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ARTICLE INFO ABSTRACT

This paper reports a strong effect of multi-step forging (MIF) followed by elevated temperature isothermal rolling
(IR) on the yield stress in ZK60 Mg alloy. After the MIF stage, the yield stress is slightly higher in the rolling
direction (RD) than in the transverse direction (TD). After IR at 300 °C, the anisotropy remains small. In contrast,
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Rolling after IR at a lower temperature 200 °C, a significant difference in yield stress between the RD and TD directions is
zi’i(:g:reopy observed, found to increase with rolling strain, and even reverse from being higher to being much lower in the

RD than in the TD with rolling reduction at 200 °C. To help determine the possible causes for the anisotropy and
its evolution with straining, we use a multi-scale elasto-plastic self-consistent polycrystal model that accounts for
dislocation density (Taylor hardening), precipitate hardening, texture, and grain size. The model is extended
here to also include the effects of type I and type II residual stresses. With a combination of modeling and
electron microscopy, we find that texture, grain size distribution, residual stresses, Taylor hardening, and
Orowan hardening only have moderate effects on the plastic anisotropy and cannot fully explain the observa-
tions. We rationalize that the primary origin of the yield anisotropy is the evolution of the secondary pre-
cipitates, which become distributed in the plane of the rolled sheet during rolling. They become more aligned in

the RD plane during IR, causing strengthening in tensile yield stress in the TD over that in the RD.

1. Introduction

Magnesium alloys are being increasingly investigated for many
applications in the automotive, aerospace and electronic device in-
dustries because of their high specific strength [1-4]. Due to low-
symmetry hexagonal lattice structure, preferred crystallographic tex-
ture development during processing, and possible activation of only a
few slip and twin modes at room temperature, these alloys exhibit
limited cold workability [5-7]. Their ambient temperature plastic flow
predominantly occurs on the basal and prismatic slip planes (with the
former usually easier) and extension twinning [8-12]. The latter are
microstructural inhomogeneities that create large lattice reorientations,
barriers to dislocation motion, as well as introduce local stress fields,
and hence often result in pronounced plastic anisotropy [13,14]. The
activation of pyramidal < ¢+a > slip systems provides the additional
degree of freedom needed for an arbitrary isochoric plastic strain, and
has been confirmed experimentally but requires a higher driving force
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[15]. Such deformation behavior is more applicable to conventional
coarse-grained (CG) Mg alloys. Ultra-fine and fine-grained (UFG and
FG) materials with the grain sizes less than 1 and 10 um, respectively,
can exhibit even more directional mechanical properties, as well as an
early material failure [1]. Moreover, strength of these materials can be
enhanced due to grain refinement, when the homogeneity in the spatial
distribution of fine grain size is important [16]. A majority of com-
mercial Mg alloys have a pseudo-single phase structure, since they are
comprised of a solid solution Mg matrix with primary (excess phase
particles formed during liquid state solidification) and secondary
(phase precipitated from supersolid solution during alloy heat or ther-
momechanical treatment in two-phase region) phases. The behavior of
Mg alloys can be influenced by a non-uniform (anisotropic) distribution
of these phases. The small secondary precipitates can significantly
contribute to the strength of the material [17].

Many recent studies have shown that multi-step isothermal forging
(MIF) combined with isothermal rolling (IR) can be an effective
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technique for creating UFG sheets and can advantageously be accom-
plished with the use of conventional tooling and hydraulic presses
[16,18,19]. The MIF +IF formed UFG sheets have refined grains, tex-
ture development and directionally shaped precipitates. Mechanical
testing have found Hall-Petch-like isotropic hardening [20,21], plastic
anisotropy [22,23], and texture softening [20,24]. While some of these
attributes can be desirable, such as strengthening, the underlying me-
chanisms that lead to these effects need to be better understood in order
to enable widespread use and their eventual incorporation into com-
mercial applications.

A number of studies have been conducted to assess the effect of
texture [25,26] and precipitates [27,28] on the critical resolved shear
stress (CRSS) values and activity of different slip and twinning modes in
Mg alloys. For example, Lentz and al. [29,30] reported a reduction in
the critical resolved shear stress (CRSS) for extension twinning (TTW)
and < c+a > pyramidal slip due to precipitates in the Mg-Y-Nd alloy
during tension. As another example, rolling and annealing Mg alloys
can result in the formation of a strong basal texture, where basal and
prismatic slip systems have zero or low Schmid factor when deformed
in the through-thickness direction of the rolled sheet. In this case, the
deformation can be accommodated by the activation of pyramidal slip
or contraction twinning. Since twinning can only accommodate a small
portion of the strain and the < c+a > pyramidal slip is relatively hard,
the material response was much harder than, for example, that in the
in-plane compression, where grains were more suitably oriented for the
softer basal slip and easier extension twinning. However, strength an-
isotropy can change due to the effect of precipitates and the UFG
structure. The CRSS for basal slip mode in Mg should be lower than for
prismatic slip mode. Nevertheless, in fine-grained Mg alloys it was
shown that basal and prismatic slip have similar activity and their CRSS
is almost equal [31-33]. Similar findings have been reported for Zr/Nb
composites [34].

Precipitate particles are exploited for strengthening in many Mg
alloys [1]. The precipitates that form mainly take the form of rods or
plates and sometime spheres, lying on particular crystallographic
planes. The shape and the plane containing the precipitate depend on
the alloy system and thermal treatment [35]. It is known that different
precipitate types lead to markedly different strengthening. For example,
the basal plates formed in Mg-Al-Zn (AZ) alloys generally give poor
strengthening, while the prismatic plates that form in Mg-Y-RE (rare
earth) alloys, such as WE54, provide a high level of strengthening
[29,36]. Also precipitates can enhance or reduce the degree of asym-
metry and anisotropy depending on their shape.

