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Experiments were conducted on an ultrafine-grained Al-3wt.%Mg-0.2wt.%Sc alloy to characterize the microstructure chang-
es occurring during large tensile deformation at elevated temperature within a transition between superplasticity and creep.
The coarse-grained material was subjected to equal-channel angular pressing at room temperature using a die which had a
90° angle between the channels. The billets were rotated by 90° in the same sense between each pass in the processing route
Bc. The billets were subsequently pressed by 2 and 8 passes. Microstructure was investigated by scanning electron microscope
equipped with an electron back scatter diffraction unit. Microstructure analysis showed that the movement of dislocations
and the growth of grains were restricted by Al3Sc coherent precipitates formed during stabilizing annealing at 623 K for 1h.
It was found that deformation behaviour of investigated Al alloy was influenced by inhomogeneity of microstructure and
deformation-induced coarsening of grains. The fracture behaviour was affected by cavity formation due to high local con-
centration of plastic deformation at the triple points and inefficient accommodation processes of grain boundary sliding. The
results showed that total tensile deformation is a consequence of a various mechanisms occurring at different stages of tensile
deformation. The superplastic tensile deformation was predominantly realized by grain boundary sliding and formation of
mesoscopic shear bands. The role played by grain boundary sliding is discussed.
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Vi3MeHeHUSI MUKPOCTPYKTYPBI B CBEPXIIIACTIYECKU
ne(opMUPOBAHHOM YIbTPaMeTKO3ePHUCTOM
cnaBe Al-3Mg-0.2Sc

ITpoBeneHbI SKCIIEPMMEHTHI Ha YIbTPaMeNnKo3epHICTOM citaBe Al-3 Bec.% Mg-0.2 Bec.% Sc ¢ e/IbIo BBIACHEHN A M3MeHe-
HUJT MUKPOCTPYKTYPBbI, IPOUCXOAAIINX Ipy 00/1b1ION fedopManyy pacTsHKeHMeM IIPY BBICOKON TeMIlepaType B 00/1acTu
nepexofia MeX/y CBepXIUIACTUYHOCTBIO U NONI3y4YecTbio. KpymHo3epHMCTHIN MaTepuas ObUI IOABEPTHYT PABHOKAHATIBHOMY
YTJIOBOMY IIPECCOBAHMIO IIPY KOMHATHOM TeMIlepaType C MCIIO/Ib30BaHVeM OCHACTKH, Meromieit yron 90° MexX/ly KaHaTaMI.
B cooTsercTBMM ¢ MapmIpyTOM 06paboTky B_ 06pasiibl MEX/y IByMs IOCTe0BATebHBIMMU MEPEXOfiaMi OBOPAYMBATIICH
Ha yron 90° B OZHOM 1 TOM e HarpasieHyu. O6pasubl ObI fedOopMUPOBaHbL IIyTeM 2 U 8 IPOXOL0B. MUKPOCTPYKTYpa
ObITa MCCIIeOBaHa C IOMOIIBIO CKAHMPYIOLIETO 9/IeKTPOHHOTO MIKPOCKOIIA, 000PYLOBaHHOTO IIPYCTaBKOM 1A A paKLmuu
00pPaTHO pacCesHHBIX 9TEeKTPOHOB. AHA/IN3 MUKPOCTPYKTYPBI II0Ka3ajl, YTO ABVDKEHUe JUCIOKALUIL U POCT 3epeH criep-
JKMBAIOTCA KOTepPeHTHbIMM BKmodennamn Al Sc, o6pasyromymucs npu crabunusupyromem omxure npu 623 K B Tevenne
1 4. ITokasaHo, 4TO Ha fgedOopMalLMOHHOE OBEeIEHMe MCCIeJOBaHHOrO cIaBa Al BiusAeT HEOTHOPOLHOCTD MUKPOCTPYK-
TYPpBI 1 JedOopMallIOHHO-MHAYLMPOBAHHOE YKpYyIIHeHMe 3epeH. Ha xapakrep paspyuienns BanseT o6pa3oBaHie IOp
13-3a BBICOKOJI JIOKQJIbHOJ KOHIIEHTPaluy IUIaCTUYeCcKoi flepopMalnuy OKOJIO TPOJHBIX CTBHIKOB U Hed(pdeKTMBHASL
aKKOMOJaL[ /s IIPOL[eCCOB 3epHOIPAHNYHOrO IPOCKaNb3bIBaHNUA. Pe3ybTaThl IOKa3amm, 4To onHas fedopmanus pac-
TsDKEHMEM ABJIAETCA CJIEICTBMEM PA3IMYHbIX MEXaHI3MOB, VIMEIOIVIX MECTO Ha Pa3IMYHBIX CTafAMAX feopMalym pacTa-
xeHyueM. CBepxItactudeckas fedopManusa pacTsHKeHNMEM IPeMMYIeCTBEHHO peann3yercs IIyTeM 3epHOTPaHUYHOrO
IPOCKa/Ib3bIBaHNUA U 00pa3oBaHUA Me30CKONMYECKMX Ionoc caBura. O6CyxKIeHa pob, KOTOPYI0 UTpaeT 3epHOrpa-
HMYHOE IPOCKa/Nb3bIBAHNE.

