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The effect of the grain structure produced by warm equal channel angular extrusion (ECAE)
on twinning under subsequent room temperature deformation of magnesium alloy ZK60
was investigated. It was shown that a bi-modal grain structure, characteristics of which are
determined by the ECAE temperature and the number of passes, has a strong effect on the
tendency to room temperature twinning. The highest density of twins generated during
room temperature deformation was found in material pre-strained by ECAE at 300◦C that
exhibited a uniform recrystallised grain structure with an average grain size large enough
for twinning to occur. C© 2005 Springer Science + Business Media, Inc.

1. Introduction
A number of observations, mainly of the behaviour of
body centred cubic (bcc) metals, show that twinning
can be suppressed by pre-straining at a higher temper-
ature [1], although Boucher and Christian [2] reported
that very small pre-strain increased the amount of twin-
ning in niobium, while raising the twinning stress. The
amount of pre-strain required to suppress twinning is
reported to decrease as the temperature of testing in-
creases and also with the rate of the strain subsequently
imposed: it may depend on the form and homogene-
ity of the substructure produced [1]. Little information
is available on the effect of pre-strain on hexagonal
closed packed (hcp) metals, magnesium in particular.
Reed-Hill [3] observed almost 50% increase in room
temperature ductility of zinc specimens pre-strained
transversely at low temperature (77 K). He attributed
this to nucleation of many twins, which grew broader
under tension at room temperature. The lack of such
twins in material deformed slowly at room tempera-
ture without pre-strain was attributed to difficulty in the
nucleation of twins. The measured twinning stress de-
creased slightly as temperature decreased in most defor-
mation modes in hcp metals, except for {101̄1} twinning
in which an increase of twinning stress was reported.
In polycrystalline Zr, room temperature deformation at
“moderate” strain rates is by {101̄0} prismatic slip and
{101̄2} twinning with occasional {112̄1} twins, whereas
at 77 K the amount of {101̄2} twinning increases, with
many more {112̄1} twins and some {112̄2} twins.

Grain size, d, is another variable that governs the
amount of deformation twinning. The lower yield
stress, determined by both slip and twinning in poly-
crystalline metals and alloys, often, but not necessarily,

obeys a Hall-Petch type of relation [1]. For instance,
Voehringer [4] found that the twinning stress in a Cu-5
at%Sn alloy followed the Hall-Petch relation, whereas
twinning stress in a Cu-15 at%Zn alloy increased lin-
early with d−1 rather than d−1/2. The latter behaviour is
consistent with the analysis of the relationship of twin-
ning stress and twin geometry given by Friedel [5]. The
effect of grain size is somewhat complicated by the pos-
sibility that grains of mixed size, as commonly obtained
in the thermomechanical processing of Mg alloys, may
not behave according to the law of mixtures, but may
rather exhibit superior properties, as reported by Ma’s
group [6] in reference to Cu.

In fact, so many variables, some strongly
interdependent—temperature, strain rate, amount
of pre-strain, grain size, composition and presence of
dispersed phases—may influence twinning [1, 3] that
only general trends can be predicted.

Because ZK60—a magnesium-based alloy under
consideration—has an hcp structure, with c/a ∼ 1.6,
the basal plane is the only close-packed one, although
the prismatic planes {11̄00} may become active in some
orientations, as may the less closely packed pyramidal
planes {11̄01} at higher temperatures. The most likely
Burgers vector at room temperature, c, provides only
four independent slip systems [7] which are insufficient
to satisfy the Taylor requirement of five independent
active slip systems for compatible plastic flow in poly-
crystals. It has been suggested, though, that compatible
deformation is achieved by four independent slips and
local stress relief by twinning [8]. In the case of defor-
mation by twinning, the number of independent modes
arising from a single twin system ranges from zero to
five, depending on the sense of the direction of twinning
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shear with respect to the state of internal stress, which is
variously tensile and compressive in a polycrystal sub-
jected to homogeneous stress. Five independent modes
are therefore available if the local stress state is suffi-
cient for both tension and compression twins to oper-
ate [7]. The contribution of twinning to general plastic
flow is to reorient grains more favourably, so that to-
tal plastic strain can be increased substantially by the
occurrence of second order twinning, e.g. {11̄01} twin-
ning in Mg, followed by {101̄2} twinning [7]. Using
Mg as an example, Reed-Hill [3] found that the vol-
ume fraction of twinned material varies linearly with
total strain when strains are not too large (say, <10%).
Although the twinned fraction continues to increase at
higher strains, albeit at a lower rate, the greater diffi-
culty in distinguishing twinned and untwinned regions
makes quantitative measurement difficult. The growth
in volume twinned during deformation is a result of
increase in the number and size of twins.