In many Mg alloys, as well as the Mg alloy of interest in the present
work ZK60, the precipitates are too large to form coherent interfaces
with the matrix and to be cut by dislocations. The influence of pre-
cipitate shape on strength is therefore assumed to depend on the
Orowan stress required to bow dislocations around the particles. Two
strengthening phases in Mg-Zn alloys are 8, that have a base-centered
monoclinic structure and g, that have a hexagonal structure similar to
that of MgZn, [37]. These phases have different morphologies. 8, de-
velop in the form of rods with an axis parallel to [0001], while 3, form
as plates on the (0001) plane [37]. Rod-shape and plate-shape pre-
cipitates in static annealing strongly orient their long axis in one crys-
tallographic direction in each grain [26,27,33,34]. The presence of
these anisotropic precipitates can, therefore, harden one crystal-
lographic deformation mode more than another depending on their
orientation relationship. Using a mean-field polycrystal plasticity
model, it was shown in prior work that 8/ in form of rods hardened the
prismatic slip systems and twin systems more than the basal slip sys-
tems [38]. In another study [39], it was concluded that /31’ precipitates
were not effective in increasing the strength of the material when the
load is applied perpendicular to c-axis. An investigation of the effect of
plate-like particles lying on the basal plane in AZ91 showed that the
prismatic slip mode experienced significantly larger increase in CRSS
compared to the basal slip mode [40].
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To aid in understanding microstructural effects on constitutive re-
sponse, self-consistent (SC) polycrystal models, such as visco-plastic self
consistent (VPSC) and elasto-plastic self consistent (EPSC), have been
developed to account for a number of subgrain level phenomena that
together are responsible for so-called hardening, the increase in the
resistance to slip on crystallographic slip planes with increasing strain.
Hardening has been modeled via phenomenological laws, such as the
Voce law and mechanical threshold stress [41,42], or based on the
evolution of statistically stored dislocations [35,43-46], as well as both
stored and geometrically necessary dislocations [47,48]. Although
more challenging, representing the effects of deformation twinning
along with slip has also been accomplished in these models, with the
use of two-phase models and transfer volume schemes as parts of the
matrix transforms into twins. Recently, VPSC and EPSC models have
been advanced to concurrently calculate the evolution of texture and
twin fraction during twinning and de-twinning in hexagonal metals
[49,50]. The EPSC model further predicts the evolution of lattice
strains, which is useful for interpreting diffraction data.

The present work combines a recent version of the EPSC model and
electron microscopy to study the origin of anisotropy of ZK60 alloy
processed by MIF and IR. After MIF, the material exhibited an FG
structure with a split basal texture tilted towards the rolling direction
(RD) for approximately 45-50° [51]. The grain structure slightly
changed after isothermal rolling (IR) and became a combination of UFG
and FG [52], but the basal texture formed during IR. We find a sig-
nificant yield strength anisotropy at room temperature after MIF as well
as after the subsequent IR processes for the three strain levels used.
Microscopic evaluation finds that the coarse particles in longitudinal
and transverse cross-sections appear compact and similarly distributed
due to MIF carried out. Thus, the excess phases have a very slight effect
on strain hardening and in-plane anisotropy. The EPSC modeling sug-
gests that texture, grain size distribution, residual stresses, Taylor
hardening, and Orowan hardening from the large coarse second-phase
particles were not responsible for the yield anisotropy. With further
analysis, we show that the strong anisotropy in yield stress is due to an
anisotropic distribution of small (< 500 nm) secondary precipitates.
These submicron-sized precipitates can be classified into two types:
ones that lie in the RD-ND (normal direction) plane and another lying in
the TD (transverse direction)-ND plane. The maximum diameter of the
former is larger than that of the latter.

2. Material and experiments
2.1. Material and processing

The material used in this work is the ZK60 (Russian MA14) Mg alloy
(Mg-6Zn-0.6Zr). It started as billets machined from a commercial hot-
pressed rod 90 mm in diameter and 170 mm in length. For study, the
billets were processed by a multistage metals forming process called,
MIF, and subsequently by isothermal rolling (IR) to three rolling re-
ductions. The MIF process was performed using a hydraulic press with
the isothermal die set. Fig. 1a shows the three sequential steps used in
MIF at 400 °C, 300 °C and 200 °C. Each MIF step consisted of several
cycles, some of which involved changing the axis (as shown in Fig. 1b)
[25,26,44,45]. Specifically the first step was cylinder upsetting (shown
in the first image of Fig. 1b). Next, the second upsetting was from the
side rib (shown in the second image of Fig. 1b). As a result, the series of
MIF cycles produced a billet with a square cross-section elongated in
the X-direction. The billet dimensions after MIF in mm were 70 X 70 X
170. The true strain accumulated in each step is 4.2 at 400 °C, 3.0 at
300 °C and 3.0 at 200 °C. The total number of MIF cycles was 18 leading
to a total true strain of e = 10.2. This MIF process was carried out to
much larger strain levels than before. Prior work found that strains
below the level of 3 were not sufficient for achieving grain refinement.

The subsequent IR step was carried out at 200 °C and 300 °C
(Fig. 1c). In this process, the billet is rolled in the X-direction to
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MIF Mg-Zn projection from the Mg-Zn-Zr ternary system for the ZK60
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Fig. 1. (a) True strain-temperature stages during multi-step isothermal forging (MIF) of ZK60 and the link to the Mg-Zn phase diagram. Schematics of: (b) MIF and (c) isothermal rolling

(IR).

reductions corresponding to true strains of 0.51, 0.91, and 1.6.
2.2. Material characterization and mechanical testing

The alloy microstructure and texture were characterized in the
longitudinal plane (X-Z or RD-ND) and transverse plane (Y-Z or TD-ND)
by transmission electron microscopy (TEM) in an JEOL-2000EX and
scanning electron microscopy (SEM) using backscatter electrons (BSE)
and electron backscattered diffraction (EBSD) in a Tescan Mira LM SEM
equipped with an HKL CHANNEL 5 software. For metallographic ex-
amination and subsequent SEM-based EBSD measurements, the samples
were mechanically polished using standard methods and electro-po-
lished in 5 ml nitric acid and 95 ml methanol solution under the 20 V
during 20-30s at —5 °C. Thin foils for TEM investigations were pre-
pared by subsequent mechanical polishing and final electro-polishing in
a 50 ml nitric acid, 100 ml glycerin, and 850 ml methanol solution
under 15V at —5 * (—1) °C using Tenupol 5.1 equipment.

The sizes of the sub-grains and grains (ds»g and d,) (surrounded by
low- and high-angle boundaries with 6 = 2 and 15°, respectively) were
estimated from EBSD maps employing the linear intercept method and
following the equivalent diameter method. Grain size was also mea-
sured by means of optical microscopy (OM) using linear intercept
method. The volume fractions and sizes of other structural components
were determined in BSE SEM images and TEM images by the point-
count method and direct measurements.

