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Aiming at improving deformability of wrought Mg alloys, the commercial hot-pressed alloy MA14 (ZK60) was subjected to hot/warm severe plastic deformation (SPD)
to a total true strain of 9. The processing schedule involved a combination of two-stage multi-step isothermal forging performed at 400 and 300 °C and subsequent
isothermal rolling at 300 °C. The evolution of the microstructure, texture and mechanical properties were investigated. SPD resulted in a highly homogeneous
microstructure with the size of equiaxed grain (subgrain) reduced down ~2.5 pm (1.5 pm). The strong initial fiber texture was transformed into the weak pyramidal
texture during forging operation and then to the typical basal texture during further rolling. Changes in the distribution of excess phases are also reported. In response
to microstructural changes induced by SPD, the ductility of the alloy enhanced substantially without compromising the strength. Unlike conventional semi- products
having a high anisotropy of mechanical properties, the proposed processing method resulted in the isotropic yield stress and elongation to failure. The nature of grain
refinement and the structure-property relations emphasizing the effects of the grain structure and texture on the tensile strength and its anisotropy are discussed.

1. Introduction

Magnesium alloys are among the most perspective structural light-
weight materials nowadays. A combination of low density, high specific
strength and excellent damping capacity makes them highly attractive
for wider applications in aerospace and automotive manufacturing,
consumer electronics and medical materials engineering [1]. However,
despite the impressive potential, the uptake of wrought Mg alloys by
industry has been rather sluggish. One of the main reasons for that is
the poor deformability of magnesium cast and wrought products due to
a limited number of slip systems in the hexagonal close-packed (hcp)
crystal lattice, pronounced asymmetry of the mechanical response
caused by a polar nature of mechanical twinning, and strong unfavor-
able deformation texture developed in the products during commercial
processing [1,2].

An effective strategy, which has gained a great popularity in the
recent two decades, aiming at enhancing strength and ductility of me-
tals and alloys is based on significant grain refinement. Ultrafine-grain
and even nanocrystalline (UFG and NC) structures having grain (sub-
grain) size less than 1 and 0.1 pm, respectively, have been produced in
different materials, including magnesium based alloys, via so-called

severe plastic deformation (SPD) imparting large effective strains e >1
onto a working peace [3-6]. Among many other SPD techniques, multi-
step isothermal forging (MIF) has been proven quite efficient to produce
industrially scalable amount of UFG and NC bulk billets. For sheet
productions, a highly potent approach utilizes a combination of MIF
and isothermal rolling (IR), which has been sucessfully applied for
manufacturing of hep zirconium and titanium based alloys [6].

Effect of SPD on the microstructure and properties of magnesium
alloys has been just scarcely studied to date. In view of increasing ef-
ficiency of practical applications of SPD techniques, it is challenging to
explore the capacity of industrially scalable methods such as MIF and IR
for magnesium alloys manufacturing. The present work is aimed at
investigating the evolution of the microstructure, texture and tensile
mechanical properties of a commercial Mg-Zn-Zr alloy after SPD. This
alloy is considered as a representative of a class of wrought Mg alloys.
The SPD processing used in the present work included thermo-
mechanical treatment combining two isothermal processes — MIF and IR
— performed at warm-to-hot conditions at temperatures above the
solvus temperature of the main strengthening f (MgZnz)-phase.



2. Experimental procedure

Billets of 90 mm diameter and 170 mm long were cut from a
commercial hot-pressed rod of MA14! (Mg-5.8Zn-0.65Zr (%, wt.))
alloy. They were then MIF processed to the equivalent strains of 4.2 and
3.0 in two sequential steps at 400 and 300 °C, respectively, using a
hydraulic press with an isothermal die set. Each step included several
deformation cycles of preheated in the air furnace billets, involving
successive settings with deformation axes changing after each cycle (see
[7,8] for more detail). The plates of 15 x 20 x 25 mm?® dimensions
were machined from the MIF-processed billets and then rolled to e ~1.6
in the direction perpendicular to the last setting with a speed of 2 mm/s
at 300 °C. Isothermal conditions under rolling were provided by heaters
built-in in the clamping rollers. The specimens and working rollers were
pre-heat in a furnace to desired temperature.

