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Abstract: In the present work, we utilized Shear Assisted Processing and Extrusion (ShAPE), a solid-
phase processing technique, to extrude hollow tubes of ZK60 Mg alloy. Hot rolling was performed on
these as-extruded tubes (after slitting them longitudinally) to thickness reductions of 37%, 68%, and
93% to investigate their viability as rolling feedstock material. EBSD analysis showed the formation
of twinned grains in the ShAPE processed material and a gradual re-orientation of the basal texture
parallel to the extrusion direction with each rolling step. Moreover, an equiaxed grain size of
5.15 ± 3.39 µm was obtained in the ShAPE extruded material, and the microstructure was retained
even after 93% rolling reduction. The rolled sheets also showed excellent tensile strengths and no
mechanical anisotropy, a critical characteristic for formability. The unique microstructures developed
and their excellent mechanical properties, combined with the ease of scalability of the process, make
ShAPE a promising alternative to existing methods for producing rolling feedstock material.

Keywords: ShAPE; rolling; ZK60; solid phase processing; mechanical anisotropy; texture evolution

1. Introduction

Magnesium alloys are favorable for the transportation industry owing to their high
specific strengths [1]. However, the properties of wrought Mg alloys, like poor formability
and mechanical anisotropy, lead to their limited use for lightweight applications [2–4]. The
weight percentage of magnesium used in a typical passenger car has remained approxi-
mately 0.5% for two decades due to these factors [5,6]. Since the widespread deployment
of Mg alloys in the automotive industry could lead to significant improvements in vehicle
fuel efficiency, Mg alloy formability has been the subject of considerable research interest.

Mg alloys have low formability at room temperature [3,7,8], although recent experi-
mental work has shown that it is possible to process pure Mg with high formability at room
temperature [9]. The reason for this typically low formability was that Mg alloys have a
hexagonal close packed (HCP) crystal structure and greatly prefer basal slip when deformed
at room temperature [10–13]. However, in order to accommodate plastic deformation, five
different slip systems (in addition to twinning) must be active to meet the von Mises crite-
rion [14]. This was a considerable technical obstacle, as prismatic <a>, pyramidal <a>, and
pyramidal <a + c> slip all have critical resolved shear stresses that are multiple times higher
than basal <a> slip [13]. Numerous strategies exist to circumvent or alleviate this limitation.
For example, the addition of Rare Earth (RE) elements to Mg alloys minimizes the critical
resolved shear stress (CRSS) to enable additional modes of deformation [15–17]. Other
studies have also shown that refining the grain structure promoted grain boundary sliding
and improved formability [17–19]. Forming at temperatures between 280 ◦C and 500 ◦C
generally improves the alloy’s deformation response [11,20], but is an energy intensive
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process. Twin-roll casting, for example, was a common method used to fabricate Mg alloy
sheets [21]. Other authors have attempted to form Mg alloys using multiple cold rolling and
annealing steps, such as Zhang et al., who recently achieved refining grain structure and
formability in AZ31 through repeated 10–15% cold rolling passes with 30 min intermediate
anneals at 250 ◦C [16]. The anisotropy generated in Mg and Mg alloy from processing are
a result of strong basal textures and grain aspect ratios, typically seen after conventional
rolling steps. The basal texture introduces a significant anisotropic effect when it comes to
tensile deformation properties. The effect of different tensile loading directions on a rolled
Mg plate have been studied in the past, emphasizing the anisotropic effect that strong
basal texture has on the yield strength, strain hardening behavior and Extension to Failure
(ETF) [22–24]. Ideally, elimination of textures and large grain aspect ratios are desired for
formability of Mg alloys, and methods for grain refinement are still being studied today.

In order to circumvent the challenges associated with rolling and twin roll casting,
several studies have utilized extrusion techniques that cause severe plastic deformation
(SPD) to refine the Mg grain structure [17,19]. One of these techniques, equal channel
angular processing (ECAP), was also capable of rotating the Mg texture away from the
basal texture after multiple passes [12,22]. This process has been able to improve the yield
strength, formability, and ETF of Mg alloys [12,22–24] and even their hydrogen storage
properties [25]. Unfortunately, the batch size and scalability of this and most other SPD
methods are currently limited to amounts that would not be feasible for industrial-level
production [5]. However, a new form of Friction Stir Back Extrusion (FSBE) called Shear
Assisted Processing and Extrusion (ShAPE) has recently shown promise as a method to
control Mg alloy grain size and texture [5,26–29]. ShAPE is a single step solid phase process-
ing technique that allows us to extrude powder, plate chips, and ingots into homogenous
and defect-free wrought products. It has several primary advantages over other exist-
ing SPD methods. First, unlike ECAP and other methods, ShAPE was able to produce
long hollow-section extrusions, which were necessary for application in certain structural
components [5]. Second, ShAPE can produce extrusions with large outer diameters and
high extrusion ratios in comparison to other FSBE methods, giving it promise as a scalable
method. Finally, ShAPE was able to produce extrusions with wall thicknesses of less than
a millimeter [26], which means that it could potentially be fabricated and then formed
into a sheet with minimal rolling. More recently, the authors have also demonstrated that
the properties of ShAPE extruded Mg rods and tubes had isotropic properties with high
elongation and better corrosion resistance [30]. Several alloys have so far been extruded
using this novel process and this process was agnostic to feedstock material.

