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Abstract

The development of low temperature superplasticity and texture is examined in an AZ31 Mg alloy after extrusion and processing by equal-
channel angular pressing (ECAP). It is demonstrated that an elongatio#60R6 may be attained at a temperature of A5Qequivalent to
0.46 T, whereT,, is the absolute melting temperature. This result demonstrates the potential for achieving low temperature superplasticity.
The experimental results show that the mechanical properties of the alloy are influenced by the different textures present after extrusion an
after extrusion and subsequent processing by ECAP.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction versibly storing a high volume of hydrogen in the form of
metal hydrides. Accordingly, the present investigation was
The increasing shortage of natural resources, together withmotivated by the need to significantly improve the worka-
the world-wide implementation of stricter environmental reg- bility of magnesium-based alloys and to thereby develop a
ulations, is making it necessary to produce and utilize a rangeviable forming technology.
of light-weight metallic alloys for the transportation industry. Equal-channel angular pressing (ECAP) was used to pro-
Magnesium is currently the lightest metal in use for struc- cess a magnesium alloy where this procedure was selected
tural applications. However, whereas there has been a steadyor three reasons. First, ECAP is a processing technique in-
growth in the use of magnesium in the electronics indus- volving the application of severe plastic deformation (SPD)
try, due primarily to the need for light-weight parts for lap- and it is well established that SPD techniques are capable of
top computers and consumer electronic prod{t}sthere producing fully-dense bulk solids having ultrafine grain sizes
has been no parallel growth in other industries. This lack of [2]. Second, it is known that alloys with ultrafine grain sizes
growth is a direct consequence of the poor workability of may exhibit superplasticity both at high strain rates (HSRSP,
magnesium alloys because of their hexagonal close-packediefined as superplasticity at strain rates at or above $0*
(HCP) crystal structure and the consequent limitation on the [3]) and/or at low temperatures (LTSP, defined as superplas-
number of available slip systems. In addition, magnesium ticity at temperatures below 0b, whereTy, is the abso-
alloys are attractive for use in a future hydrogen economy lute melting temperature) and significant success has been
since magnesium is the only metallic element capable of re- reported to date in using ECAP with aluminum-based alloys
to achieve HSRSIM-18] and LTSP[19-21] Third, it was
* Corresponding author. Tel.: +886 7 525 2000x4063; d.emon.Strated recemly that the hydrogen desorption raFe IS
fax: +886 7 525 4099. higher in a magnesium ZK60 alloy after ECAP processing
E-mail addressjacobc@mail.nsysu.edu.tw (J.C. Huang). than in the same alloy processed using conventional high-
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Table 1
Summary of high ductilities in Mg alloys after ECAP processing

251

an extruded billet measuring 178 mm in diameter and 300 mm
in length. The grain size in the cast condition was5 pum.

Alloy (Wt.%)  Grain size pm) T(°C) & (s e (%) Ref. The as-received billets were initially extruded at 3Q0
AZ91 0.7 200 6.%10°° 661 [23-25] using an extrusion ratio of 42:1 to give rods with diameters
ZK60 1.4 200  1x10° 1083 [26,27] of 10 mm. Henceforth, these bars are termed the extruded
Mg-9AI 07 200 33107t 840 [29] condition. Some of the extruded rods were then processed by
mg:é_oe"z':lz” 1 égg ;X_&l(f(ﬂ ig(l) Eg} ECAP at 200 C for eight passes using a die with an internal
Mg—0.62r 14 300 3%10% 380 [31] angle of 110 between the two channels and an angle 6f 20

energy ball-milling[22], thereby suggesting that ECAP may

at the outer arc of curvature where the two channels inter-
sect. Processing was performed using roud3] where
the samples are rotated by°d@ the same direction between

represent a promising processing technique for the future de-each pass. It can be shown from first principles that the ac-

velopment of new hydrogen storage materials.

There have been limited reports of high ductilities
achieved in Mg alloys using ECAP, as summarizetidhle 1
where¢ is the strain rate and is the elongation to failure

cumulative true strain after 8 passes~i [35]. The bars
processed by extrusion and ECAP are termed the ECAP con-
dition.