The effect of chemical composition makes for further
variability in behaviour. Twinning may carry intersti-
tial solutes into non-equivalent sites in bcc, fcc and hcp
metals, so that the effect of interstitial solutes is gener-
ally to decrease and, eventually, to eliminate twinning
[1]. Substitutional solid solution often increases the ten-
dency to twinning in bcc metals and also has a strong
effect in fcc metals [1], but a similar analysis does not
seem to have been made for hcp metals. The effect of
size distribution and volume fraction of second phase
particles as well as the role of structural factors such
as coherency have not been investigated systematically
[1]. Ageing or precipitation in many alloys tends to
delay twinning or suppresses it altogether [1].

Grain refinement by methods of severe plastic defor-
mation has become important as a means of enhancing
the properties (notably strength and ductility) of many
alloys [9]. The present work arose from an investiga-
tion into the way in which pre-straining by warm equal
channel angular extrusion (ECAE), that results in grain
size reduction influences deformation twinning in sub-
sequent room temperature deformation either by further
ECAE or by uniaxial tensile straining. While twinning
represents only one of the possible deformation modes
operating concurrently with dislocation glide, the oc-
currence of twins in the microstructure will be the main
focus of the present paper.

2. Experimental
Samples of 20 × 10 mm2 cross-section and 70 mm
length were machined from a continuously cast billet
of ZK60 (Mg-4.95%Zn-0.71%Zr). The samples were
homogenised for four hours at 460◦C in alumina pow-
der, to reduce surface oxidation. The homogenisation
conditions were chosen on the basis of previous time-
temperature homogenisation experiments to avoid in-
cipient melting and possible grain growth. As a result of
homogenisation, grain boundary precipitates were dis-
solved, leaving regions rich in zirconium. The initial
microstructure consisted of equiaxed grains with aver-
age diameter of 45.5 µm and isolated zinc-zirconium
particles dispersed within the grains or in clusters.

The samples were subjected to 8 passes of ECAE
(Routes A and C, cf. [9]) with a 120◦ die, at a ram
speed of 0.5 mm/s. The temperatures used were 200,
250 and 300◦C. After deformation by warm ECAE, the
specimens went through a single pass of room temper-
ature ECAE (this time with a 90◦ die). The occurrence
of twins was evaluated by microscopy.

Severe plastic deformation of ZK60 is known to pro-
duce a grain structure with a minimum average grain
size of about 1 µm [10] or larger [11]. The microstruc-
ture obtained in the present work was of a similar scale.
Therefore, the evaluation of microstructure and count-
ing of twins was possible with an optical microscope
(Olympus, JSM-840), while rotation of grains was
studied by scanning electron microscopy (LEO-1530).
Transmission electron microscopy (Philips CM20) was
used to check the possible occurrence of twinning in
small grains with diameter less than 2 µm.

3. Experimental results
3.1. Evolution of microstructure

under warm ECAE
For both routes and all temperatures employed, warm
ECAE resulted in a bi-modal microstructure with two
populations of grains distinctly different in size, where
large elongated grains were embedded in regions of
small recrystallised grains. The initial microstructure
(Fig. 1a) and the microstructures obtained after eight
ECAE passes at different temperatures are shown in
Fig. 1 (Route A) and Fig. 2 (Route C).

