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Effect of cold/warm rolling following warm ECAP on superplastic
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Commercial extruded rod of 1570 aluminum alloy (Al-5.8%Mg-0.32%Sc) was subjected to equal channel angular pressing
(ECAP) at a temperature of 325°C with an effective strain of ~8 and subsequent isothermal rolling at the same or ambient
temperature up to strain of about 2.0 and 1.6, respectively. The mechanical behaviour in a wide temperature - strain rate range
and consequent structure transformations were examined to evaluate an effect of the rolling temperature on the alloy super-
plastic response. It was found that the warm rolling significantly improved the homogeneity of the ultrafine-grained (UFG)
structure formed by ECAP, resulting in near uniform UFG structure with 90-95% of grains having average size of about 1
pm. Such structure demonstrated high thermal stability and elongations to failure more than 2000% with the volume fraction
of cavities not exceeding ~1.5% under tension at the strain rates of about 10”s " in the temperature range of 450-475°C. In
contrast the cold-rolled alloy provided much poorer superplastic behaviour with maximum elongations less than 350% due to
low structural stability and intense cavitation. The nature of the alloy structure evolutions under static and dynamic annealing
conditions, and superplastic parameters obtained in the as-ECAPed and warm / cold isothermally rolled alloys are discussed.
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Bmnanmne rennoro PKYII n nmocnenyrongein XomogHo/ Tenmomn

NMPOKATKM HA XapaKTePUCTUKM CBEPXIUIACTUIHOCTY CIVIAaBa
Al-5.8%Mg-0.32%Sc

Tops4esKCTPyAMPOBAHHBII IPYTOK IIPOMBILIIEHHOTO aTIOMUHMeBOTO crinasa 1570 (Al-5,8%Mg-0,32%Sc) 6bU1 TOBEpTHY T
paBHOKaHa/IbHOMY yroBoMy npeccoBanuio (PKYII) mpu tremmneparype 325°C no adpdexTuBHOI cTenenn gepopmanum ~
8 u mocnenyromen U30TEPMUYECKOI IIPOKATKe, IIPOBOAMMOIL IIPY TOJ >Ke MM IPU KOMHATHOJN TeMIlepaType [0 CTelleHN
medopmarym ~ 2,0 1 ~ 1,6, cOOTBeTCTBeHHO. MexaHM4eckoe MOBefieHNe CIIaBa, a TAK)Ke COOTBETCTBYIOIINE CTPYKTYPHBIE
M3MEHEHU, U3yJalu B IIMPOKOM MHTepBae TeMIIepaTyp M CKOpocTeil fleopMaryu i TOro, YToObI OLCHUTD BIVIHUE
TeMIIepaTypbl IPOKATKM Ha XapaKTEPUCTUKY CBEPXIIACTUIHOCTH. YCTAHOB/IEHO, YTO TEIIasA IPOKATKA 3HAUYUTENbHO TIOBbI-
IIaeT TOMOTEHHOCTD yIbTpaMenKodepHucToit (YM3) crpykrypsl, nonydenHoit PKVYTI, u BefeT K popMMpOBaHUIO TIPAKTH-
YecKM OfHOpofHOM YM3 cTpykTypsl ¢ 90-95% 3epeH co cpefiHuM pasMepoM okoyo 1 MkM. Takas cTpyKTypa eMOHCTpUpy-
eT BBICOKYIO TepMUYECKYI0 CTabMIbHOCTD, obecrednBas yIIMHEHU:A 10 paspyuieHus 6omee 2000% c ymenbHOI Komeit mop
He mpesblasomieit 1,5% mpu ckopoctu gepopmaryu okono 10'c'B uHTepBae temueparyp 450-475°C. Ilocme XomopHOI
HPOKAaTKM, HAIIPOTUB, XapaKTePUCTNKU CBEPXIIIACTUYHOCTY CIIaBa CHYDKAIOTCA M3-3a HU3KOU CTAOMIBHOCTU CTPYKTYPBI
Y MHTEHCUBHOTO NOpoobpasoBaHusA. MaKCUMYM YUIMHEHUIT B 9TOM CTydae COCTaBMI MeHee 350%. DBOMIOIMA CTPYKTYPBI
B YC/IOBMAX CTAaTMYECKOTO ¥ AMHAMMYECKOTO OTXKIT], a TAK)XKe II0Ka3aTe/ly CBEePXIIACTUYHOCTH CIIIaBa, IOTy4YeHHBIE ITOC/Ie
PKVII u nmocnenyroleit X0MIOHOI/ TEIION IPOKATKM 00CYXAAI0TCA B paboTe B eTasix.