Tensile tests were conducted at constant cross-head speeds

[23-31] However, inspection shows that, although some of using an Instron 5582 universal testing machine equipped
the elongations are very high (for example, 1083% in ZK60 with athree-zone furnace. The temperature was controlled to
[26]), none of the alloys exhibits HSRSP and, except only for within 2°C and the tests were conducted within the tem-
one reporf29], the testing temperatures are consistently at or perature range from 150 to 25G using initial strain rates
above 200C equivalent to~0.51to 0.54T,. The presentin-  from 1074 to 10-2s~L. The tensile specimens had gauge
vestigation was therefore initiated to evaluate the potential for lengths and diameters of 8.3 and 4.0 mm, respectively, and
using ECAP to achieve LTSP in an magnesium AZ31 alloy the specimens were machined so that the loading directions
where AZ31 was selected because earlier work demonstratedvere parallel to the extrusion or pressing directions.
the occurrence of superplastic elongations in this alloy when ~ The grain structures were examined by optical microscopy
testing in the extruded condition without ECA#2,33] (OM) and transmission electron microscopy (TEM). X-
ray diffraction (XRD) and electron back-scatter diffraction
(EBSD) were used to examine the transverse cross-sectional
planes of the as-received billets and samples in the extruded
and ECAP conditions. The areas examined by XRD and
An AZ31 alloy with a composition, in wt.%, of Mg-  EBSD were approximately 10mm10mm and 60Q.m?,
3% Al-1% Zn-0.3% Mn was obtained from the CDN Com- espectively. Several separate areas were selected for the con-
pany, Delta, BC, Canada. The as-received alloy was producedstruction of EBSD pole figures in order to ensure good re-
through semi-continuous casting and provided in the form of Producibility.

2. Experimental material and procedures

Fig. 1. Grain structure micrographs of the AZ31 alloy after (a) extrusion at@q@®M micrograph) and (b) ECAP at 20C€ (TEM micrograph).
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3. Experimental results 30 T T——T—T ] TTT T T T

As-received
. =— Extruded

3.1. Microstructures in the extruded and ECAP 300

conditions 250

Fig. 1shows the grain structures of the AZ31 alloy in (a) 200

the extruded and (b) the ECAP conditions, respectively. Both
conditions yielded arrays of essentially equiaxed grains and
the grain sizes measured using the linear intercept method
were ~2.5 and~0.7um for these two conditions, respec-
tively, these results are given in the top rowTaible 2

The thermal stability of the grains was examined by 0
heating samples at temperatures up to 35@nd statically 0 02 0406 08
annealing for a period of 1h: the results from the static Engineering strain
annealing are shown iRig. 2 It is apparent that reasonable
grain stability is maintained up to 20C for the ECAP
condition but with pronounced grain growth at higher tem-

T T T T I
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100

Engineering stress, MPa
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Fig. 3. Typical room temperature stress—strain curves for the as-received,
extruded and ECAP conditions.

peratures, whereas the extruded condition shows reasonable 20—+ 771 T T 1 1 1]
grain stability up to a temperature of 300. - AZ31-ECAP T=150"C
[ 1x10%s™" ]
3.2. Tensile testing of specimens in the as-received, = 130 — — 51075
extruded and ECAP conditions = I A s ]
g [ - 1x107s™ ]
@
Typical stress—strain curves are showrkrig. 3 for tests ‘E 100 oo T 1x10*s" 7]
conducted at room temperature at an initial strain rate of 2 [ = .- L ]
1.0x 10-3s~1 using samples in the as-received, extruded = v, \'\ 1
and ECAP conditions: the values of the tensile yield stress 0 i Y p
(YS), the ultimate tensile stress (UTS) and the elongation to I ]
failure are summarized for these three condition&ahle 2 oF T
0 0.5 1 1.5 2
Table 2 True strain
Grain size and room temperature tensile properties of the billet, extruded
and ECAP specimens Fig. 4. Plots of true stress vs. true strain at 16Gor samples processed by
Billet Extruded ECAP ECAP for 8 passes at 20C.
Grain size um) 75 25 0.7
YS (MPa) 100 265 217 Although the grain size is smallest in the ECAP condition,
UTS (MPa) 160 319 282 it is important to note that the YS and UTS are lower in the
Elongation (%) 9 28 30 ECAP condition than in the extruded condition although the
ECAP condition yields values of YS and UTS, which are
L LN Rl RS R RN L RRRRF significantly higher than in the as-received billet.
, E & ECAP 3 Fig. 4 shows typical plots of true stress versus true strain
E | - _e-- Extruded ] for tests conducted on the ECAP material at 160equiv-
¢ F E alent to~0.46 Tr,. The highest elongation achieved under