It is evident from the figures that overall grain refine-
ment upon ECAE was observed for both routes and at
all temperatures. An increase in processing temperature
shifts the grain size distribution toward a larger fraction
of small recrystallised grains. Due to a significant dif-
ference in the grain dimensions in the two populations,
the average grain size of large and small grains could be
assessed separately, using the linear intercept method.
The mean grain size (Fig. 3) and the area fraction of
large grains (Fig. 4) depend on temperature, ECAE
route and number of passes. A general trend seen in
these diagrams is that the area fraction of large grains
and their average diameter decrease with temperature
and the number of passes for both routes. This tendency
was more pronounced for Route A, as for Route C the
scatter in the grain size measurement was greater due to
grain rotation. It was observed that dynamic recystalli-
sation set in earlier, i.e. required a smaller number of
ECAE passes, at higher temperatures. The volume frac-
tion of dynamically recrystallised grains also increased
with temperature.

The degree of grain refinement increases with the
number of ECAE passes. Due to severe deformation
introduced after 8 ECAE passes, the mean size of large
grains (in the transverse cross-section) dropped from
45.5 µm to 26.7 ± 2.5 µm for Route A and to 29.7
± 4.1 µm for Route C. A slight dependence on the tem-
perature of warm ECAE pre-straining is seen in Fig. 3.
At the same time, a new population of small recrys-
tallised grains emerged. Their average diameter ranged
from 2 µm for ECAE at 200◦C to 4 µm for ECAE at
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Figure 1 Microstructures of warm ECAE deformed specimens vis-à-vis the initial microstructure (Route A) (a) initial, (b) after 8 passes at 200◦C,
(c) after 8 passes at 250◦C, (d) after 8 passes at 300◦C.

300◦C. As already mentioned, the area fraction of large
grains was found to be smaller for higher ECAE tem-
peratures, cf. Fig. 4, a very small number of large grains
being retained after pressing at 300◦C.

3.2. Effect of warm ECAE pre-straining
on twinning behaviour

3.2.1. Warm ECAE
While the main focus of this study was the investigation
of twinning under room temperature deformation fol-
lowing warm ECAE, it is worth reporting that twinning
occurred under warm ECAE itself, as well. Evidence for
that is seen in Fig. 5 that shows microstructures of spec-
imens deformed by 8 passes of ECAE under Route A at
three different temperatures. Deformation twins in large
grains are clearly recognisable at all three temperatures.
The occurrence of twins is obviously reduced with in-
creasing ECAE temperature, as could be expected [1].
Indeed, direct count of twins in large grains shows that
the density of twins (defined as their number per unit
area of large grain regions) drops almost to zero as
the temperature of warm ECAE increases from 200 to
300◦C, Fig. 6.

The evolution of the density of twins in large grains
with the number of warm ECAE passes was also stud-
ied. Measurements were taken after each even pass
number. It was found that the twin density acquired
within the first two passes either stayed constant, as in
the case of ECAE at 200◦C, or exhibited an apparent

decrease with the number of passes, as in the other two
cases. This decrease can be attributed to dynamic re-
crystallisation at higher temperatures that is believed
to be enhanced in the presence of twins [12]. Indeed,
transmission electron microscopy (TEM) provides ev-
idence of the occurrence of small recrystallised grains
that appear to have nucleated at the twin boundary seen
in the micrograph, Fig. 7.

The density of twins detected after two ECAE passes
(about 3000 and 4500 mm−2 for routes A and C, respec-
tively) was nearly the same for 200◦ and 250◦C, while
for 300◦C, values two order of magnitude smaller were
recorded.

