrafine grain size withie range of 500-600 nm was obtained in the Al
layer by increasing the thickness of copper laylensas observed that the reduction of grain size i
the aluminum layer is nearly 57% more than tharoECAE-ed single layer aluminum billet. Also,
the grain refinement of the aluminum layer is aekd throughout 8 passes. This observation was
attributed to the higher rate of dislocation int#i@n, cell formation and texture development dgrin
the ECAE of the composite compared to those ofihgle billet.
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1. Introduction

During the past several decades, extensive ressahztve been carried out in the field of
materials science and manufacturing engineering ptoduce materials of high
performance capabilities and fabrication cost afficy. A dramatic improvement has
been achieved when dissimilar materials are combtneform composites of various
natures. Among the composite materials, the lamthabnes are used in various
industries. For instance, it has been reported ttiere are many advantages of copper
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clad aluminum (CCA) for electric and electronic Bgagttions. It is 30-40% cheaper and
60% lighter than the conventional copper produciuiding DHP, DLP and PFCH.
Usually, the laminated composites are fabricateddlid state joining techniques, such
as diffusion bondirfg friction stir welding, extrusion, and roll bondind.On the other
hand, in recent years research on the severe gldsformation (SPD) processing,
structure and mechanical behavior of nanocrystl{ohi<100 nm) and ultrafine grained
(100nm<d<im) materials has thrived. As a SPD process, equal channel angular
extrusion (ECAE) has been developed and passedtfreffaboratory stage to industrial
condition® Fig. 1 shows the schematic of ECAE die consistihg die angled() and an
outer curved corner angle) The die initially is charged with a billet insed in the
vertical channel and then pushed into the horizoecttannel with the aid of a punch.
Under this condition a large shear strain is inducethe billet, while the cross section of
the billet does not experience any change. Egpidgents the equivalent strain imposed
on the billet after N passes of ECAE
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In this research a new application of the ECAE psscwhich is deformation of
bimetallic clad strips, introduced by Eivani et®alis developed with a view to
microstructural and textural evolution. The motioatfor this work arose from the effect
of cladding on the deformation of middle layer dfidayer strip. It was assumed that

Pressed billet

Fig. 1. The schematic of equal channel angulausidin of loosely packed Cu-Al-Cu billet.
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different operative slip systems may be affectedaomicroscopic level leading to a

different texture and further grain refinement. assess the hypothesis, an aluminum
strip is sandwiched between two hard strips of ceneial pure copper. Then, such a
loosely packed Cu-Al-Cu laminated billet is defodnby several passes of ECAE

process as shown schematically in Fig. 1. The a&ntoi produce an ultrafine grain

structure of mean grain size of much smaller tha@01nm and in a smaller number of
ECAE pass (less than 8 passes) used so far faneeccial pure aluminum strib.