3 these conditions was460% at a strain rate of 1,010 *s 1

for a specimen showing a region of extensive strain harden-
3 ing. A full summary of all of the tensile elongations is given

3 in Fig. Swhere the results are plotted against the testing strain
rate at three different testing temperatures for (a) the extruded
3 condition and (b) the ECAP condition. Fig. 5a) for the ex-

: E truded condition, reasonably high elongations occur only at a
P T I P PR TEE TEEE ETT PR P testing temperature of 25C. By contrast, itis apparent from

0o 50 100 150 200 250 300 350 400 Fig. 5(b) that superplasticity is achieved in the ECAP condi-
tion at the lowest strain rate when testing at a temperature of
150°C. It is apparent from inspection &fg. 2 that the low

Fig. 2. Grain size vs. annealing temperature after static annealing of the €lOngations recorded ifig. 5b) for the ECAP condition at
extruded and ECAP samples. 250°C are a direct consequence of the extensive grain growth

Grain size (um)

Annealing temperature (°C)
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Fig. 5. Elongation vs. strain rate at 150-2%&Dfor (a) the extruded and (b)
the ECAP conditions.
4000 _ g
(1011)
occurring at this temperature so that the submicrometer grain 3000 | 4
size is removed. Thus, measurements showed that the aver- . (0002)
age grain sizes in the gauge sections of the ECAP specimens 2 2000 (1012)
. . . D I~ -1 =
strained to failure at a strain rate of Q0 “4s™1 at 150, E (1010)
200 and 250C were~1, ~3 and~8 um, respectively. (1120) ]
1000 [ (1013) .
3.3. Texture characterization A ]
0 1 £
) ) . . 20 30 40 50 60 70 80
Fig. 6(a) shows the X-ray diffraction pattern simulated by
computer for random Mg powders ahkd). 6b) and (c) show © 26

the patterns taken from the transverse cross-sectional planes. . )

. o Fig. 6. X-ray diffraction patterns for (a) the random pure Mg powders, (b)
C?f SamP'es in the eXt_rUded ‘?.md ECAP cc_)ndltlons, T€SPEC- 1 transverse cross-sectional plane in the extruded condition and (c) the
tively. Itis apparent by inspection that the 01 O} planes for transverse cross-sectional plane in the ECAP condition.
the extruded specimens show a strong tendency to lie perpen-
dicular to the extrusion axis but this trend has been lost in the and it follows therefore that thé®Q 0 2)planes generally lie
ECAP condition. The X-rayq002), (10L0) and (1@ 1) parallel to the extrusion axis. By contrast, ti8e0( 2)basal
pole figures are given in the three rowsHig. 7 for the ex- planes in the ECAP condition lie primarily within an angular
truded condition (on left) and the ECAP condition (on right): range from 40 to 50° with respect to the pressing direction
it should be noted that, in order to protect the X-ray detector, (or with respect to the normal direction, ND, assigned in the
only the poles within 0—80were constructed. It is apparent pole figures). Since ECAP processing was undertaken in this
from Fig. 7, in confirmation with the X-ray diffraction pat-  investigation using a die with a channel angle of 1,1iDis
terns shown irFig. 6, that most of the{101 0} planes in reasonable to anticipate that the basal planes in the majority
the extruded condition lie perpendicular to the extrusion axis of grains will rearrange during processing to become close
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Fig. 7. The X-ray 0002), (101 0) and (1 0L 1) pole figures for the extruded and ECAP conditions.
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Extruded ECAP

{0,00,1} TD

Contour Levels:f1 [2 3 4 5 617 8

Fig. 8. The EBSDQ002), (10L0) and (1 0L 1) pole figures for the extruded and ECAP conditions.
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Parallel pole figures were also constructed by EBSD for

some local regions on the transverse cross-sectional planes *
in the extruded and ECAP conditions and these are shown in Ll e _
the two columns irFig. 8 These EBSD results are generally o--%