Possible influence of texture on twinning was also
investigated. The incoming continuously-cast material
had a weak texture with basal planes normal to one
transverse direction and the poles of prismatic planes
aligned in a weak fibre texture around this direction.
After eight passes of ECAP via Route A, the poles of
the basal planes were aligned along an arc about 30◦ to
the extrusion direction and the prismatic planes rotated
toward the shear plane. Higher temperatures (250 and
300◦C) changed the texture relatively little, but tem-
perature and the use of Route C had a light tendency to
promote axial symmetry about the extrusion direction,
most notably that of the distribution of prismatic planes.
The pole figures showing the texture after 8 passes of
ECAE at 300◦C using routes A and C and illustrating
the mentioned tendency are presented in Fig. 8.
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Figure 2 Microstructures of warm ECAE deformed specimens (Route C) (a) after 8 passes at 200◦C, (b) after 8 passes at 250◦C, (c) after 8 passes at
300◦C.

Figure 3 Average grain size as a function of number of ECAE passes. The average diameter of large and small grains is shown for three ECAE
temperatures. (a) Route A and (b) Route C.

This observed small effect of ECAP on texture is
consistent with the findings of Ferrasse et al. [13],
who found that although a strong texture developed un-
der some circumstances in the first two-to-four passes
of ECAP of an aluminium alloy, texture subsequently
weakened and even approached random orientation.

The strength and nature of initial texture had little effect
on this behaviour. There was generally little difference
between routes, although Routes A and Bc were most
effective in randomizing texture and Route C produced
and retained the strongest one. It should be noted that
the work of Ferrasse et al. refers to cold ECAP. Ferrasse
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Figure 4 The area fraction of large grains as a function of ECAE tem-
perature.

et al. refer to the effect of dynamic recrystallisation and
grain/subgrain rotation as contributors to the weaken-
ing of texture at high strains. As those mechanisms are
promoted by elevated temperature, warm ECAP cannot
be expected to exercise a substantial influence on tex-

Figure 5 Microstructures of specimens deformed by warm ECAE (8 passes, Route A, transversal section) showing twins in large grains: (a) −200◦C,
(b) −250◦C, and (c) −300◦C.

ture. This is confirmed by the observation that texture
changed little with route and hence that the main factor
governing the influence on twinning during deforma-
tion by hot ECAP was the temperature itself.

3.2.2. Room temperature ECAE
of pre-strained samples

All samples pre-strained by ECAE at 200◦, 250◦ and
300◦C, as well as a homogenised undeformed speci-
men, were subsequently deformed at room tempera-
ture. The aim of these tests was to elucidate the effect
of grain refinement achieved by pre-straining on the
deformation mechanisms operating at room tempera-
ture. Room temperature deformation was performed by
ECAE conducted in the same apparatus, but using a 90◦
die.

The results of optical microscopy show that twinning
does occur at room temperature both in homogenised
undeformed material and in the specimens that under-
went warm ECAE (Fig. 9). It is seen clearly that at all
three temperatures twinning occurred in large grains.
Evidence of twinning in small grains was only seen in
the case of pre-straining at the highest temperature used
(300◦C). The average grain size of 4 µm for the small
grain population was the largest in this case. The den-
sity of twins (number of twins per unit area) was about
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Figure 6 Density of twins in large grains after eight passes as a function
of the ECAE temperature (Squares – Route A, triangles – Route C).

Figure 7 The microstructure after warm ECAE (300◦C) showing large
grain (∼40 µm) crossed by a twin and small grains (indicated in photo
by arrows) where recrystallisation was initiated at the twin boundary.

3400 mm−2 (Route A) and 2400 mm−2 (Route C). (It
should be noted that in these values the total area was
used as a reference, as the area fraction of large grains
could be neglected.)