The alloy microstructure and texture were analyzed in the long-
itudinal and transverse sections of the initial pressed, forged and rolled
billets using the scanning electron microscope (SEM) Tescan Mira LM
equipped with the electron backscattered diffraction (EBSD) system and
the HKL CHANNEL 5 software. The grain and subgrain size, volume
fraction of recrystallized grains and grain boundary misorientation
distributions were obtained from EBSD data. Low- and high-angle
boundaries (LABs and HABs) were identified as boundaries having a

misorientation angle, ©, from 2 to 15° and greater than 15°, respec-
tively. The subgrain and grain size was evaluated from EBSD data by
converting area measurements into a “circle equivalent diameter” (with
the mean of the equivalent diameters of each of the individual grains)
as recommended by ISO 13067:2011 [9] and implemented in the or-
ientation image microscopy software by Oxford Instruments [10]. The
orientation maps were constructed by the analysis of 6-7 Kikuchi lines
in the EBSD patterns using the database for pure Mg. The points cor-
responding to the second phases were not taken into account in grain
(sub-grain) size measurements. The fraction of twin boundaries was
determined for both primary {10 2} (~86° = 2°), (~66.5° = 2°) and
secondary {101} (~30° = 2°), (~37° = 2°) twins [11,12]. The pole
figures were obtained using combined data of five to six 100 X
100 pm? EBSD maps generated from different areas of the initial and
SPD processed material to ensure representative grain statistics for the
texture analysis [13]. The second phases were characterized by the
equivalent diameter, d (with the mean value denoted by d ), the area
fraction S, the partial area fraction si/S of particles (phases) with dif-
as well as by the the interparticle spacing A = d 71/6S assuming a

ferent sizes and), specific area fraction (s/S) of phases of different size,
spherical particle shape [14]. All these quantities were averaged for
both excess and secondary (precipitates) phases, ranging from 20 nm to
several micrometers. These variables were evaluated from back-
scattered electron (BSE) SEM images obtained in both longitudinal and
transverse sections using the Image] analytical software using the
standard stereological algorithms. The S value was determined as a
ratio of the total area of the secondary phases identified by the BSE
detector to the scanned area of the metallographic section. The data
sample included the readings from not less than 6000 particles for each
alloy’s structural state and each section. The precipitates were also
detected by transmission electron microscopy (TEM) (JEOL 2000EX).
The specimens for SEM and TEM observations were prepared by con-
ventional mechanical thinning and grinding ended by electro-polishing
under 20 V applied voltage in a solution of nitric acid in methanol at
5 °C using a Tenupol-5 twin-jet polisher.

Tensile tests were carried out at ambient temperature on the Instron
5982 screw-driven testing machine using dog-bone shape specimens
with 10 x 2 x 2 mm? gage part. The specimens were cut from the SPD
processed billets and sheets in either longitudinal or transverse

' MA14 is the Russian designation of the Mg-Zn-Zr alloy, having a chemical compo-
sition close to that of the alloy ZK60
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Fig. 1. Axes in the initial and processed billets and scheme of tensile samples cutting. PD
(RD), TD and ND are the pressing (rolling), transverse and normal directions, respec-
tively. LT and TL are the standard abbreviations of longitudinal and transverse tensile
samples.

directions corresponding to the processing axes - LT and TL, respec-
tively, Fig. 1.

3. Results and discussion
3.1. Microstructure

Typical optical microscopy images and colour coded EBSD or-
ientation image maps representing the grain structure in the long-
itudinal section of the initial hot pressed rod and SPD-processed billets
are shown in Fig. 2. The initial hot-pressed (HP) rod has a partially
recrystallized structure with coarse elongated grains up to 1 mm long
and 50 pm thick surrounded by fine equiaxed grains 6.5 = 0.5 um in
size, Fig. 2a. The sub-grains with a mean diameter of 5.5 pm can be
observed inside the elongated grains as well as in some coarse equiaxed
grains. Although the recrystallized structure does not prevail over the
area of observation, the grain boundary distribution reveals a large
fraction of high-angle boundaries (Vuas = 50%) with a relatively large
average angle of boundary misorientations (Q.y~ ~35°), Fig. 3a. After
MIF, the microstructure became predominantly recrystallized and fine-
grained, Fig. 2b. It contained of 80-85% equiaxed grains of 5 um in