Analysis of excess phase particles as well as the second-phase pre-
cipitates (B’ - phase and zirconium dispersoids Zn,Zr) of a size of <

500 nm was performed employing the software package ImageJ2x,
using images of the material in two orthogonal planes before and after
IR. Depending on the precipitate density and size, five to eight images
were used to collect statistically significant information. The area
fraction measurement, Sg, per image included at least 5000 precipitates.
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Since the f' precipitates are disk-shaped, we estimated three quantities
to describe their size: the average value of the maximum diameter L,
minimum diameter T, and average equivalent diameter D, (diameter of
the circle corresponding to the area equal to the particle section area).
Finally, the average distance between the precipitates, A, was estimated
from D, and Sg using [53]:

—
A=D, \/i
6Ss ®

Particle strengthening was calculated using Orowan's formula,
which relates the stress required to bow dislocations around the parti-

cles with the interparticle spacing A:

Gb 1 Dp
= — 2 log(-2).
27r\/(1j )4 To
where Az is the increase in slip resistance due to precipitate strength-
ening, G = 20.2 GPa is the shear modulus of the Mg-Zn solid solution, b
= 3.2 x 1071° m is the magnitude of the Burgers vector of the a-
dislocation in Mg [1,23], v is the Poisson's ratio taken to be 0.33, 1 is
the effective interparticle spacing on the slip plane, and r, is the dis-

location core radius equal to Burgers vector value.

In addition, pole figures were measured using an X-ray dif-
fractometer (XRD) with a Rigaku Ultima IV goniometer, which relies on
Bragg-Brentano method for an automatic pole figure measurements.
Measured pole figures were in the RD-TD plane. Incomplete pole figures
were measured using Cu K- radiation (45 kV, 30 mA), reflected from a
flat graphite monochromator < 0002 > . The radial angle y ranged
from 0° to 75°, and the azimuth angle § from 0° to 360°. The wave-
lengths used were K,; = 1.54060 A and K., = 1.54439 A. Orientation
distribution functions (ODF) corresponding to the measured pole fig-
ures were calculated using the Matlab program MTex 4.2.1.

(2)
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Fig. 2. BSE image (left) and EBSD maps (right) of
ZK60 alloy: (a) after MIF and after IR to true strains
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of (b) 0.51, (c) 0.91 and (d) 1.6 at 200 °C.

Tensile tests were carried out at room temperature on the Instron
5982 using flat samples with a 10 X 2 x 2mm gage, cut from the
initial rod, MIF billet and IF rolled sheets with orientations indicated in
Fig. lc.

3. Experimental results
3.1. Grain structure and texture

The FG and UFG structures formed after the MIF process consists of
approximately 90% homogeneous recrystallized grains. Typical or-
ientation image maps of ZK60 before and after IR to true strains of 0.51,
0.91 and 1.6 at 200 °C in ND-RD plane are presented the Fig. 2. The
grain structure before IR features recrystallized (sub)grains size of (0.9)
3 (by EBSD equivalent diameters method, 4.5 by OM) um (Fig. 2a). The
grain structure undergoes a slight grain refinement during IR to ap-
proximately (0.8) 2 (3.5 by OM) um (Fig. 2d). In spite of the high
rolling strain e = 1.6 most of grains are equiaxed (Fig. 2d), a likely
result of dynamic recrystallization. A fraction of non-recrystallized
large grains (~ 10%) that had fragmented along the elongation direc-
tion was also observed. Table 1 summarizes the estimated average (sub)
grain sizes and total twin volume fractions. The fraction of boundaries
corresponding to the twin/parent grain relationship, Viyi,, was esti-
mated after the tension tests and no significant increase was found. For
example, the MIF sample before tension was characterized with 21% of
twin boundaries and after tension, this value increased only to 24%.
The fraction of high angle grain boundaries, Vg, was estimated after
MIF and after each of the subsequent IR steps. The measurements show
that Vyap was large after MIF (75%) and increased further after the
second IR step.

84

Table 1
Microstructural parameters in the processed samples at 200 °C. The grain size values were
determined by equivalent diameter method in HKL software.

Sample dg [um] dsubg [Hm] Vuag, [%] Viwin, [%]
MIF 3 0.9 75 21
MIF+IR, e = 0.51 2 0.8 83 23
MIF+IR, e = 0.91 2 0.8 88 25
MIF+IR, e = 1.60 1.2 0.8 87 24

Fig. 3 shows the corresponding texture measured by XRD. The
analysis indicates that the grains reoriented during the IR process from
the deformation texture produced after the MIF to form a strong basal
texture {0001} that strengthens with rolling strain.

MIF at 200 °C led to the formation of a preferred texture with a
maximum located at {1012} <0 1 10 > and a weak peak at {0001}
(Fig. 3a). After rolling to e = 0.51, the texture weakened with most of
the planes {0001} lying within ~ (20°) from the ND (Fig. 3b). After IR to
e = 0.91 the original texture has completely transformed (Fig. 3c) and
eventually after a strain to 1.6 became a predominant basal texture
(Fig. 3d). Evidently, the texture and grain sizes are very similar upon IR,
and as a result these are not expected to govern any potential plastic
anisotropy exhibited by the material.

3.2. Second phases

Fig. 2a shows that forged material contains a high fraction of coarse
(up to a few micrometers in size) particles of excess phases (pre-
dominantly near-equilibrium Mg-Zn eutectic phases) aligned in the
form of strings. It is observed that rolling changed the appearance of
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Fig. 3. Pole figure measured by X-ray diffraction (XRD) showing
texture in the ZK60 alloy: (a) before and after IR to true strain
levels of (b) 0.51, (c) 0.91, and (d) 1.6 at 200 °C.
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these phases significantly. Firstly, the particles refined considerably and
the strings became less evident with increasing IR strain, as shown in
Fig. 2b. Eventually after some amount of strain, the IR process resulted
in the reappearance of the string-type particle arrangement, similar to
that in the initial state, but with notably shorter, narrower and closer
spaced strings comprised of smaller particles, Fig. 2c.

BSE and TEM analyses show that, in addition to the coarse excess
phases, dispersed secondary phases of the order of < 500 nm in size are
present in all samples. These precipitates were identified as Zn,Zr and
Mg-Zn f’-type phases, which are commonly observed in aged ZK-type
Mg-Zn alloys with Zr additions [1,6,17]. Fig. 4 shows representative
TEM and BSE images of these precipitates in the ND-RD plane. During
deformation at the temperature of single-phase region (see Mg-Zn phase
diagram in Fig. 1a) fine particles are mainly stable precipitates Zn,Zr,
which do not significantly change with MIF and IR at 300 °C. In con-
trast, during processing at 200 °C (i.e. at the temperature of two-phase
region (see Fig. 1a)), additional precipitates form. The size and volume
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fraction of these precipitates increase with time and strain under the
precipitation deformation conditions due to the decomposition of the
magnesium solid solution (Fig. 4d-f). Moreover, the second phase par-
ticles could split and coagulation due to severe mechanical straining
[52].