KirroueBble croBa: aIOMIHVEBBII CIIaB, MHTEHCUBHASA IUTaCTHYeCcKas feopMalyis, IPOKATKa, yIbTPaMelTKO3ePHICTasA CTPYKTYPa,
CBEPXIIACTUYHOCTD

1. Introduction ability [1]. However these alloys are categorized as the hard-

to-deform materials because of their high strain hardening

Non-heat-hardenable Al-Mg-Sc alloys with the high Mg and low plasticity at ambient temperature [1,2]. Therefore,

content (> 4wt%) are very attractive structural materials an effective way for fabricating products from such alloys is
for various kinds of applications owing to their enhanced the usage of structural superplasticity.

strength, as well as excellent corrosion resistance and weld- Grain refinement of commercial-base Al alloys to an ul-
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trafine grained (UFG) scale level (grain size <1 pm) is one of
the major interests in a case, when superplastic forming is
involved to manufacturing the net-shape parts. Equal-chan-
nel angular pressing (ECAP) is one of powerful metalwork-
ing techniques capable of producing such UFG structures by
means of severe plastic deformation with minimum changes
in shape and dimensions of working material and strong en-
hancement of its mechanical and physical properties [3—9].
In particular, the UFG Al-Mg-Sc alloys obtained by ECAP in
[7] have shown unique superplastic behavior and elongations
at both low temperatures and high strain rates.

The ECAP is commonly used to manufacture UFG rod
or plate — shape billets. However, such products cannot be
applied directly in superplastic forming without additional
shaping operations, such as rolling. In this way, investigations
of the influence of rolling on superplastic behavior of ECAP
processed materials are important. As for Al-Mg-Sc alloys
the data on superplastic behavior of UFG ECAPed and rolled
products are quite poor, especially for high alloyed materials.

The present work is dedicated to examine the effects of
two types of post-ECAP rolling — warm isothermal and cold
(room temperature) ones (WR and CR, respectively), on the
structure and superplastic properties of one of the alloys of
Al-Mg-Sc system with Mg contents more than 4%.

2. Material and procedure

The commercial 1570 alloy having standard chemical
composition (Al-5.8 Mg-0.32 Sc-0.4 Mn-0.2 Si-0.1 Fe (in
wt.%)) was direct chill casted and solution treated at 520°C
for 24 h. Further direct extrusion was performed at 390°C
to a strain of about 0.7, followed by one-hour annealing
at 400°C. Plates for ECAP were machined parallel to the
extrusion axis and subjected to warm ECAP at 325°C to
a total effective strain of ~8 by route Bcz (rotation by 90°
around the normal axis to the plate plane between passes)
using a die with rectangular cross-section and channel inner
angle of 90°. The ECAP temperature of 325°C (~0.6T};;) was
chosen since it was well documented in the previous works
[10,11] as a most suitable for Al-Mg-Sc(-Zr) alloys with Mg
content ~5-6% to form UFG structures with large fractions
of high angle boundaries.

Samples for rolling were machined from the as-ECAPed
billets. The warm rolling was carried out under isothermal

conditions (at a constant temperature of a sample and rolls) at
325°C with total reduction of 87% (e~2), and the cold rolling
was performed at ambient temperature with a total reduction
of 80% (e~1.6). In both cases, the rolling direction (RD)
coincided with the last pressing direction. Microstructure was
examined by optical and transmission electron microscopy
(OM and TEM) (see more details in [11]). Tensile tests were
carried out on Instron 1185 in the temperature range of
350—520°C under constant crosshead speed using specimens
with a gauge part 3x6 mm?” machined along the RD.