Besides, forging changed the grain boundary spectrum so that .y and

diameter and of 20% of unrecrystallized grains with 2-3 pm subgrains.
Vuas increased to 43° and 69%, respectively, Fig. 3b. Considering the
microstructure evolution, whereby the transverse low-angle dislocation
sub-boundaries are formed in the preferably oriented elongated grains
and then subsequently transformed into HABs with the increase of
strain, the main mechanism of the alloy grain refinement is identified as
continuous dynamic recrystallization [7,8,15,16]. It is worthy noticing
that the resultant grain boundary misorientations spectrum exhibited a
clear peak at about 86°, Fig. 3, corresponding to tensile twin boundaries
according to the Brandon criterion [17]. By no means can this serve asa
proof of mechanical twinning occurring possibly during processing. The
twins also cannot be unambiguously identified from optical microscopy
images shown in Fig. 2 (even though some twin-like lamellae can be
recognized on the micrographs) as well, since both crystallographic
orientation and boundary plane inclination must be known. However,
based on a large experimental database, the consensus seems to be that
twinning play a significant role in the nucleation of dynamically re-
crystallized grains during warm and even hot deformation of Mg alloys
[16,18-20]. Thus, it seems plausible to suppose that dynamic re-
crystallization originated from mechanical twinning influences the
microstructure development during MIF. We should also notice that
under conditions of dynamic recrystallization, new grains continuously
replace the most work-hardened ones and, thus, deformation twins lose
their original morphology. They therefore can be hardly observed in the



Fig. 2. Typical optical microscopy images (left) and EBSD orientation image maps (right) representing the grain structure in the longitudinal cross-section of the initial hot pressed rod of
the alloy MA14 (a) and for the billets after SPD by multiaxial isothermal forging (MIF) (b) and multiaxial forging followed by isothermal rolling (MIF+IR) (c). The grains on the EBSD
orientation maps are displayed in inverse pole figure coloring using the same standard stereographic triangle key shown in the inset.

fine-grained structure evolved at high strains during MIF. It can be
suggested that finer recrystallized grains were evolved in the regions of
localized deformation in a way similar to that in aluminum alloys
subjected to equal channel angular pressing [21]).

Further isothermal rolling promoted evolution of the equiaxed fine-
grained microstructure into the fine lamellar-like one with alternating
bands of recrystallized grains of different sizes, Fig. 2c. The average
grain and subgrain size decreased to 2.4 and 1.4 = 0.2 pm, respectively,
testifying continuation of dynamic recrystallization and grain refine-
ment associated with it. The same conclusion can be reasonably drawn
from the fact that the coarse grains (more than 20 pm in size) are much
less frequently observed in the rolled sheet. Besides, EBSD data have

Www

shown that the grains in the rolled alloy are predominantly surrounded
by HABs, Fig. 2c, with the number fraction reaching of 78%, Fig. 3c.
Moreover, the fraction of twin boundaries was almost constant during
processing. The boundary misorientation angle distributions, Fig. 3,
show that primary extension twinning prevails over compression
twinning under rolling. As a result, despite severe deformation via the
integral processing route involving two deformation techniques, the
alloy microstructure remained highly inhomogeneous with a wide grain
size distribution, resembling that in the initial hot-pressed rod. Most
probably, both data sets - after conventional processing and SPD - bear
the same origin associated with the inhomogeneous distribution of
primary and secondary phases in the alloy matrix and with the specific



L35V,

double
twins

=50%
primary
twins

a |26
24
22

15

1.0

0.5

o.o

10 20 30 40 50 60 70 80 90
angle © (degrees)

26
24
2zﬂ =43’ Vs = 09%

1.5
1.0
0.5
0.0

10 20 30 40 50 60 70 80 90
angle @ (degrees)

=78%

®av

=44’V

0 10 20 30 40 50 60 70 80 90
angle © (degrees)

Fig. 3. Grain boundary angular distributions obtained by EBSD for the initial hot pressed
rod of the alloy MA14 (a) and for the billets after SPD by multiaxial forging (b) and
multiaxial forging followed by isothermal rolling (c). Arrows indicate approximately the
intervals of misorientation angles corresponding to different families of twins in the
distribution histograms according to [11].

response of the magnesium lattice to micro- and macro-strain locali-
zation and twinning.