In an effort to further characterize any other changes in micro-
structure during processing of the material, we measure the area frac-
tion and geometry of second-phase particles. The data are based on
examining multiple BSE micrographs per sample at the specific de-
formation state and plane. The measured and calculated values are
presented in Table 2.

It is seen from Table 2 that the average precipitate geometry, as well
as their mean area fractions, in both longitudinal and transverse sec-
tions of the billets and sheets processed to the three strain levels at
300 °C are similar. The main reason is prevailing number of small stable
precipitates over the "unstable" large particles, which outweighs the
effect of refining of the latter at this temperature. In contrast, the
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Fig. 4. TEM (left) and BSE (right) images showing particles in the ZK60 alloy after MIF (

Table 2

Second-phase particles (precipitates) in the alloy structure in longitudinal (RD-ND) sec-
tion/transverse (TD-ND) section: area fraction, Sg, average value of maximal diameter, L,
average value of minimal diameter, T,, average equivalent diameter Dy, and the average
distance between the precipitates, A. Az is the estimated increase in slip resistance due to
precipitate strengthening using Eq. (2).

Sample Sp [%] L, [nm] T, [nm] A [nm] D, [nm] Az [MPa]
300C MIF 3.4/3.3 65/85 40 230/270 60/65 4.89/5.75
IR0.91 3.4/4.0 90/75 50 265/225 65/60 6.20/6.01
IR1.60 3.3/3.9 85/80 50 270/240 70/65  5.75/6.06
200C MIF 5.8/6.5 70/85 55 220/240 75/85  5.65/6.47
IR0.91 11.1/10.6 110/75 30 170/130 80/60 11.53/
10.41
IR1.60 15.4/13.0 130/55 20 165/75 90/35  13.49/
11.47

deformation at 200 °C under the conditions of decomposition of the
solid solution leads to the formation of new disperse phases with di-
mensions up to 50 nm [54]. The evolution of precipitate geometry with
plastic strain is found to be anisotropic.

Note that second-phase particles were measured to be of near-
spherical shape after MIF at both 300 °C and 200 °C (Table 2). In con-
trast, IR at 200 °C led to significant difference in D, between transverse
and longitudinal cross sections. Moreover, the particle average lengths
and spacing are noticeably different for IR to a strain of 1.6 at the
200 °C. In particular, new precipitates are found much smaller in the
transverse plane than in the longitudinal plane. These findings suggest
that in addition to the temperature conditions of the deformation, an-
other important factor affects the decomposition of the solid solution
like the changing structure of the alloy matrix. Structural parameters,
such as the (sub)grain size, were not found to affect significantly the
secondary phase precipitation in this alloy, since the main decomposi-
tion of solid solution during both forging and rolling occurred in a
uniform, highly refined, and almost recrystallized structure. However,
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a, d) and after IR to true strain levels of 0.91(b, e) and 1.6 (c, f) at 300 (a-c) and 200 °C (d-f).

the effect of the crystallographic texture under dynamic aging condi-
tions appears to be much more significant [52,54].

The decomposition of the Mg-Zn solution began statically as the
billet was heated up to 200 °C in the last MIF stage and then proceeded
dynamically directly during the forging process, resulting in a textured
matrix (Fig. 3a). At this stage in processing of the alloy, only a small
fraction of the dispersed ’-type phase precipitated, in addition to the
existing second phases (Table 1). As mentioned above, the fine sec-
ondary f’-type phase precipitates in ZK60 are rod (B))- or disk (8,)-
shaped [35,55]. They appear upon static aging to be strongly orienta-
tion-dependent and form predominantly along prismatic or basal planes
in the hexagonal-close packed magnesium lattice structure, respectively
[27,28,55,56]. According to [55], the precipitate-matrix orientation
relationships are: (11 2 0)g1/||(0001)yg, [0001]p1-||[11 2 0y between
B, and Mg and (0001)g2/||(0001)yg, [11 2 0]po||[1010]yg between S,
and Mg. However, the directions of the precipitates during dynamic
aging under MIF in Mg-Zn-Zr alloys can be different from that in static
aging because of multiple deformation path changes and severe
straining. Therefore, the products of the solid solution decomposition
were randomly distributed in the forged billet and had a little effect on
the phase parameters presented in Table 2.

Both static and dynamic aging continued with heating and IR at
200 °C. In this case, a significant fraction of the hardening phase was
precipitated, simultaneously with the progressive strain-induced lattice
rotation and formation of a strong rolling texture (see Fig. 3b-d). The
aging conditions during unidirectional rolling along with more uniform
straining during IR than MIF altered the precipitate growth [27,28]. As
a result of the preferred formation of texture and simultaneous pre-
cipitation and growth of new oriented f’ - phase particles along with the
already existing precipitates led to the preferential orientation of the
precipitates. The average thickness and length of all the second phases
decreased in the transverse section, while these increased in the long-
itudinal section with straining (Table 2). The ratio of interparticle dis-
tances along and across the axis of sheets rolled to the true strain of 1.6
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Fig. 5. Yield stress measured on the samples after IR
at (a) 200 °C and (b) and 300 °C along the rolling
direction (RD) and the transverse direction (TD).
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In summary, rolling at a temperature below the solvus leads to a
very anisotropic formation of the second phases due to the texture-
controlled decomposition of magnesium solid solution during dynamic
aging. This could be the main cause for the yield strength anisotropy in
a rolled ultrafine-grained alloy under tension at room temperature, as
will be studied below. In contrast, during the IR at 300 °C strings of
second phases develop with no significant anisotropy in their dis-
tribution.

3.3. Tensile yield stress

The tensile yield stress for the IR samples studied here as a function
of the accumulated strain is given in Fig. 5. It is seen that IR at the (a)
200 °C and (b) 300 °C resulted in appreciable strengthening in the
rolling direction (RD) as indicated by the increase in yield stress (YS).
Significantly we observe yield stress increases ranging from 140 to
190 MPa after rolling to a strain of e = 0.91 at the 200 °C (Fig. 5a) and
similarly after rolling to a strain of 1.60 at the 300 °C (Fig. 5b). Most
remarkable is the anisotropic strengthening to 260 MPa and 245 MPa in
the transverse direction after rolling strain to strains of e = 0.91 and e
= 1.6 at the 200 °C, respectively. As a result, the alloy mechanical
response became more anisotropic in YS after rolling at the 200 °C but
significantly less anisotropic in YS after rolling at the 300 °C. The reason
for this difference must lie in an outstanding difference in their mi-
crostructure as a result of the 200 °C versus 300 °C processing. In the
next sections, we use polycrystal modeling calculations via EPSC to help
give insight into the origin of this difference.