3. Results and discussions

Microstructures after ECAP and rolling are represented
in Fig. 1. After ECAP the alloy had a relatively uniform
UFG structure (dark-color regions in Fig. la) with the
volume fraction of ultrafine grains of ~80-85% and an
average grain size of about 1 pum. Further warm rolling
mainly resulted in increasing the homogeneity of structure
(Fig. 1b): the fraction of ultrafine grains increased up to
90-95%, suggesting that additional grain refinement took
place through transformation of remnant original grains
(white regions in Figs. la and b). At the same time, the
other parameters of the structure, e.g. the size and shape
of ultrafine (sub)grains evolved during ECAP, remained
unchanged. This may suggest that the main mechanism of
plastic deformation in the UFG matrix under warm rolling
was grain boundary sliding, which was attributed to the
comparatively high rolling temperature [12].

Cold rolling, in contrast, led to pancake shape of both
ultrafine and coarse remnant grains (omitted here) and for-
mation inside them high-density dislocations arranged in a
well-developed cellular substructure with the average cell size
of 0.2-0.5 um (Fig. 1c).

Superplastic behavior. 1t is seen in Figs. 2 and 3 that
superplastic characteristics of the alloy after ECAP and warm
rolling are significantly higher than that after ECAP and cold
rolling. For instance, tension of the warm rolled specimens
with an initial strain rate, ¢, of 1.4x10's' showed the
noticeable strain localization at 350 and 500°C only (Fig. 2a).
At other temperatures a relatively uniform straining within
the gauge part was observed and the maximum elongation
of 2330% was found at 450°C (Fig. 3c). Besides, the warm
rolled alloy demonstrated a well-defined maximum of

Fig. 1. OM (a, b) and TEM (c) structures of an Al-5.8Mg-0.32Sc alloy after ECAP (a), ECAP and warm rolling (b), ECAP and cold rolling (c).
ND and TD - normal and transverse direction of the pressed and rolled samples, respectively.
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Fig. 2. An appearance of samples deformed up to failure at different temperatures: (a) ECAP+WR at ¢~1.4x10's" and (b) ECAP+CR at

é~1.4x107%s.

strain rate sensitivity coefficient, m, at 350°C and strain rate
~102 s* (Fig. 3a). At higher temperatures maximum m
moved to higher strain rates and reached much higher values
that were out of strain rate range tested in the present study.
It should be noted that similar superplastic behavior was
earlier observed in this alloy just after warm ECAP at the
same temperature (325°C) [9], even though the authors had
to apply a much higher total effective strain (~16) to form the
UFG structure with the similar size and fraction of ultrafine
grains. This allows concluding that such superplastic behavior
may be typical for the ultrafine-grained Al-Mg-Sc alloy with
high Mg content (4-6%) and high fraction of ultrafine grains,
obtained at closed conditions, irrespectively on scheme of
thermomechanical processing.

In the cold rolled state, in contrast, all tensile samples
possessed quite earlier strain localization (Fig. 2b). Under
straining at 450°C, the m value was less than 0.3 (Fig. 3b).
Increase of deformation temperature resulted in m growth,
reaching the value of 0.46 at 500°C and the strain rate ~10%s™".
However the maximum elongations to failure were obtained at
475°Candaninitial strain rate of 1.4x10?s" and did not exceed
340% (Fig. 3¢). It should be noted that a similar degradation
of the superplastic properties was also observed after cold
rolling of the ultrafine-grained Al-5,4Mg-0,5Mn-0,1Zr alloy