ZK60 is the Mg alloy of interest in this study. ZK60 has a moderate cost and favorable
ratio of compressive to tensile strength (compared to RE Mg alloys) [31]. SPD techniques
such as Equal Channel Angular Pressing (ECAP), Accumulative Roll Bonding (ARB) and
Cyclic Extrusion and Compression (CEC) have been employed on ZK60 and other Mg alloys
to refine grain size (to the range of 0.6–6 µm) and increase strength while also maintaining
favorable ductility [32–39]. Previous work by the current authors employed ShAPE to
form ZK60 tubes with average grain size less than 5 µm and to obtain a texture with basal
planes oriented 20–45◦ to the extrusion axis. Interestingly, the ShAPE process also required
less than 20 times the force required to form a tube of ZK60 compared to conventional
extrusion process, thus providing significant energy savings [29]. The combination of
excellent microstructure and properties, combined with the scalability and accompanying
energy savings makes post-ShAPE ZK60 an excellent feedstock material for rolling. Thus,
the effect of combining ShAPE processing and rolling on the microstructure and mechanical
properties of ZK60 is worth exploring.

In the present investigation, we utilized ShAPE processing to form sheets of ZK60
and alleviate some of the challenges associated with the formed product and conventional
processes. We hypothesized that the ShAPE extruded ZK60 would retain its microstructure
and mechanical properties when formed from a tube into a plate and when subsequently
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rolled. Here, we demonstrate the viability of ShAPE extruded ZK60 as rolling feedstock
and inform ShAPE processing parameters.

2. Experimental Methods

Extruded ZK60 tubes were fabricated from ZK60-T5 bar and as-cast billets using the
method described by Whalen et al. [5]. This resulted in tubes having an outer diameter of
50.8 mm and a wall thickness of 1.9 mm which were sectioned transversely into approxi-
mately 200 mm long sections. After this transverse sectioning, the tubes were slit along the
extrusion direction and forced open at room temperature using a vice. Figure 1a shows
a schematic of the ShAPE process configured to extrude round tubes using a rotating die
with a stationary mandrel. Figure 1b shows examples of the as-extruded tubes. Figure 1c
shows a schematic of the slitting, opening, and rolling operation, and Figure 1d–f shows
the actual sample after slitting, rolling, and cutting into tensile specimens.
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diagram showing the slit, open and roll steps employed to fabricate a rolled sheet from an extruded 
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The flattened plates were then heated in air at 450 °C for periods of five minutes in 
an air furnace, and then immediately rolled. In order to minimize heat loss, the plates 

Figure 1. (a) A schematic showing the ShAPE process configured to extrude round tubing using
a rotating die, (b) ShAPE-processed ZK60 tubes before being slit open for rolling. (c) A schematic
diagram showing the slit, open and roll steps employed to fabricate a rolled sheet from an extruded
ZK60 tube. (d) Optical photograph of ZK60 tube after slitting along the extrusion axis. (e) Rolling of
the tube into a flat sheet. (f) Tensile specimen cutout of rolled ZK60 sheet.
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The flattened plates were then heated in air at 450 ◦C for periods of five minutes in
an air furnace, and then immediately rolled. In order to minimize heat loss, the plates
were moved from the furnace to the rollers on a hot plate. For the current work, rolling
was performed on a Stanat model TA-215, two-high mill. The top and bottom rolls were
101.6 mm (4 inches) in diameter and approximately 203.2 mm (8 inches) wide. The rolling
experiments were performed without any lubrication. The mill was operated at 25 rpm and
had a maximum load separation force (LSF) of 445 kN (100,000 lb). Each rolling pass had
a targeted reduction of approximately 15%. The 1.9 mm tubes were flattened and rolled
until a final thickness of 1.3 mm, 0.64 mm, and 0.13 mm correspond to total reductions
of 37%, 68%, and 93%, respectively. Of these, the samples with 37% reduction and 68%
reduction were examined using Electron Backscattered Diffraction (EBSD). These levels
of reduction were selected because above this level of reduction, patterns became difficult
to capture in EBSD. The level of deformation at these reductions introduced a significant
amount of strain, enough to decrease the diffraction intensity such that the standard form
of Hough indexing was not able to capture the information. For the purpose of comparison,
a sample obtained from the flattened tube prior to rolling was also examined using EBSD.
Prior to microstructural analysis, specimens were mounted in epoxy and polished to a final
surface finish of 0.05 µm using colloidal silica. Scanning electron microscopy (SEM) analysis
was performed using a JEOL 7600F field emission scanning electron microscope. EBSD
mapping was performed using an Oxford Instruments Nordlys detector at an accelerating
voltage of 20 keV and a working distance of ∼24 mm. Indexing was accomplished using
a magnesium hexagonal crystal structure, Laue group 9, space group 194 and unit cell
parameters a = 3.209 Å, b = 3.209 Å, c = 5.211 Å, a = 90◦, b = 90◦, c = 120◦. A step size of
0.1 µm was utilized for these scans. It should be noted that only the matrix phase was
mapped for EBSD analysis. Refined second phase precipitates were not included in the
EBSD analysis due to the large length scales that the texture evaluation was performed
across. From this microscopy, the grain structure of the samples through the thickness
was determined using cross sections cut in both the rolling and transverse directions. Pole
figures of the grain orientations were also obtained in order to determine any changes
in texture.