Thus, the microstructural analysis allows concluding that the alloy
grain refinement during forging and rolling under hot-to-warm condi-
tions can occur by both “twinning-based” and “conventional” con-
tinuous dynamic recrystallization. In the first case, mechanical twin-
ning operates in preferably oriented coarse grains and twin boundaries
are transformed further into random HABs due to formation of

Ww

orientation misfit dislocations thought the interaction of the twin
boundaries with incoming lattice dislocations (cf. [22]. In the second
case, the deformation-induced LABs, which have been presented in the
initial rod and those formed under further processing, increased their
misorientations and shifted into the high-angle domain of the mis-
orientation spectrum, thus increasing HABs fraction in the course of
treatment. As a result, the evolved grains appear to be smaller than the
just “twinned” grains [19], creating grain structure inhomogeneity.
Besides, one more important process of the elongated structure trans-
formation during hot SPD processing cannot be neglected. This process
is known as geometric dynamic recrystallization, which commonly
takes place under unidirectional straining at relatively high homo-
logous temperatures [16,26]. During geometric dynamic recrystalliza-
tion, a substantial grain refinement occurs via grain elongation and
thinning. The traces of geometric dynamic recrystallization under
rolling can be seen as considerable lengthening of coarse fragments of
initial elongated grains, resulting finally in development of equiaxial
recrystallized grains via nucleation of boundaries extending across the
thickness of initial grains.

3.2. Second phases

The phase compositions of the Mg-Zn-Zr tertiary alloys have been
extensively studied [1,23]. Although the main strengthening particles
inMg-Zn-Zr alloys are associated with Mg-Zn intermetallic compounds,
e.g. MgZn, MgZny, and MgZns , Zr-rich particles, fine precipitates
containing Zr appear to form during hot deformation processing, which
influences the recrystallization behavior and the microstructure of
wrought products. [1,6,21,24,25]. Figs. 4 and 5 show typical TEM and
BSE SEM images highlighting secondary phases in the longitudinal
cross-section of the processed alloy. It can be seen that the hot-pressed
material Fig. 5(a, d, g) contains a high fraction of coarse (up to a few

micrometers in size) particles of excess phases (predominantly B-type
phases) aligned in strings along the axis of the rod. MIF changed the
appearance of these phases significantly. Firstly, the particles refined
considerably and the strings became less evident with increasing MIF
strain, Fig. 5(b, e, h). Secondly, the particle orientation with respect to
the billets axis appeared more random. Thirdly, the distribution of
particles in the volume became much more homogeneous. However,
further IR resulted in the reappearance of the string-type particle ar-
rangement similar to that in the initial rod, though with notably
shorter, narrower and closer spaced strings formed by smaller (on
average) particles, Fig. 5(c, f, i).

Typical quantitative parameters — area fraction S, partial area
fraction s/S for particles of different sizes and interparticle distance A —
defined in Section 2 and characterizing distributions of both type
phases are summarized in Fig. 6 and Table 1. According to these data,
the alloy in the initial hot-pressed state has a bimodal size distribution
of second phases, Fig. 6a. After MIF, the distribution changed to un-
imodal, Fig. 6b, and then slightly transformed during rolling, Fig. 6c.
These observations can be indicative of two possible processes. The first
one, as was mentioned above, is caused by phase refinement through
mechanical rupture, which is particularly intense and easy for brittle
coarse excess phases. On the other hand, some coarsening of disperse
phases could possibly occur during hot MIF deformation. It, then, could
continue during hot rolling due to phase coagulation, Fig. 6(f, i) (cf.
also Fig. 5c¢).

It can be also seen from Table 1 that the average phase dimensions
as well as their mean area fractions in both longitudinal and transverse
cross-sections of the rod and processed billets are almost equal. How-
ever, the weak trend to reduce the area fraction can be noticed with
accumulated strain in the longitudinal section while the opposite ten-
dency is seen in the transverse section. Most likely, it could be mainly
caused by the changes in the particles orientation in the billets volume
due to multidirectional straining upon processing. Another reason could

be caused by dynamic dissolution of some B-phase plate-shape



Fig. 4. Bright field TEM structure images of the initial hot pressed rod of the alloy MA14 (a) and of the billets after SPD by multiaxial forging (b) and multiaxial forging followed by

isothermal rolling (c).

precipitates and their further re-aging during MIF and IR with actually
oriented re-precipitation governed by simultaneous transformations of
crystallographic texture discussed below. However, one should bear in
mind that according to the equilibrium phase-diagram of the alloy [27]
the fraction of these precipitates under processing at 300 °C could not
exceed 1%. As a result, for the given alloy microstructure and corre-
sponding phase transformations, the mean values of interphase spacing
in the initial rod and processed billets were quite close, suggesting that
these phases exert comparable influence on alloy strengthening not
only in different directions, but also in all structural states studied,
Table 1.