4. Modeling framework
4.1. Summary of EPSC model

In this work, we employ the polycrystal EPSC model [57] to cal-
culate stresses and strains in the microstructure during deformation. As
all polycrystal models of its class, it is used to relate the response of an
aggregate to that of each of its single crystals. Each crystal is modeled as
an ellipsoidal inclusion in a homogeneous effective medium (HEM)
with a specific orientation and volume fraction. The properties of the
HEM are equal to the properties of the polycrystal and are calculated by
enforcing that the polycrystal stress and strain equals the average stress
and strain of all its constituent crystals.

In this section, the EPSC model is reviewed. The expressions follow
the conventional notation in that we use “” to denote a contracted or
dot product and “®” for an uncontracted or tensor dyadic product.

The macroscopic Jaumann stress rate and strain rate are related by
the following linear relationship:

3)

where L is the instantaneous elasto-plastic stiffness tensor of the

6 =L,

00 02 04 06 08 10 12 14 16
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polycrystal. A self-consistent procedure [57] is used to solved for L,
iteratively [58]. Likewise, for a given grain (or inclusion) the local
strain increment and the macroscopic strain increment are related by:

C)

where A° = (I§ + L&*)"Y(L+L5*) is the localization tensor for inclusion
and If is the instantaneous elasto-plastic stiffness tensor for crystal, c.
The effective stiffness is given by

& = A%,

* = LS - 1) ®)
and is used in the following interaction equation:
(6° = 6) = —LF*(&¢ — &), (6)

to relate the Jaumann stress rate deviation and total strain rate devia-
tion from macroscopic value in crystal c. In Eq. (5), S¢ is the symmetric
Eshelby tensor and I is the fourth rank identity matrix. By enforcing
that the macroscopic Jaumann stress rate and strain rate are equal to
the volume average of the grain Jaumann stress rate and strain rate, i.e.,

6 = (59, ()
and
€= (&), (8)

we obtain an expression the following expression for the macroscopic
stiffness L:

L = (A (AL, 9

For a given crystal c, the constitutive relationship between its 6¢ and
g€ is:

6¢ = | g — Z mosyes | — octr (£°),
s (10)

where C°¢ is the elastic stiffness tensor for crystal c. The plastic strain
rate is given by the sum of plastic shear strain rates over all slip systems
ZS m&$y%S; where 0.5(b%* ® n® + n®* @ b%*) is the Schmid tensor for
slip system s; and b“* and n®* are the unit vectors for the slip direction
and slip plane normal, respectively. In the calculation, C¢ is updated at
the beginning of each deformation increment and takes into account
texture changes. For Mg, the invariant elastic single crystal constants
are: Cj; = 59.4GPa, Ci; = 61.6GPa, Cj, = 25.6GPa, C;3 = 21.4GPa,
Cy4 = 16.4GPa and Cg = 16.9GPa [59].

Two criteria are employed to activate a slip system: (1) o‘em® = 7%,
meaning that the resolved shear stress needs to reach the slip resistance,
7% and (2) 6°em* = 7*%, which signifies that the stress must remain on the
single crystal yield surface. Since these criteria do not allow for nega-
tive shear on any given slip system, each slip system is divided into two
slip systems having the same plane normal but opposite sense of
shearing.

The rate of slip resistance, 7%, is related to the shear rate, via 7‘/5:
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= E W }-/s ,
v

where h* is the hardening matrix. The h* used here can be found in
prior works [60,61].

Finally, the crystal stress increment and strain increment are line-
arly related by the following:

an

8¢ = e, 12
wherelfis:
E=C-C) m® (Z ( SS,)_lmS,(C“ -o‘® i)) -o‘®i,

s s 13
with:
X% =1 + Coom’ @m’. as

The rotations of crystals are taken into account by applying the
elastic spin rate W¢ to rotate single crystals. The elastic spin rate is
calculated as:

We = W 4 II° — WPk, as
with:
Wp[,c — }',s qs

b 16)
IIc = PC(SC)_l(éC — é) (17)

where W%P is macroscopically applied spin rate, IT¢ is the spin rate of
crystal ¢ due to applied macroscopic strain rate on HEM, P¢ is the an-
tisymmetric Eshelby tensor, weke is plastic spin,
q = %(bs ® n* — n® ® b¥) is antisymmetric shemid tensor.

4.2. Hardening law

In the current version of the EPSC model, the CRSS for each slip
system to activate depends on the evolution of stored dislocations. Here
we review the evolution equations for the CRSS on each system. Details
on the model can be found in prior works [62,63].

In the model, the CRSS for slip system s or the resistance to slip 7;, is
given by

= Top + Tomp + Tor + Tup (18)

where 7, ¢ is a friction stress, which does not evolve with strain, and that
depends on present precipitates, 7, yp is grain size dependent term, and
75, and tg,, are the resistances due to the storage of forest and sub-
structure and these evolve with strain.

The Hall-Petch effect term is given by:

bot
Thp = #aHPa\/_
dg 19)

where HP® is the Hall-Petch parameter, u® is the effective shear mod-
ulus for each slip mode, a, b%, is the magnitude of the Burgers vector
and d, is the grain size. For basal, prismatic, and pyramidal slip modes
the Burgers vectors are 3.21 X 107%m, 3.21 x 107 °m, and 6.12 x
10~ '% m, respectively. This term is modified when twins are present, to
include the spacing d,,; between adjacent twin boundaries, i.e. [48,60],

bS
Tonp = ,uSHPS\/—.

dingp (20

The evolution of 7}, is dependent on the evolution of the spatially
random distribution of stored dislocations and is related to the stored
forest dislocation density p;w by

Thr = b® |3 L0p,
N

where x* is a dislocation interaction parameter of order unity. In this

(21)
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study, we set it to 0.9 for each slip system, s and do not treat it as a
fitting parameter.