KnroueBbie cmoBa: YAbTPaMENKO3€pHNUCTAA MUKPOCTPYKTYPpa, AJIFIOMUHUEBBIN CITIaB, PaBHOKaHa/IbHO€ YI/IOBO€ IIpECCOBAaHNE, JII/I(l)paK-
s 06paTHO PaCCeAHHBIX 37IEKTPOHOB
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1. Introduction

Methods of severe plastic deformation [1] enable to reduce
grain size to the submicrometer or even nanometer level.
The effective technique is equal-channel angular pressing
(ECAP) [1]. The materials with ultrafine-grained (UFG)
structure may have different mechanical properties in com-
parison with coarse-grained materials. It can be expected
that the reduction of the grain size to UFG region leads to
a change of the creep deformation mechanism (s) in com-
parison with coarse-grained materials. Recent works [2—7]
demonstrated that it is possible to achieve high ductility in
Al alloys processed by ECAP. Experiments on the Al — 3%
Mg — 0.2%Sc alloy showed that processing by ECAP reduced
the grain size to about ~ 0.2 um and subsequent tensile test-
ing gave elongations up to >2000% when testing with initial
strain rates from 1073 to 107! s7! [2,3]. It was shown that the
ultrafine grain sizes introduced by ECAP are reasonably sta-
ble at the high temperatures required for superplastic flow.
Thus, it is possible to achieve high tensile ductility in ECAP
aluminum alloys tested at very rapid strain rates [3—7] in-
cluding the rates associated with high strain rate superplas-
ticity which are defined formally as 21072 s [8].

Superplasticity is a close phenomenon of thermal creep.
Since superplastic deformation occurs at higher strain rates
and higher stresses while creep occurs under relatively low ap-
plied stress for a longer exposure. One of the dominant com-
mon microstructural features in superplasticity and creep is
the role played by grain boundary sliding (GBS). Therefore,
it seems acceptable to associate superplastic and creep behav-
iour of UFG materials with more intensive grain boundary
sliding due to smaller grain size [9,10], but there are prob-
able further reasons strongly influencing the creep deforma-
tion mechanisms. It was found [11] that creep behaviour is
influenced by formation of mesoscopic shear bands (MSBs).
The long MSBs exceeding considerably the average grain
size were observed in creep of UFG Al, Cu, Al-0.2Sc and
Cu-0.2Zr alloys [11—13]. The formation of MSBs can sig-
nificantly influence fracture processes and creep behaviour of
ECAP materials [13]. Further creep fracture of pure Cu is in-
fluenced by considerable cavitation resulting from inefficient
accommodation processes of GBS [14]. The creep behaviour
of UFG materials may be influenced by synergetic effect of
additional creep mechanisms like GBS, cavitation or more in-
tensive diffusion processes. The influence of synergetic effect
of additional creep mechanisms on creep behaviour of UFG
materials may be supported by the value of stress exponent
n often involving intragranular dislocation process and con-
currently an observation of GBS or cavitation [15,16].