3.3. Crystallographic texture

The evolution of texture during SPD is shown in Fig. 7. In the initial
condition, the alloy exhibits the typical for ahot-pressed semi-product
fiber texture with theaxis of symmetry parallel to the pressing direction
and the maximum intensity greater than 12, Fig. 7a. Upon that, the
pressing directions in the inverse pole figure (IPF) spread along theline
from < 0170 > to <™2 0> . The microstructure transformations
under MIF result in the higher orientation density in a wide range be-
tween < 22>,< 2 IT>,< 01 2> and < 02 271 > directions
with threerelatively weak orientation maxima, Fig. 7b. The maximum
intensity of the main and almost unique texture component {11 2 2}
after MIF was only slightly higher than 5, thatis two times weaker than
the intensity of the initial fiber texture. As it could be plausibly ex-
pected, further rolling resulted in the strong rolling {0001} basal tex-
ture with the high maximum intensity higher than 21, Fig. 7c.

Thus, three different structural states distinguished by the grain
structure, phase composition and texture where produced in the same
alloy by different processing routes involving combination of forging
and rolling.

3.4. Tensile strength

The mechanical behavior of the alloy in three different micro-
structural states discussed above is shown in Fig. 8 as nominal stress-
strain curves. Corresponding mechanical properties are summarized in
Table 2. It is seen that a good balance between the tensile strength and
ductility is achieved as a result of SPD processing. The two-step hot-to-
warm MIF resulted in appreciable softening in the longitudinal direc-
tion of the hot-pressed rod as signaled by a notably reduced yield stress
(YS). However, this softening was accompanied by the significant in-
crease in the ductility, measured as the elongation to failure (8) and by
the decrease in the yield stress anisotropy. As a result, the alloy
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mechanical response became rather isotropic as reflected by all three
parameters measured, including the ultimate tensile strength (UTS),
Table 2. The post-MIF rolling gave rise to the alloy strengthening and
ductility reduction, as could be reasonably expected. Thus, the YS value
was found slightly smaller, while UTS was slightly higher than their
respective counterparts in the longitudinal direction of the initial rod.
Besides, the YSincreased significantly in the transverse direction, while
the UTS change was less pronounced and its value remained smaller
than that in the initial condition. As it can be compared with the alloy
MIF state, rolling resulted in reduction in ductility in both directions.
However, the elongation to failure after IR was still by far larger than
that in the initial semi-product.

4. Discussion

The mechanical behavior of the alloy is controlled by its micro-
structure and texture. It has long been established that strengthening
mechanisms in alloys are associated with factors increasing the re-
sistance to dislocation motion. The main mechanisms include, but are
not limited to, mechanical blocking of dislocation slip by grain (sub-
grain) boundaries and/or foreign particles, pinning of dislocations by
solute atoms and increasing total dislocation density by strain hard-
ening. Conventionally, the alloy strengthening can be estimated as a
cumulative effect of additive contributions exerting influence on dis-
location initiation and motion [14,28] :

YS = YSmg + AYSss+ AYSces + AYSps+ AYSts 1)

where YS stands for the yield stress which is composed the following
constituents: YSwg is the yield stress of a pure coarse-grained magne-
sium associated with dislocation storage, AYSss stands for solid solution
strengthening, AYScgs refers to grain boundary strengthening, AYSps is
particle strengthening and AYSrs is strengthening due to the texture
effect. The effect of mechanical twinning is not specified here as an
independent strengthening mechanism since the twin boundaries act as
the barriers for dislocation motion in the same way to other high-angle
grain boundaries.

All these strengthening factors were evaluated and summarized in
Table 3. The first and the second term were taken from the available
reference data [29,30], the grain boundary strengthening was esti-
mated using the present experimental data and the Hall-Petch relation.