The 17;,, is the stored dislocations in the substructure and related to
the substructure density p}, via:

)

where kg, = 0.086 is a mathematical constant. For an annealed ma-
terial, the initial dislocation density can be approximately 1.0'2m ™2
for pfSnr and 0.1 m~2 for Jo

1
ngb = kdeb/"aba\/pdeb log( b 22)

The forest density p)far evolves according to [64-66]:

= ki \Jop, — k3 (& T)pp,

where k{* is the rate coefficient for the rate of statistical trapping of
glide dislocations by forest obstacles, and y* is the shear strain. It re-
presents a balance between the rate of dislocation generation (or sto-
rage), Fhenfor

ys
k3 is the rate coefficient for dynamic recovery and is expressed by:

a o -
ky _ b 1——kB T In i
D%y \é&

ki B g
where k, ¢, é = 1+107, g* and D% are, respectively, the Boltzmann
constant, the applied strain rate, a reference strain rate, an effective
activation enthalpy and a drag stress.

The activation stress, 7/, of the twin system is given by:

=18+ up + 1 Z Cha (é)bﬁb“pjfor
N

%jr
ays

(23)

. . Pre L
and the rate of dislocation removal, %Af“’ The coefficient

24

(25)

where £ is a friction term, and 7, pp i a Hall-Petch term for the effect
on grain size. The latter term is affected by d, according to:
3
thp = yﬂHPﬁ\/ o
g (26)
However when twins are present, d, changes to d,,; [48,60]:
[P
Thp = ,uﬁHPB\} —.

mfp 27)

The final term represents the effects of latent hardening by the ac-
tivity of slip on the twin system. It includes the product of the value of
the Burgers vectors of the slip and twinning dislocations, where the
Burgers vector for the {1012} twin is 0.247 x 10~ '° m. The new twin is
assigned appropriate orientation so that it satisfies orientational re-
lationship with its parent. The new twins are treated as separate grains
[60]. The initial stress and strain state within the twins are assigned
using the finite initial fraction (FIF) assumption [67].

4.3. Type I and II residual stress determination using EPSC modeling
framework

Residual stress types are defined based on the length scale over
which they self-equilibrate: the component scale (type I), grain scale
(type II) and atomic scale (type III) [68]. The superposition of these
three stress fields gives the true residual stress present in the material.
The effect of the true superposed stress field on the inter-planar spacing
is measured by X-ray diffraction. The source of the residual stress at all
length scales is inhomogeneous plastic deformation. To evaluate the
residual stresses at the end of MIF + IR with e = 1.6, we employ a
method for estimating type I and II residual stresses based on the
measured inter-planar spacing by X-ray diffraction proposed for cubic
materials [69,70] and recently extended to hexagonal materials
[71,72].

The total elastic strain of the diffracting grain in the direction
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determined by the scattering vector is the superposition of elastic
strains coming from two residual stress fields as follows:

(P, W, hkil) = 1<(d, W, hkil) + e¢(®, W, hkil) (28)

where ¢/¢(®, ¥) is normal elastic strain in the direction of the scat-
tering vector as a function of angles @ and ¥ corresponding to the type I
residual stress and ¢7-¢(®, ¥) is the elastic strain associated with the
type II residual stress. The angle @ = 0° is measured between RD and
projection of scattering vector to RD-TD plane, while the angle
¥ = [7.5°15°20°25°30°35°40°45°50°55°60°] is measured between ND and
scattering vector.

After performing the volume average over diffracting grains and
with some additional manipulations, the relation (25) becomes [71]:

(€(®, W, hkil)) = F;(®, W,hkil)a} + (e¢(®, W,hkil)) (29)

where Fj;(®, W,hkil) are diffraction elastic constants and crljl is the type I
residual stress. Diffraction elastic constants can be evaluated for given
texture and single crystal elastic constants using the following expres-
sion:

Fy(@, W,hkil) = (n,(®, ¥)ny(®, ¥)ALy)Suy (30)

where n, is the scattering vector, Ay, is the localization tensor for
crystal ¢ and Syy; is the elastic compliance tensor of polycrystal. The
EPSC model can provide values for the last two tensors.

The elastic strain coming from the type II residual stress is ap-
proximated by:

(e (D, W,hkil)) = q(e-oPred(®, W,hkil)) (31)

where q is a scaling factor and (¢/lPrd(®, W hkil)) is the EPSC pre-
dicted value for the elastic strain due to the applied deformation. The
scaling factor q needs to be introduced since we presume that EPSC can
predict the dependence of the type II residual stress with grain or-
ientation, but not its absolute value.

The value accessible by X-ray diffraction is the inter-planar spacing
dpkil (@, P) of the hkil plane perpendicular to the scattering vector and is
related to the average elastic strain of the diffracting grains in the di-
rection of the scattering vector via the following relation:
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g (@, W) = [Fj(®, W hkil) gy + q(e™Pd (@, W, hkil))dpit,o + dnkiro
(32)

where dj 0 is the inter-planar spacing of the stress-free material. The
values of o}, g and djyq,o are determined as fitting parameters using the
least square method and assuming a biaxial stress state [70]:

01[1
I
9 =10 o, 0
0 0 0 (33)

The least square fitting is to be performed with lower and upper
bounds on fitting parameters o{;, o), q and dpkir0, SO that they retain
reasonable values. The bounds are necessary mostly for macroscopic
stress o, since the fitting algorithm has tendency to overpredict this
stress due to the fact that we are using only one data set with different
values of angle ¥ but only one value of angle ® = 0°. Therefore the
stress direction is perpendicular to the direction in which ¢’ (®, W¥,hkil)
strain is measured. Due to perpendicularity between o), and
glhe (@, W,hkil) direction the effect of o3, is not dependent on ¥ angle,
meaning that it will only shift the prediction of dj; (®, ¥) to greater or
lower values, similar to effect of dp0. Since both dj;,o and o}, are used
for fitting it can happen that unreasonable value for both parameters is
found as result of the procedure.

5. Modeling results

Earlier, results from monotonic, room temperature, quasi-static
tension tests in the RD and TD carried out on the bimodal FG and UFG
ZK60 before and after rolling showed significant plastic anisotropy in
the tensile response after subsequent IR passestoe = 0.91 ande = 1.6
(Fig. 6¢ and d). Plastic anisotropy can originate from grain morphology,
texture, residual stress, and the second-phase precipitates. Fig. 2 shows
that this material has an equiaxed grain structure. This, in fact, would
intuitively rule out any significant contribution to plastic anisotropy
from the grain morphology. The initial texture of this material, as
shown in Fig. 3b, is symmetric with respect RD and TD loading, sug-
gesting that texture alone also would not give rise to a difference in the
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Fig. 7. Simulated relative activities during RD and TD tension after (a) MIF and (b) IR to a true strain of 0.51.