Pre-straining the material by warm ECAE was seen
to result in recrystallisation leading to the emergence of
small twin-free grains under both ECAE routes used.
The subsequent room temperature pressing was par-
tially accommodated by twinning, the more so, the
higher the warm ECAE temperature, Fig. 9. This is es-
pecially evident for Route C, where this trend is more
pronounced. The increment in the overall twin density
associated with room temperature ECAE as a function
of pre-straining temperature is presented on Fig. 10.
The aforementioned study of the texture after 8 passes
of ECAE at various temperatures showed little change
with temperature and only a minor dependence on the

route, so that the increase in twin density in room tem-
perature deformation with the temperature of pre-strain
by ECAE is not attributed to difference in texture. De-
spite the presence of a significant population of large
grains in the material pre-strained at 200◦C, the in-
crement in twin density upon room temperature de-
formation was fairly low. This may be rationalised as
follows. The small grains are probably too small for
twins to be generated (see Section 4 below), while the
large grains have already been massively twinned dur-
ing the pre-strain stage. As dynamic recrystallisation
was nearly complete after pre-straining at 300◦C, and
the area fraction of large grains dropped appreciably,
Fig. 4, the increase in the overall density of twins was
associated with the occurrence of twinning in small
grains. It should be noted, however, that the average
grain size in the ‘small’ grain population (4 µm) was
not so small any longer. The case of pre-strain at 250◦C
is intermediate between these two cases.

3.3. Deformation mode in case
of fine grains

To observe the deformation mode in fine-grained ma-
terial obtained by eight ECAE passes at 300◦C a com-
pression test was also conducted. A grid of fine (about
1 µm thick) lines was engraved with a diamond sty-
lus onto the electrochemically polished specimen sur-
face. After a room temperature compression test, the
deformed scribed lines were observed in a field emis-
sion gun scanning electron microscope, cf. Fig. 11.

The trace of a scribed line remained continuous after
deformation; a change in direction appears to provide
evidence of grain rotation. Lack of steps on the scribe
line suggests that grain boundary sliding did not occur.

Observation of twinning in small grains by optical
microscopy presented above was confirmed by scan-
ning electron microscopy, as seen from Fig. 11 that
exhibits twins. This evidence suggests that room tem-
perature deformation of the small grain microstructure
produced by 300◦C ECAE involves twinning (in the
fraction of the grains that are about 3–4 µm or larger)
as well as grain rotation.

4. Discussion
The results relating to the effect of warm ECAE on
the occurrence of twinning suggest that deformation
twinning at room temperature is suppressed by grain
refinement associated with pre-sraining. The main ef-
fect of grain size on the occurrence of twinning can
be seen in the gradual suppression of twinning activity
with increase in the fraction of small grains. Disloca-
tion glide then becomes the predominant mechanism of
plastic deformation. Twinning under warm ECAE was
observed chiefly in large grains. Small grains exhibited
twinning only in specimens that underwent ECAE at
300◦C—when they actually were fairly large (around
4 µm in diameter on average) and could be categorised
as ‘small’ in a relative sense only.

The fact that reduction in grain size apparently led to
suppression of twinning can be rationalised by looking
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Figure 8 Pole figures showing the texture after 8 passes of ECAE at 300◦C: (a) Route A and (b) Route C.

Figure 9 Microstructure of samples after room temperature ECAE: (a) homogenised material, (b) pre-strained by 8 ECAE passes at 200◦C, (c)
pre-strained by 8 ECAE passes at 250◦C, and (d) pre-strained by 8 ECAE passes at 300◦C. (Pre-straining: Route A).
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Figure 10 Increment in density of twins after room temperature ECAE
as a function of the ECAE pre-strain temperature (Routes A and C).

at the relation between the stress σgnd the dimensions
of a twin in equilibrium, considered by Friedel [5] (cf.
Equation (6.18)):

σ ∼= µ

2
s · h

L
(1)

Here µ is the shear modulus, s is the shear produced
by the twin (of the order of 0.1–1 [5]), Lis the length
of the twin and h its thickness. If the stress required for
twinning, σTWINNING, is assessed on the basis of this
equation, the most favourable condition for twinning
corresponds to L being identified with the grain size d:

σTWINNING
∼= µ

2
s · h

d
. (2)

The 1/d dependence of the twinning stress is known
from the experimental literature [1], although a Hall-
Petch-like 1/