The Orowan’s equation for point obstacles [14] gives the strength
contribution due to bowing of precipitates as

00=MmGb®In((A/d)/2b)/21t (A/d), where M = 6.5 is the
Taylor orientation factor [1], m=0.85 is the statistical coefficient
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Fig. 5. BSE images showing the typical distributions of secondary phases at different magnifications in the longitudinal cross-sections of the initial hot pressed rod of the alloy MA14 (a)
and of the billets after SPD by multiaxial forging (b) and multiaxial forging followed by isothermal rolling (c).

relating the microscopic flow stress of a single crystal with a random
distribution of particles with the flow stress determined from the
average inter-particle distance [14]. G = 20.2 GPa is the shear modulus
[1], b = 3.2 x 10 m is the magnitude of the Burgers vector of a-
dislocation in magnesium [1,31] and ® = V2(1+1/(1-v)) = 0.25 is the
average coefficient characterizing the edge and twin dislocations-par-
ticles interaction (v = 0.33 is the Poisson ratio). The contribution of
texture was found as the difference between the experimentally mea-
sured conventional yield stress and the sum of all other strengthening
factors involved.

Based on these considerations, it is plausible to conclude that two
factors ensure the major strengthening effect under SPD - grain struc-
ture and texture transformations. Among these two, grain refinement is
associated with the significant increase in the volume fraction of grain
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boundaries during MIF and IR, giving rise thereby to considerable Hall-
Petch and substructure hardening. Increasing the amount of grains with
favorable orientation for basal slip is associated with weak pyramidal
texture created during MIF. This promoted the increase in the alloy
ductility. IR after MIF gave rise to further grain refinement and for-
mation of ultrafine-grain structure with a fairly strong texture.

One can conclude, therefore, that processing of the MA14 alloy via a
combination of hot-to-warm forging and further rolling has promoted
significant grain refinement and provided the main contribution to the
alloy strength. The beneficial synergistic effect is obtained with a su-
perior balance of deformation characteristics, which outperform those
commonly reported for conventional products. The hot-pressed rod
showed the pronounced asymmetry in the yield stress while the tensile
strength was almost isotropic, Table 2. It is clear that the hardening rate
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Table 1
Characteristics of second phases in the longitudinal/transverse sections of the alloy MA14
(SEM-BSE analysis).

Condition d, nm S, % A\ nm

Hot-pressed rod 63/60 4.4/3.4 200/210
+ MIF 68/63 3.4/3.3 230/270
+ MIF + IR 68/65 3.3/3.9 270/240

in the transverse direction, Fig. 8a, is higher than that in the long-
itudinal one, Fig. 8b. The observed difference in the hardening rate
might appear as a result of different activity of the basal slip system
and/ or the effect of the anisotropic distribution of second phases. The

fiber texture facilitates a greater basal slip activity in the transverse
direction thus lowering the corresponding yield stress value with the
concomitantly increasing rate of dislocation accumulation and longer
strain hardening stage, Table 2. Reduction of the longitudinal yield
stress and its anisotropy after MIF is associated primarily with the
texture effect. Formation of pyramidal texture in the billet during MIF
led to a lesser strength owing to the increased basal slip activity upon

ND

0110

C
o
.‘II, ‘ \‘I"‘
:. - { PD
p. __’—""_'-_"'
‘:‘1!
1210 0001 1210

0110

0110
Exp. densities [mud): Exn. densit di Exp. densities (mud):
Min= 0,00, Max=12,37 e 012, ':,IZLT; ]7‘3 Min= 0.01, Max=21.57
2 77— ¢ 2
3 4 533 — g —
0 — 5 3 B — 8
8 4 10— 10
. : i
16
18
20

Fig.7. Fig. 5. Direct {0001} and inverse pole figures and corresponding texture intensities in the initial hot pressed alloy rod (a) and that after MIF (b) and MIF+IR processed billets (c).

In (a) and (b) the inverse pole figures were plotted for PD, in (c) - for RD.