0.7

produced by ECAP [13]. At the same time it was reported that
Al-3Mg-0,2Sc and Al-3.2Mg-0.13Sc alloys after ECAP and
subsequent cold rolling demonstrated enhanced superplastic
proprieties [14,15]. Thus no clear explanation has yet been
offered how cold rolling of UFG Al-Mg-Sc(Zr) alloys
with high Mg content (i ECAP and warm rolling remains
essentially stable during static annealing. Only very limited
normal grain growth from 1 to 1.5 um was observed with
increasing temperature up to 475°C. Such a high thermal
stability of the UFG structure is obviously related to the high
density of Al Sc dispersoids that are present in the aluminum
matrix (Fig. 4b). A strong pinning effect of such nanosized
precipitates restricts a drastic grain growth at elevated
temperatures and provides high superplastic properties [7].
As it is seen in Fig. 4c, tension leads to a more significant
dynamic grain growth, nevertheless the microstructure of
the alloy remains fine-grained: after elongation to 2330%, the
grain size was about 5.3 and 2.7 um in tensile and transverse
directions, respectively. At that the volume fraction of pores
in the sample gauge near the fracture zone was relatively low
(<2%) (Fig. 5a). Obviously, the low pore density was owing
to a relatively slow and uniform grain growth upon dynamic
annealing.

At that time it was found that the premature failure of
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Fig. 3. The variation of strain rate sensitivity coeflicient with strain

rate (a, b) and elongation to failure with temperature (c) for the

Al-5.8Mg-0.32Sc alloy processed through ECAP and subsequent warm rolling (WR) and cold rolling (CR).
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Fig. 4. Typical OM (a, ¢, d, f) and TEM (b, e) microstructures developed in the Al-5.8Mg-0.32Sc alloy after ECAP+WR (a-c) and ECAP+CR
(d-f) upon tensile testing at T=450°C: in the grip section by static annealing at exposure times, t=0.38h (a,b) and 0.33h (d,e); in the gauge
section by dynamic annealing at strain rates, §~1.4x10"s, §=2330% (c) and §~1.4x10%s, §=220% (f).

the specimens obtained by combination of ECAP and cold
rolling was caused by the heterogeneity of the structure,
appeared during early stages of both static and dynamic
annealing (Fig 4d—f), resulting in instability of plastic flow.
Quite fast abnormal grain growth up to 60 um was already
found in the grip section of the specimen deformed at 450°C
(Fig. 4d). The coarse grains were free from dislocations and
contained the high density of incoherent compact Al Sc
particles with size much larger than after warm rolling (see
Figs. 4b and e). Simultaneously, fine grains were also observed
in the gauge section after tension at this temperature, but
their fraction did not exceed ~20% (Fig. 4f). Thus, it could
be concluded that the alloy structure became heterogeneous
after cold rolling following ECAP due to loss of coherency of
Al Sc dispersoids resulting in a rapid deterioration of their
thermal stability. Tension of the material with such non-
uniform structure was accompanied by intense cavitation
(Fig. 5b). So, the fraction of pores was ~5.2% at T=475°C,
§~1.4x10?%s". Coalescence of pores occurred mainly in the

Fig. 5. Cavities near the the fracture zones of samples tested:
ECAP+WR, T=450°C, £~1.4x10's!, §=2330% (a) and ECAP+CR,
T=475°C, £~1.4x10%s, §=340% (b).

direction perpendicular to the tensile direction, leading to
early sample failure.

4. Conclusions

1. ECAP of an Al-5.8%Mg-0.32%Sc alloy at 325°C to
e~8 resulted in formation of ultrafine-grained structure with
the mean grain size of ~1 um and the volume fraction of
~80-85%.

2. Warm rolling at 325°C to e~2 enhanced the uniformity
of the microstructure produced by ECAP and provided for-
mation of the ultrafine-grained microstructure with an aver-
age grain size of about 1 um ~90-95%. The microstructure
obtained exhibited very high thermal stability and resulted in
superplastic ductilities more than 2000% in the temperature
range of 450—475°C at the strain rates of about 10"s™.

3. Cold rolling to e~1.6 following ECAP resulted in
a heavily deformed cellular structure with the cell size of
~0.2-0.5 pm. Such structure exhibited low thermal stability
and provided relatively week superplastic properties. The
maximum elongation to failure was less than 350% at all
temperatures and strain rates investigated.
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