2. Experimental Procedure

The materials used in this research consisted wingercial pure aluminum (A1070-P-
H12) and copper (C 1201 P) strips and commerciad pluminum rod. Aluminum strips
had dimensions of either 70x14x5 mm or 70x14x9 ifine. copper strips had a length of
70 mm, width of 14 mm, and thickness of either&.8.5 mm. The rod was machined to
produce a single aluminum billet. The dimensionsloiminum billet used as the proof
specimen were 70x14x14 mm. All of the strips arelAhbillet were annealed at 4D
for 30 min before subjecting them to ECAE procdsspromote the joining between the
strips during co-extrusion, a surface preparaticocgss was carried out for each strip
prior to ECAE operation. Then, the Al strip was daithed between the Cu strips to
present a loosely packed Cu-Al-Cu laminated contpdsilet. The composite having Cu
layer with a thickness of 2.5 mm was coded as typemposite and the one having Cu
layer of 4.5 mm thickness hereinafter named typdnlorder to perform the ECAE tests,
a split die with an inner angle g9, outer corner angle af=2(, and a square cross
section of 14x14mm was made. ECAE tests via roat¢98’ clockwise rotation of the
specimen after each paSsyvere carried out on the composite as well as thmiaum
billet at room temperature under a constant predscity of 3 mm/s by means of a
hydraulic press. The tests were carried out up tpa8ses using M@Sspray as the
lubricant. To study the microstructure of the aloum layer in the composite and that of
the aluminum billet after being subjected to diéier number of passes, specimens with
dimensions of 12x4x2 mm were cut from the ECAE-dédm@&um billet and the
aluminum layer located at the middle of ECAE-ed itzated billet. Then, some sections
of aluminum layer parallel to the deformed flownmsawere cut from the center of these
specimens to study their microstructures. Stantsdile test specimens were machined
from the deformed aluminum billet and the aluminlayer according to ASTM E-8.
These specimens were subjected to tensile testsatam rate of 2x18s® using the
Instron tensile testing machine model 5582. To querf the transmission electron
microscopy (TEM) analysis, specimens were prepémealigh mechanical grinding and
twin jet electrolytic polishing in a 300ml HNG- 700ml CHOH solution at -28C and a
voltage of 20V. TEM micrographs were taken usindlilips CM200 transmission
electron microscope operated at 200 kV. For EBSBlyais the surface of the sample
was polished by electropolishing in a 100 ml HEH#900 ml CHOH solution at —26C
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and a voltage of 50V. The EBSD measurements weri&daut using the program TSL-
OIM in a Philips XL30S SEM machine with a FE gureogted at 15 kV. The step size
and scan area for EBSD mapping were chosen asi®.@5d 20pumx20um, respectively.
X-ray diffraction measurement of the extruded alwmi billet and the aluminum layer
was carried out on a Philips X pert Pro diffract¢enavith a Cu k radiation between 20
and 110 using 0.01 per 2 sec step size. The dislocation density wakiated assuming
a random distribution of dislocations'

2\/§<€2th >1/2
P =
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where <%,>*? is the microdistortion level, | the coherent domain size, and b is the
Burgers vectot?

3. Results and Discussion

Fig. 2 exhibits that the yield stress of the defednproof and of aluminum layer of the
ECAE-ed laminated composite is significantly inaea after one pass of ECAE, so that
the yield stress becomes more than three timebeofritial yield stress. However, the
rate of increase in the yield stress in the subsigpasses is decreased substantially.
Beyond the fourth pass, the yield stress of preeafcenen is slightly decreased. Fig. 3
demonstrates the variation of dislocation densiith wumber of ECAE passes. As it is
seen dislocation density increases from 0.15%&0~ 1.8x16 in type Il composite and
to ~ 1.47x186m? in proof specimen, respectively when the straitréases from 0 to
about 4.3 (equivalent to four passes of ECAE). disocation densities are slightly
decreased during further deformation of the contpoand proof aluminum billets.
Indeed, the yield strength is significantly incredsdue to the severe increase in
dislocation density and possibly the initiation prbduction of smaller grains of high
angle misorientation during the first two passeswelver, after that the strain softening
phenomenon is occurred due to dislocations reagerargt by increasing the number of
ECAE passes up to 4. This phenomenon decreasesntheasing rate of mobile
dislocation density as a result of annihilation qass, formation of locks, and the
formation of dipoles® On the other hand, with dislocation density véwiag, no
appreciable reduction can be observed in the yd&lehgth, even beyond 4 passes, by
increasing the clad layer thickness (Fig. 2). Tgtienomenon is probably related to the
strengthening compensation via grain boundary nméshradue to the continuous grain
refinement. Fig. 4 shows the microstructure and absociated selected area electron
diffraction (SAED) pattern of the proof specimerddgpe Il composite after 2 passes of
ECAE. As it is observed, the microstructure of alumm strip located in the composite
specimen consists of equiaxed ultrafine grainspadly delineated grain boundaries
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without interior dislocations, indicating a non-ddurium state with fringed structure and
high internal stress. This is justified as the tiotaof the samples according to route Bc
by +9¢, causes the shearing of deformed grain on twoogdhal planes in reverse
direction. In other words, each individual sheariegeversed after the first shearing of
the sample in the shearing planes, causing thesidiviof the elongated grains and
restoration of equiaxed grains. The mentioned pimmmn is confirmed by a set of ring
selected area diffraction pattern presented in &&y.However, in the proof specimen
(Fig. 4b), the dominant finding is the formation af great amount of low energy
dislocation structure (LEDS) with ill defined didfction pattern. In route Bc, where
different shear planes are used in consecutiveepasise grains can not maintain the
stable orientation and consequently the HAB geimras more efficient via the texture