RD and TD responses.

The EPSC model is first employed to study the contribution of grain
shape and texture to plastic anisotropy. These model simulations were
performed under the same applied deformation conditions. The mate-
rial parameters were determined by fitting the measured responses only
of the MIF material (Fig. 6a). Table 4 shows the resulting parameters.
For simulations of the IR passes, the same parameters were used. The
initial dislocation density at the start of the IR simulations was set
higher than those for the MIF simulations. This setting was motivated
by the high value of dislocation density measured after hot rolling of
ZK60 reported in [73].

The model calculations for all cases, both MIF and IR, are also
presented in Fig. 6 to compare with the experimental measurements.
Undoubtedly, the model calculations do not achieve good agreement
with the data. In the model only texture and grain morphology effects
were taken into account. This supports the notion mentioned above that
the equiaxed grain structure and symmetric texture of this material
would not be expected to lead to plastic anisotropy.

The model output for the slip activity after MIF are shown in Fig. 7a
and after the first rolling in Fig. 7b. The most active slip mode before
and after rolling is predicted to be prismatic < a > slip. Compared to
prismatic slip, basal and pyramidal slip were the second and third ac-
tive (~ 0.3 and ~ 0.2) systems in all samples apart from the MIF sample
in TD tension, in which pyramidal slip was the second most active (~
0.2). Twinning activity was very small (less 0.05) once the deformation
strains exceeded 0.05. These results provide the first sign that the basal
slip system was harder to activate than prismatic slip.

As support, we recall the particular anisotropic plastic response in the
deformation of the MIF material, and in particular the higher flow stress
in RD tension than TD tension. Based on the model predictions of the slip
activities, basal slip was much more active in RD tension than TD tension
during deformation of the MIF sample. In other words, in order to
achieve agreement with the experiment, basal slip had to be much more
active in RD tension. As shown in Table 3 and discussed in the model, the
effects of Orowan hardening and Taylor hardening are implicitly in-
corporated in the initial slip resistance (Table 3). Based on Taylor
hardening alone, basal slip would be easier than prismatic. However,
Orowan hardening and geometry of the plate-like precipitates on the
prismatic plane would make the basal planes hardened significantly over
that due to Taylor hardening alone. Higher resistances in basal slip ap-
pears to be needed to predict the plastic anisotropy after MIF.

The slip activities in RD tension (Fig. 7a) after MIF and in RD and
TD tension (Fig. 7b) after IR are very similar. Only the slip activities
after TD tension are distinct from the other deformation cases. Thus
geometric effects, or texture, could have partially contributed to the
plastic anisotropy measured after MIF, but not to the anisotropy seen in
the experiment in the IR samples must then not be governed by the
texture.
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Table 3
Constitutive parameters for evolution of slip and twin resistances established by simu-
lating the true stress-true strain response after MIF.

a=1 a=2Basal «a =3 Pyramidal <c
Prismatic +a>
b*[m] 3.2094 x 3.2094 x 6.11986 x 107°
10—10 10-10
7§ [MPa](298 K) 10 30 50
¢ [MPa](498 K) 7 20 30
HP® 40 40 40
K [m™1] 1.0 x 10° 2.0 x 108 4.2 x 10°
g 0.0083 0.0183 0.0145
D%[MPa] 300 1300 8300
q* 4 4 4
¢S 107 107 107
£, [m~21(MIF) 1.0 x 10" 1.0 x 10" 1.0 x 10*
P [m 2| (MIF+e=0.51) 8.0 % 10'? 8.0 x 102 8.0 x 10'?
Py, [M2|(MIF +¢=0.91)  17.0 X 102 17.0 x 10" 17.0 x 10'2
pE, Im2(MIF+e=1.6) 250 x 10" 250 x 10" 250 x 10"
Py [m=2](MIF) 1.0 x 10 1.0 x 100 1.0 x 10
Ry [m 21 (MIF 1.0 x 107 1.0 x 107 1.0 x 107
+e=0.51)
e [M™2I(MIF 1.0 x 10° 1.0 x 10° 1.0 x 10°
+e=0.91)
Ay Im2(MIF +e=1.6) 5.0 x 10° 50 x 10° 5.0 x 10°

Grain size [um] Given in Table 1.

B =1 Tensile twinning

bB[m] 2.47 x 107!
rf[MPa] 135
HPB 200
cab =1 1000.0
a=2 1000.0
a=3 1300.0

5.1. Estimating residual stress at the end of MIF + IR withe = 1.6

As mentioned, accounting for texture alone cannot explain the
plastic anisotropy in the yield stress after MIF and IR and the dis-
crepancy between the model and experiment. Next, we considered the
coupled effect of texture and development of residual stresses during
processing. With the present EPSC model, a prediction of the type II
residual stresses, (¢/4(®, W, hkil)), given in (32), can be provided.
Table 4 presents the type II residual stress values calculated from the
EPSC model. To obtain them, the simulation of IR from e = 0.9-1.6 was
performed assuming the following sequence of steps: heating to
200 °C, followed by plane strain compression, and finally cooling to
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Table 4
Estimated residual stress values and fitted parameters.
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Fig. 9. Experimental flow curves after rolling to 1.6 strain compared against predicted
curves including type II residual stress.

room temperature. The starting texture was the measured texture after
rolling to e = 0.9. The values of the CRSS were changed to reflect the
effect of temperature (Table 3). Comparison of predicted texture with
measured after IR to 1.6 is shown in Fig. 8. Diffraction elastic constants,
F;j(®, W hkil), were evaluated for predicted texture at e = 1.6. The least
squares fit for the experimentally measured inter-planar spacing was
carried out by varying the normal stress in RD and TD, scaling para-
meter g and stress-free inter-planar spacing within the bounds given in
Table 4 in parenthesis next to each parameter.

0.1
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Fig. 8. Predicted (a) and measured (b) tex-
ture after IR at a true strain of 1.6 and the
least square fit to measured inter-planar
spacing (c).
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To evaluate the bounds on of; and dj0 We set o, = OMPa and
q = 0, meaning that uniaxial type I residual stress state is assumed and
that the type II residual stresses are neglected. Although gross as-
sumptions, they allow determining the order of magnitude of o},. To set
the same bounds, o, and o, are set to be similar in value, which seems
to be a reasonable assumption considering previous works [71]. The
bounds for g are based on previous work, while those for dj; o are made
broad, so that it can be considered unconstrained. The volume average
of predicted absolute type II residual stress in sample frame scaled with
q is:

425 3.6 5.39
3.6 432 3.54
539 3.54 542

(cly = MPa.