√
d dependence was also reported, again

in Ref. 1. As the stress required for dislocation glide
controlled plastic deformation follows a 1/

√
d depen-

Figure 11 Trace of a scribed line after compression test.

dence, it is obvious that for sufficiently small d, the
twinning stress given by Equation 2 will become larger
than the stress required for dislocation glide, σGLIDE.
Obviously, twinning will not be the preferred defor-
mation mode then. With data on the grain size depen-
dence of strength for coarse grained ZK60 compiled
from literature [14], the Hall-Petch relation for dis-
location glide controlled deformation can be written
as

σGLIDE = 197 MPa + 99 MPa · µm1/2/
√

d (3)

(d in µm). The dependence of the twinning stress,
Equation 2, and the dislocation glide stress, Equation
3, on the average grain size is shown on Fig. 12. The
twinning stress was assessed for s = 1 and h = 0.1
µm. (The latter value is suggested by the order of mag-
nitude of the twin width seen in Fig. 7). The diagram
shows that twinning prevalent at large d is to give way
to dislocation glide in the range of small d . The critical
grain size at which this cross-over occurs is seen to be
about 3–4 µm. Of course, this particular value depends
on the magnitude of the parameters chosen and is in-
dicative only. From the occurrence of room temperature
twinning in a small grained microstructure produced by
ECAE at 300◦C and lack of its occurrence in the case
of material pre-strained at lower temperatures, together
with the data on the average grain size for these cases,
it can be conjectured that the cross-over between twin-
ning and dislocation glide occurs, indeed, at the grain
size of about 3–4 µm.

The fact that the propensity for twinning decreases
with increasing degree of grain refinement is also con-
firmed by the considerations presented by Meyers and
co-workers [15, 16]. These authors represented the
twinning stress of a range of metallic materials, in-
cluding hcp ones, by a Hall-Petch-type relation and
demonstrated that the Hall-Petch constant for twin-
ning is larger than the corresponding constant for dis-
location glide. The predominance of dislocation glide
over twinning as the deformation mechanism for small
grain sizes follows as a direct consequence of their
analysis.
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Figure 12 Grain size dependence of the twinning stress and the dislo-
cation glide stress.

Figure 13 Micrograph showing small grains (∼ 2 µm) in a sample after
8 passes of warm ECAE (300◦C) followed by a single room temperature
pass.

To verify the statement that no twinning occurred in
the smallest grains produced by ECAE, micrographs of
selected grains were taken by transmission electron mi-
croscopy, Fig. 13. No evidence of twinning was found,
confirming that other deformation mechanisms were
active to accommodate room temperature strain.

5. Conclusions
The experimental observations made in this work lead
us to conclude that:

• Equal channel angular extrusion of alloy ZK 60
at elevated temperatures leads to a bi-modal grain
structure consisting of large deformed and small
recrystallised grain fractions. The overall grain re-

finement is owed to a decrease in the grain size
of large grains and the emergence of recrystallised
small grains.

• The fraction of small grains increases with the
number of passes and the ECAE temperature.
Thus, after 8 ECAE passes at 300◦C, the grain
structure is no longer bi-modal, but is rather uni-
form and fine-grained, deformed large grains rep-
resenting a ‘minority’ fraction.

• Twinning occurs during the first two ECAE passes;
the twin density stays constant at 200◦C but de-
creases with subsequent passes for the other two
temperatures. Together with the fact that the re-
crystallised grain area increases with the ECAE
temperature, this observation suggests that twins
are the preferred recrystallisation sites.

• Twinning under room temperature ECAE in ma-
terial severely pre-strained at elevated tempera-
tures was less pronounced than in undeformed ho-
mogenised material. The density of deformation
twins produced at room temperature decreased on
lowering the pre-strain temperature, owing to the
fact that the smallest recrystallised grain size was
produced at the lowest pre-strain temperature.

• It can be conjectured that there exists a critical grain
size below which deformation twinning at room
temperature is suppressed. For the material tested,
this critical size should be about 3–4 µm.
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