Yield Stress (MPa)

150

120 1

90

60 |

309

A = — —
Lo 3
X
/¥
/4
J
¢ Proof specimen
= type | composite
a typell composite
0 1 2 3 4 5 6 7 8

Number of Passes

Fig. 2. Effect of the number of passes (equivalerthe amount of increase in deformation strainjhenyield
stress of aluminum: proof and composite specimens.
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Fig. 3. Variations of dislocation density of alumin layer with the number of passes: proof and caitpo
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(b)
Fig. 4. TEM micrographs and SAED pattern of alummya) type Il composite and (b) proof specimeera®
passes.

evolution mechanisri. Fig. 5 shows the orientation color maps taken ftbenaluminum
layer of the laminated composite and the singletbdfter four passes. Referring to Fig.
5(@a) the microstructure of aluminum proof specimeansists of elongated grains
accompanied by a small quantity of equiaxed graligmed with an angle which is nearly
45, In contrast, in the microstructure of the typectimposite specimen the most of
elongated grains appeared in the first passes eadynbroken into restored equiaxed
grains (Fig. 5d). On the other hand, from the bampdnaps in Figs. 5(b) and (e), it is
obvious that the fraction of high angle grain boanmet in type Il composite is larger than
that of the proof specimen. In these figures thghhangle grain boundaries with
misorientation angle above %&re shown as black lines, while the boundariesdsen 2
and 18 are shown as red lines. Also, Figs. 5(c) and{fwsthe average distribution of
misorientation angles. The average fraction of hégtgle grain boundaries and the
average misorientation angle through the proof ispem section are 32.7% and 2%5.4
respectively (Fig. 5c). Whereas, in type Il compmsithe distribution is relatively
different having two small peaks at medium and héglyle misorientations and the
average fraction of high angle grain boundariesrapdn misorientation angle are 71.2%
and 39.8, respectively (Fig. 5f). The bimodal misorientatiadistribution is the
characteristic of the SPD- processed ultrafinergnaaterials=

Table 1 summarizes the results of the EBSD and TE#dsurements obtained from the
proof and composite specimens subjected to 1, d 8apasses. It is seen that the mean
(sub)grain size value from the TEM studies are Em#han those measured from EBSD
analysis. This arises from the fact that the botiedavith misorientation angle beloW 2
are visible in TEM microstructures, which subdivithe grains into the smaller units.
Also, this table shows the fraction of HAGB is dfgrantly increased by increase in
number of passes and thickness of copper claddiygrd. Moreover, at a constant
number of pass the HAGBs area fraction is largéhéncomposite specimens compared
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with that of proof specimen. It is seen that thare no increases in dislocation density
between 4 and 8 passes (Fig. 3). However, at thee s@me, based on the results

presented in Table 1, the grain orientation digtitn changes even between 4 and 8
passes and persists the grain refinement. Theeelayge fraction of the grains is refined

to ultrafine size at the first two passes of conitpaspecimen. As it is clearly evident in
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Fig. 5. The color maps, boundary maps, and digiohwf the boundary misorientation angles obtaifrech
the EBSD data of the ECAE throughout 4 passesb,(@nd c) proof specimen and (d, e, and f) type Il
composite.
Table. 1. Microstructural parameters measuredfferént specimens from TEM and EBSD analyses.
Number of Average cell size (nm) Average cell size (nm) HAGBs area fraction (%)
passes  determined by TEM technique  determined by EBSD analysis  determined by EBSD analysis
applied
proof type | type Il proof type | type Il proof type | type Il
specimen composite composite specimen composite composite specimen composite composite
1 1450 1200 870 2850 2300 1660 215 42.4 50.3
4 1100 900 750 2900 1700 1330 32.7 59.5 71.2