(34)

Next the calculations are performed using the predicted type I re-
sidual stresses scaled with g and predicted texture at the end of simu-
lated IR from 0.91 to 1.6 as a starting state for tension in RD and TD
directions. The results shown in Fig. 9 suggested that the error in the
predicted anisotropy is likely not due to any inaccuracies in the residual
stress prediction. but likely in the texture prediction. Taken together,
the calculations suggest that, accounting for the evolution of residual
stress, texture, hardening, and grain shape in EPSC was not capable of
predicting the plastic anisotropy after IF (see Fig. 7). One effect on
considered thus far is the effect of precipitate distribution. This dis-
crepancy in the EPSC prediction for plastic anisotropy and the experi-
ment suggests that the origin of anisotropy likely lies in the second-
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phase precipitates.
6. Anisotropy hardening analysis

We note that thus far the EPSC calculation did not explicitly account
for precipitation hardening. However we made the basal slip resistance
harder than the prismatic slip resistance, which implicitly takes into
account the effect of precipitates. Based on prior work, the tendency of
second-phase precipitates is to lower the plastic anisotropy not enhance
it. In very fine-grained Mg alloys, a lower plastic anisotropy can be
attributed to similar activities by the basal and prismatic slip systems
[31-33]. For ZK60 alloy after the standard T6 heat treatment an in-
crease of 20-25% in strength over the as-cast material [4], was at-
tributed to second-phase precipitates. These precipitates in the coarse-
grain non-textured material did not, however, influence anisotropic
strengthening. Single crystal tests on an Mg-Zn alloy, where Zn is in
solid solution, showed that the effect of increasing Zn concentrations is
to increase the CRSS for basal slip and decrease the CRSS for prismatic
slip [74,75]. Polycrystals of this same material with grain sizes below
50 um did not see this trend [33]. Therefore, reducing the grain size and
increasing the content of Zn in solid solution and adding precipitates
usually leads to lower CRSS ratios between prismatic and basal slip.

According to [76,77] Orowan strengthening was found to be more
appropriate in predicting the strengthening of the CRSS for prismatic
slip. It this case prismatic plane CRSS 7=13 MPa (Table 3) increase was
~ 5/6 MPa after rolling with strain e = 0.5, 11/10 and 13/11 MPa after
rolling with strain e = 0.9 and e = 1.6 in RD/TD respectively.
Therefore, rolling to strains of e=0.9 and more can significantly reduce
prismatic slip activity.

The EPSC model of Mg alloy ZK60 did not consider the evolution
precipitate geometry on various slip modes. We note that the model
achieved good agreement with the macroscopic hardening after MIF
and subsequence rolling with e = 0.51 (Fig. 7a, b). However not after
rolling to e = 0.91 and e = 1.6 (Fig. 7c, d), when the change in the
precipitate geometry makes the greatest difference. At these high
strains, the area fraction of the precipitates Sg value had increased from
6% to nearly 12% and in size to 110-130 nm (Table 2), essentially
becoming large disk-shaped precipitates. At the same time, they had
become highly oriented in the RD plane. As such they become effective
in strengthening the material. The strengthening, however, is aniso-
tropic as their orientation with respect to the textures suggests that they
would pose the largest barrier to < c¢+a > slip, compared to basal and
prismatic < a > slip. This leads to our key result is that the plastic
anisotropy after MIF is not due to precipitate strengthening alone but
due to the morphology of the precipitates; that is, the fact that they
become more aligned in the RD plane during IR at 200 °C. It is this
alignment that leads to a noticeable switch in yield anisotropy, causing
strengthening in tensile yield stress in the TD over that in the RD.

7. Conclusions

In this work, the microstructure, crystallographic texture, and
strength of the Mg-Zn-Zr (ZK60 or MA14) alloy after three-step iso-
thermal multi-step forging (MIF) and subsequent isothermal rolling (IR)
have been investigated. Based on experimental characterization and
modeling, the following conclusions are drawn:

1. It is demonstrated that the chosen processing schedule, combining
two different deformation techniques, is effective for fabricating
fine-grained ZK60. The MIF of the hot-pressed rod performed at
200 °C with a total strain of ~ 10.2 produces a fine-grained micro-
structure with 90% volume fraction of recrystallized grains ap-
proximately 3 um in diameter. Subsequent isothermal rolling up to
1.6 equivalent strain at 200 °C further refines the average grain size
down to 1.2 uym and leads to a completely recrystallized homo-
geneous, fine-grain microstructure.
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2. The second phase constituents in the material and room temperature
tensile behavior of the material after MIF and IR at 200 and 300 °C
have been characterized. It is found that IR at the 300 °C enhances
the strength of this alloy over the traditionally processed material in
all test directions. The same deformation at the 200 °C led to pre-
ferred strengthening in the transverse direction over the rolling di-
rection and hence increased the in-plane plastic anisotropy.

3. A polycrystal mean-field constitutive model based on the elastic-
plastic self-consistent (EPSC) framework has been extended to in-
corporate residual stresses and is used to interpret the behavior of
ZK60 alloy. We showed that with a unique set of single-crystal
hardening parameters the model could reproduce the observed an-
isotropic hardening, evolution of twin volume fraction, and texture
during subsequent tension testing after MIF and a subsequent rolling
step. The EPSC modeling provided predictions of the residual lattice
strains and residual stresses after rolling, the latter of which did not
exceed 5 MPa. Thus, the magnitude of the residual stresses did not
influence the plastic anisotropy of the alloy. However after further
rolling, when the change in the precipitate geometry makes the
greatest difference the model without the evolution of the pre-
cipitate geometry could not reproduce the observed anisotropic
hardening. Multiple strengthening factors were considered in the
model to interpret the observed mechanical behavior after de-
formation.

4. The main reason for the increase in the plastic anisotropy after
rolling is the change in precipitate distribution. A sequence of for-
ging and rolling at a temperature of 200 °C causes decomposition of
the zinc in magnesium resulting in an area fraction increase of the
secondary f-phase from 3 — 4 to 13 — 15%. With dynamic aging
rolling, the precipitates are reshaped into the form of plates, being
elongated further in the rolling direction and closely spaced.
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