Ww



400

350 +

300

N

4}

o
1

= [

(5] o

o o
I L

stress, MPa

_

o

o
L

(41
o o
L

o
(&3]

strain, %

400

b
350
300 -
o 250
o e
= 2004/
&
£ 1501 —HP rod
100 - ---MIF
----- MIF+IR)
50
0 — 7T + T - T r T T 1T T T r T T T
0 5 10 15 20 25 30 35 40
strain, %

Fig. 8. The alloy room-temperature true stress-strain tensile curves for the specimens aligned with longitudinal (LT) (a) and transverse (TL) (b) directions of the working billet.

Table 2
The alloy tensile strength parameters at room temperature.

Condition YS, MPa UurTs, MPa $,%

LT TL LT TL LT TL
Initial rod 200* 13C 310 300 17 19
After MIF 145 135 280 275 37 34
After MIF and IR 180 195 320 275 24 25

(*- the confidence interval for YS and UTS equals = 5 MPa and for 8 it is & 2%)

Table 3
The alloy strengthening factors in longitudinal/transverse directions.

Condition YSmg, MPa  AYSss, MPa  AYS ps, MPa  AYScgss, MPa ~ AYSts, MPa
HP rod 20/20 20/20 27/29 58/42 75/19

MIF 20/20 40/36 59/59 6/0

MIF + IR 20/20 36/43 93/93 11/19

tensile testing of the LT samples. As opposes to this trend, the following
rolling is accompanied by the formation of {0001} basal texture that
impeded dislocation motion on the basal systems and increased the
alloy strength, providing the yield strength almost equal to that in the
hot-pressed rod in longitudinal direction and even higher in the TL
samples. The same reasons caused the ductility reduction in the rolled
specimens. However, their elongations were still considerably higher
than that in the initial hot-pressed rod, where the basal planes were
practically unavailable for dislocation glide. Such a behavior was as-
sociated with grain refinement since a larger number of grains were
oriented favorably for basal dislocation slip.

It could be expected that SPD compromised the contribution from
particle strengthening to some extent owing to refinement of coarse
excess phases, Fig. 5. Besides, some (re)precipitation obviously took
place in all stages of deformation processing, c.f. Figs. 4 and 5. How-
ever, due to relatively large values of the mean planar interparticle
spacing measured, Table 1, any strengthening/softening effects caused
by Mg-Zn phase changes during SPD could be insignificant and be only
within 10-15 MPa in accordance to the Orowan hardening equation. On
the other hand, the elimination of the stringer-type particles of excess
phases, decreasing their size and increasing homogeneity of their dis-
tribution during SPD, Fig. 6, could provide more homogeneous de-
formation and thus additionally enhance the alloy ductility.

Thus, because precipitation of the main strengthening Mg-Zn phases
was not significant under isothermal processing conditions used, no
substantial changes in the effect of precipitation hardening after MIF
and further rolling were noticed. The texture and grain refinement re-
sulting from SPD exert a stronger influence on the mechanical
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properties of the fine-grained alloy processed by MIF and rolling in
general and ductility in particular. Moreover, the texture changes were
considered to be the main reason for alleviating the strong yield stress
anisotropy in the initial rod.

Finally, we should note that clarifying the role of precipitates in the
recrystallization process on every deformation stage remains to be an
open issue of paramount importance. Addressing this fundamental
problem requires a dedicated investigation, which is beyond the scope
of the present work.

5. Conclusions

1. The thermo-mechanical processing of the Mg-Zn-Zr alloy MA14
(ZK60) combining isothermal multi-step forging and rolling has
been proven effective for fabrication of magnesium sheets with a
fairly homogeneous completely recrystallized microstructure having
very fine grain size of 1-2 pm.

2. Hot-to-warm deformation processing of fine grained sheets and
strong basal texture provided a good balance between strength and
ductility at ambient temperature. Both strength and ductility were
found remarkably improved in comparison to those of the com-
mercial hot-pressed rod.

3. Grain refinement and texture evolution during SPD processing were
found to be the key factors affecting the mechanical response of the
fine grained material. The increasing volume fraction of grains or-
iented favorably for basal slip due to weak pyramidal texture ob-
tained during multi-step forging has promoted the significant gain in
ductility. Subsequent isothermal rolling gave rise to further grain
refinement and formation of ultrafine-grain structure with strong
texture. Although the ductility was compromised to some extent by
rolling, the elongation at break of the alloys fabricated in this way
was still higher than that in the initial hot-pressed rod due to a
larger number of fine grains having a favorable orientation for easy
basal dislocation slip.
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