The grain boundary sliding is considered to be main de-
formation mechanism responsible for superplastic behav-
iour. The GBS is associated with grain rotation and from
this reason it leads to the texture reduction. However, many
works [17] based on texture analysis showed, that crystallo-
graphic slip forming certain texture may be also important in
superplastic deformation. The aim of this work is to describe
the microstructural changes occurring in the UFG Al-3Mg-
0.2Sc alloy during tensile deformation at elevated tempera-
ture within the range corresponding to a transition between
creep and superplastic behaviour of the alloy.

2. Material and methods

The ternary Al-Mg-Sc alloy was fabricated at the Depart-
ment of Materials Science and Engineering, Faculty of Engi-
neering, Kyushu University, Fukuoka, Japan.

The alloy was prepared by arc melting, in an argon at-
mosphere, Al of 99.99% purity and Sc of 99.999% purity to
form initially an Al-3% Sc alloy, and this alloy was then re-
melted with additional Al and 3% Mg of 99.9% purity to give
an Al-3% Mg-0.2% Sc alloy. The alloy was cast into a steel
mold to form an ingot with dimensions of 17x55x120 mm’,
the ingot was homogenized in air at 753 K for 24 h. The ingot
was cut into bars with dimensions of 15x15x120 mm?® and
these bars were swaged into rods having diameters of 10 mm.
The rods were cut into cylindrical billets for with lengths of
~ 60 mm for ECA pressing. The billets were subjected to a so-
lution treatment at temperature of 883 K for 1 h. The measured
initial grain size after this solution treatment was ~200 um.

The billets were processed by ECAP at room tempera-
ture using a die that had an internal angle of 90° between
the two parts of the channel and an outer arc of curvature of
~45°, where these two parts intersect. It can be shown from
first principles that these angles lead to an imposed strain of
~1 in each passage of the sample [1]. The pressing speed was
19 mm/s. The billets were subsequently pressed by route B_
by 2 and 8 ECAP passes to give the mean grain size ~ 0.2 pm.
In order to exclude a thermal instability of the grain struc-
ture during tensile testing the specimen was heated at 623
K for 1 h prior to test. The tensile sample, having the gauge
length of 12 mm and cross-sectional areas of 3x1.5 mm?,
was machined from billets parallel to the section XZ [11].
The tensile testing was conducted in an environment of puri-
fied argon with the testing temperature maintained to within
+ 0.5 K of the desired value. The microstructure was exam-
ined by transmission electron microscope (TEM) and scan-
ning electron microscope (SEM) equipped by electron back
scatter diffraction (EBSD).

3. Experimental results
Tensile testing

Figure 1 shows the results for two ECAP pressed specimens
tensile tested at the same initial strain rate 10 s’
which attained different true strain prior to fracture. The
higher elongation ~500% was attained in the specimen
processed by 8 ECAP passes indicating the occurrence
of superplasticity. By contrast, relatively low elongation
~150% was obtained in the specimen processed by 2 ECAP
passes. The following microstructural analyses were
conducted to provide an explanation for such different
behaviour.

Microstructure of the Al-3Mg-0.2Sc alloy

Figure 2a exhibits TEM micrograph of an annealed
specimen, which demonstrates the presence of coherent
Al Sc precipitates within the alloy matrix. Al,Sc precipitates
are indicated by a coherency strain contrast that appears in
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Fig. 1. The dependence of fracture elongation vs. number of ECAP
passes.

this micrograph. Fig. 2b shows dislocation microstructure
observed after creep exposure of UFG alloy. The dislocation
pairs present in the alloy containing the smallest precipitate
radii are very frequent. For larger precipitates the dislocations
are pinned efficiently by AlSc precipitates as climbing
becomes slower. The microstructure of UFG Al alloy was
investigated at different sites of superplastically deformed
tensile specimen.
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b Fig. 3. Microstructure of the UFG Al-Mg-Sc alloy processed by 8
Fig. 2. Microstructure of the UFG Al-Mg-Sc alloy processed by 8 =~ ECAP passes: (a) after stabilizing annealing at 623 K for 1 h (prior to
ECAP passes: (a) coherent Al3Sc precipitates, (b) dislocation tensile testing), (b) in the head of tensile specimen, (c) in the gauge
microstructure after creep. length and (d) in the fracture area.
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Fig. 4. The distribution of misorientation angle in the microstructure processed by: (a) 8 and (b) 2 ECAP passes and subsequently tested at 673 K.