8 910 880 550 1740 1630 990 39.8 65.3 78.5
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Fig. 6, the (111) pole figures exhibit the changemicrostructure of type Il composite
compared to that of the proof specimen subjected BCAE passes from an initial shear
texture (Fig. 6a). As it is seen, the texture afgfrspecimen represents a close to ideal
shear texture (Fig. 6b), whereas the type Il contpapecimen, Fig. 6¢, shows evidence
of deviation from ideal shear texture (i.e., B cament). This shift might be due to
deformation state, strain hardening and frictiondition *°

Thus, one may suggest that the deformation modéeotluminum layer in composite
has altered to some extent compared with the shiliée. Moreover, Beyerlin et df. has
reported that the shape of grains affects the talkavolution. Therefore, it is anticipated
that the texture of composite specimen with eqularérostructure is different from that
of proof specimen with grains of higher averageeaspatio. Likewise, further passes
(N=4) have led to a weakening of all ideal sheaetgrientation (e.g.,{&and A%y) (Fig.
6d). On the other hand, the re-appearance of weskre components of the initial
texture reflects glide-reversal effects that retpant of the substructure into an equiaxed
configuration. The interpretation of the pole figercan be made with the aid of a key
pole figure with the locations of the ideal ECABemtations given by Dalla Torre et’dl.
Worth mentioning that the new high angle boundasBs) generation in cold worked
metals are mainly caused by two mechanisms: mitretstral mechanism and texture
mechanisnt? According to the microstructural mechanism, orgingrains are
subdivided by dislocation boundaries, and the rmestation angles associated with them
are increased with increasing strain. HABs gendratethis mechanism are expected to
produce boundaries with misorientation angles ryaimp to 15-3(. The texture
mechanism involves grain subdivision by cell bloeksl the rotation of the subdivided
grains to different preferred textures during defation. HABs formed by this
mechanism are often of wide range of misorientatingles, 26-6.* The operation of
these two mechanisms basically depends on the grantation, strain, and deformation
mode’® Regarding the mentioned phenomena, one can canthad the yield strength
and the HAGBs area fraction are raised by the aswdn number of ECAE passes and
thickness of copper clad layers. Indeed, placiritesaluminum strip between two hard

Min=0.09, Max=4.29

Fig. 6. (111) pole figures (a, b) for proof speairafter one and two passes, (c, d) for type |l cositp after
two and four passes, respectively. Countor leeix
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copper strips may lead to further refinement inntiddle layer due to additional normal
stress from the copper layers. The aluminum laygrévented to flow by means of the
copper layer. This constraint acts as a back pre§S#ccordingly, the operative slip
systems may be affected on a microscopic level leamte the resulting texture and
further grain refinement. Clearly, this assessmienblves the application of FEM
simulation to evaluate the deformation behavioeath layer. For the sake of brevity it is
not possible to present the FEM results in thisspaphey will be presented elsewhere.

4. Conclusions

In this research, the loosely packed tri-layer @pguminum-copper laminated
composites were ECA-extruded and the vyield strengtie grain size, and the
misorientation of grain boundaries of the aluminlayer were evaluated and compared
with those of a mono layer aluminum billet ECA-exted at the same conditions of the
laminated composite. The aim was to improve théngmfinement in commercial pure
aluminum produced so far using ECAE process andcielerate it. The following
conclusions can be drawn from the achieved results:

(1) The ECAE process increases the aluminum yigkhgth up to four times and the
rate of increase in strength is significantly desexl after the first pass and becomes
insignificant or weak after the fourth pass.

(2) The grain size of the aluminum layers in Cu€Al deformed by ECAE process is
decreased by increasing the thickness of the capaéding layers.

(3) The rate of grain refinement in the aluminuryelaof the composite is increased by
increasing the strain of ECAE process due to minmotural mechanism up to fourth
pass and thereafter the textural evolution is neside.

(4) The HAGB area fraction is enhanced by increpghe copper cladding thickness
during the subsequent ECAE passes. In other walaks,to variation of deformation
behavior a finer grain size can be achieved atallermumber of passes in an aluminum
strip by sandwiching it between two Cu strips amehtextruding the sandwich billet.
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