\/

consistent with the X-ray pole figures and the diffraction pat-  g,; .ded

terns, thereby providing additional confirmation of the overall

conclusions.
- Tensile
) P! N direction
. . V/” B \o‘\ \
4. Discussion o N =

These experiments confirm the potential for achieving
LTSP in the AZ31 alloy through processing using a com- \
bination of extrusion and ECAP. This two-step procedure ECAP

of eX.trUSIOn _an(_j ECAP, _deSI_gn?‘t_ed ear“?r as_ EX_ECAP Fig. 9. Schematic illustration of the dominant textures in the extruded and
[28], is effective in producing significant grain refinementin  gcap conditions.

magnesium-based alloys whereas experiments have shown

that ECAP conducted without any preliminary extrusion 'able 3 _

leads onIy to a relatively minor grain refinement in Mg Schmid factors calculated for extruded and ECAP specimens

to the theoretical shearing plane as the billet passes through (

/

alloys: for example, the grain size of a cast Mg-0.9% Al alloy Sample  Texture Slip system Average schmid factor
was reduced only from an initial value 6f100 to~17um Extruded <1@0>/ED {0003<1120> 0

through ECAP at 200C so that an ultrafine submicrometer {1010}<1120>  0.29

grain si;e was not achiev¢a6). In the prgsent experimgnts, ECAP 57 6//ED Egtllij 38: 8:;?

the grain size was reduced from75um in the as-received {1010}<1120> 0.14

cast condition to~2.5pm through extrusion and then to {1011}<1120> 0.11

~0.7wm through subsequent processing by ECAP. This
reduction is sufficient to produce LTSP, which is absent in

the extruded condition. A maximum elongation-e#60%  lows that <1 0>/ED and 2576>//ED correspond to
was achieved after extrusion and ECAP when testing at athe extruded and ECAP conditions, respectively, where ED
strain rate of 1. 1074s~1 at a temperature of 15C. is the extrusion direction. Considering the three primary

This temperature is equivalent to 0.%g and it is within the slip systems in hexagonal structures, namely (i) the basal
range generally associated with LTSP. As showfiable 1, {0001<1120>, (ii) the prismatic{1010}<1120> and
the present result compares favorably with the report of an (iii) the pyramidal {1011}<1120> slip systems, it fol-
elongation of 391% for a Mg-10% Li-1% Zn alloy also tested lows that the average Schmid factors may be calculated
under the same conditions of temperature and straifi2@je ~ for each system as summarizedTiable 3 These calcula-
Based on the texture characterization, the nature of the mi-tions confirm there is a high Schmid factor of 0.27 for basal
crostructures for the extruded and ECAP conditions may be {000 1}<1120> slip in the ECAP condition whereas the
illustrated schematically by depicting the predominant grain Schmid factor is zero for the extruded condition. The calcu-
orientations for these two conditions, as showfitn 9where lations are therefore consistent with the lower YS and higher
the arrows at right indicate the tensile axes for the subsequentlongation observed for the ECAP condition at room temper-
the tensile testing. The results for the extruded condition are ature and 150C when dislocation slip is the rate-controlling
consistent with earlier reports demonstrating an alignment deformation process. By contrast, at the higher temperature
of the basal planes into the extrusion direction in various of 250°C, as documented ifig. 5, the influence of this more
Mg alloys[32,37-39] It is reasonable also to anticipate that favorable texture is lostin the ECAP condition because of the
these different types of texture will impose an influence on occurrence of significant grain growth.
the room and low temperature stress—strain curves for the
extruded and ECAP conditions. This effect is clearly docu-
mented inFig. 3where the preferred orientation of the basal 5. Summary and conclusions
planes in the ECAP condition, and the consequent easier slip
in tensile testing, leads to lower values of the YS and the 1. The grain size of the AZ31 alloy was reduced from
UTS by comparison with the extruded condition despite the  ~75um in the as-received condition t82.5um by a
presence of a smaller grain size after ECAP. single-pass extrusion at 360G and to~0.7um through
It is possible to check this conclusion quantitatively us- additionally processing by ECAP for 8 passes at 200
ing the stereographic projections for pure Mg. Thus, it fol- Following extrusion and ECAP, the AZ31 alloy exhib-
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ited low temperature superplasticity (LTSP) with a maxi-
mum elongation of~460% when using a strain rate of
1.0x 10%s™! at 150°C, equivalent to a homologous
temperature of 0.4%,.

. A detailed investigation revealed different textures in the
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