The microstructure changes occurring during tensile
testing at 673 K are shown in Fig. 3 for example after ECAP for
8 passes. It can be seen that stabilizing annealing at 623 K for
1 h before tensile testing caused grain growth up to ~ 0.9 um
(Fig. 3a). The EBSD analyses showed that misorientation
measured in the head of specimen (Fig. 3b) tested at 673 K
contained (sub)grains with mean size about 1.5 pm. In the
head was measured about 41% of HAGBs (Fig. 4a).

Microstructure observed in the gauge length of the
deformed specimen (Fig. 3c) had mean (sub)grain size
~4.2 pm. The microstructure had a bimodal character and
contained large elongated areas with similar orientation
oriented close to 45° to the tensile direction. The detailed
inspection of EBSD data revealed that in the microstructure
contained about ~75% of HAGBs. The misorientation
distribution of boundaries had a bimodal character (Fig. 4a).
The first group of boundaries is formed by low angle grain
boundaries (LAGBs) and HAGBs situated mostly inside of
the large elongated grains. The second group of boundaries
is formed by HAGBs of large elongated and fine grains.
The superplastic deformation led to the significant grain

growth (Fig. 3d). The grain size measured in the fracture
area was ~7.5 pm. The microstructure contained ~93% of
HAGBs (Fig. 4a) and the misorientation distribution showed
that misorientation angles of boundaries are close to the
distribution of misorientation angles for a randomly textured
material [18].

Microstructure of Al alloy processed by 2 ECAP passes
after tensile exposure had the mean grain size ~6.8 pm.
However microstructure had a bimodal character and
contained long shear bands considerably exceeding average
grain size (Fig. 5a). The shear bands were oriented close to the
shear plane of the last ECAP pass.

The microstructure in the head contained ~25% of HAGBs
(Fig. 4b) and their frequency increases with additional tensile
deformation up to ~65% of HAGBs in the fracture area.

Damage and fracture behaviour
The detailed microstructural analysis was performed on

superplastically deformed specimen processed by 8 ECAP
passes.

50 um

b

Fig. 5. Microstructure of Al alloy processed by 2 ECAP passes (a) mesoscopic shear bands, (b) cavitation on fracture surface.
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100 um

10 um

Fig. 6. The fracture surface of the UFG Al-Mg-Sc alloy (8 ECAP passes) (a) gauge length, (b) near fracture area.

The investigation revealed the formation of mesoscopic
shear bands on the specimen surface along the gauge length
and cavitation in the fracture area (Fig. 6a). The cavities
nucleate, coalesce and propagate along grain boundaries
(Fig. 6b). In the fracture area and also in the gauge length
were observed cavities aligned parallel to the stress axis
(Fig. 6b). Fig. 7a,b shows typical cavitation fracture of UFG Al
alloy. The final fracture is associated with cavity interlinkage
without the development of any significant necking.

The ECAP specimen processed by 2 passes showed an
intrinsic plastic fracture with clear evidence for necking.
There was a lack of cavitation damage in comparison with
previous specimen exhibited higher elongation to fracture.
The investigation of damage behaviour found that cavities
preferentially propagate close the direction of shear bands
orientation (Fig. 5b).

4, Discussion

The microstructure investigation revealed that the precipitate
strengthened UFG Al-Mg-Sc alloy is unstable during static

10 um

a

annealing at 623 and 673 K. It is consistent with previous
results which observed that the grain growth occurred at
temperature higher than 573 K [2]. Nevertheless, the mean
(sub)grain size of this alloy was still near UFG region.

Investigation of microstructure showed the formation
of large elongated areas (strips) significantly exceeding
average (sub)grains size in the gauge length. The presence of
these areas in the microstructure can be associated with the
formation of MSBs on specimen surface. The formation of
MSBs has been observed during creep of Al-Sc, Cu-Zr alloys
and it was suggested that the formation of MSBs significantly
influence the elongation of UFG materials. It should be noted
that Kaibyshev et al. [19] also observed that superplastic flow
is localized within a set of deformation bands. They suggested
a physical model of superplastic deformation based on
cooperative boundary sliding of grain clusters [20].

Itis generally accepted that the co-existence oflarger grains
in the bimodal structure can improve deformation behavior
of UFG materials by relaxation of stress concentration,
created by grain boundary sliding (GBS), inside of larger
grains [21]. In this regard bimodal microstructure allows the
simultaneous occurrence of dislocation slip and GBS. The

200 um

b

Fig. 7. Intergranular fracture of the UFG Al-Mg-Sc alloy (8 ECAP passes) after superplastic deformation
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misorientation distribution and texture formation support
this suggestion. Two peak misorientation distribution of
boundaries can be explained by formation of certain prefer-
ential orientation due to crystallographic slip (first group of
boundaries) and random grain orientation with maximum
about 45° due to GBS (second group of boundaries).

The large deformation in the fracture area led to the sig-
nificant grain growth and formation of random grain orien-
tation. The misorientation distribution following the Mack-
enzie distribution for randomly oriented cubes [18] can be
connected with GBS involving grain rotations. The presence
of GBS during tensile deformation is supported by observed
formation of cavities at triple points. The occurrence of cavi-
ties is the result of high local concentration of plastic defor-
mation at the triple points and inefficient accommodation
processes of GBS.

In the microstructure, there were elongated cavities par-
allel with tensile axis. The formation of these cavities could
be connected with plasticity-controlled growth during super-
plastic flow in UFG materials [22—24]. It has been reported
that superplastic alloys exhibit a transition from superplastic
diffusion growth of cavities to plasticity-controlled growth
with increasing cavity radius [24].

Kawasaki et al. [24] studied cavitation in a superplastic
spray-cast Al-7034 alloy processed by ECAP and they con-
cluded that superplastic diffusion growth is an important
mechanism for cavity growth in ultrafine-grained materials
processed by ECAP. They anticipated that superplastic dif-
fusion growth is more significant growth mechanism when
strain rate is reduced because the value of critical radius is
then increased.

However, in the present work it was observed that grains
grow significantly during tensile deformation. It can be sug-
gested that in this case the superplastic diffusion growth is
less important due to larger grain size. In superplastic mate-
rials are grains very small and cavities may insert a number
of different boundaries so that vacancies enter cavity along
many different boundary paths.

On the basis of present results it can be suggested that su-
perplastic diffusion was limited in present UFG alloy due to
deformation — induced growth of grains. Nevertheless some
cavities reached critical radius and were able to grow by plas-
ticity-controlled growth. The deformation-induced coarsen-
ing of grains led to the suppression of superplastic diffusion
growth and plasticity-controlled growth was enhanced.

The high relative fractions of LAGBs population in the
specimen processed by 2 ECAP passes (Fig. 4) may reflect
some restriction in the extent of GBS and lower ductility of
the specimen. However, there are probable further reasons
strongly influencing an intragranular deformation mecha-
nism. Subgrain formation requires both dislocation cross-
slip and climb to enable rapid rearrangement of dislocation
[25—27]. A model which describes the high temperature de-
formation response of the resulting dislocation substructure
was developed by Blum et al. [28,29] based on earlier model
of Mughrabi [30,31]. This model supposes that each grain
includes the cells with thin walls containing dense arrays of
dislocations and the cell interiors containing a low density of
dislocations. The dislocations in the cell walls produce a large
resistance to the motion of dislocations through the walls

[30,31]. As a result, some dislocations in the cell interiors are
held up at the interface between cell walls and cell interiors.
At the cell interiors, the dislocations are arranged randomly
as a three dimensional network structure, which has been
confirmed by TEM observation [32].

Finally, the same Al-3Mg-0.2Sc alloy processed by ECAP
was creep tested at 473 K using strain rate from 107to 10°s™
[32—34]. The ultrafine-grained Al-3Mg-0.2Sc alloy exhibited
faster creep, by about two to three orders of magnitude, than
the unpressed alloy under the same loading conditions. This
detrimental effect of ECAP was explained by increasing con-
tribution of GBS to the total creep strain.

Conclusions

The microstructure analyses found that superplastic de-
formation of the alloy under investigation is influenced
by inhomogeneity of microstructure after ECAP and de-
formation-induced coarsening of grains. The superplastic
tensile deformation is predominantly realized by grain
boundary sliding and formation of mesoscopic shear
bands.
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