Mechanical testing of ZK60 specimens was performed using ASTM E8 on a 5K servo-
hydraulic load frame using hydraulic knurled wedge grips. The 68% hot-rolled specimens
were cut into tensile specimens 29.2 mm long, 6.38 mm wide, and 0.571 mm thick, while
the 93% hot-rolled samples were cut into tensile specimens 21.9 mm long, 4.85 mm wide,
and 0.157 mm thick as shown in Figure 1c. Optical extensometry (Epsilon ONE-78PT-
200 optical extensometer) was used to determine extension with respect to loading. The
samples with 68% reduction and 93% reduction were cut into tensile testing specimens
oriented in the rolling transverse, and at a 45◦ angle from the rolling directions, as shown
in Figure 1e. This testing allowed us to establish the effect of additional rolling treatment
on mechanical performance and anisotropy. Three tensile tests were performed for each
specimen thickness and orientation, and from these tests, the 0.02% yield stress, ultimate
tensile stress, and % elongation to failure were determined. These results in comparison to
the measurements on as-extruded ZK60 from Whalen et al. [5,29] helped us to ascertain the
extent to which ShAPE processed ZK60 retains texture, grain structure, and mechanical
properties after rolling compared with the as-extruded tube.

3. Results and Discussion
3.1. Microstructural Characterization of As-Extruded, 37% Rolled and 68% Rolled Samples

Longitudinal, through-thickness cross-sections of the ZK60 samples for the ShAPE
extruded and flattened, 37% hot-rolled, and 68% hot-rolled sheets are shown in Figure 2.
In the ShAPE extruded and flattened microstructure, it was observed that the grains
were equiaxed. Upon extrusion, in the case of the flattened specimens, the inverse pole
figure maps of the microstructure show that twinning (blue bands in the red matrix) had
occurred during the flattening process (Figure 2 inset). It should be noted that the flattening
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procedure was performed at room temperature. However, the microstructure maintains
the majority of its texture and uniformity from Whalen et al. [5].
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Figure 2. Through-thickness longitudinal EBSD orientation maps of the ShAPE extruded and flat-
tened, 37% hot-rolled, and 68% hot-rolled ZK60 specimens in the longitudinal section. In each map,
the left side was the outer diameter of the tube, while the right side was the inner diameter of the tube.

The 37% and 68% rolled plates exhibited the same equiaxed microstructure and were
accompanied by bands of low diffraction contrast, resulting in non-indexed pixels. The
through-thickness longitudinal EBSD scans of the sheets showed that while the as ShAPE
extruded and flattened sheet has a very uniform microstructure, after a 37% reduction there
are grains that have visibly grown and deviated from the as-extruded texture. Diffraction
bands in Kikuchi patterns from EBSD were notably weaker lending itself unable to deter-
mine a grain orientation, which either indicates that the region has been highly deformed or
that the region has very fine recrystallized grains. Deformation twinning in Mg alloys has
been previously reported by numerous authors [40,41]. The twinned grains were present
in the microstructure upon ShAPE processing and flattening the plates. However, they
were not seen in the as-ShAPE’d microstructure [5,29]. This shows that they were formed
due to the flattening process at room temperature, indicating that these are deformation
twins. A measurement of the misorientation profile between the apparent twinned grains
confirms that these grains were indeed twinned, as shown in Figure 3.

When plotted to show orientation density, it was observed that the microstructure of
the flattened plates showed that the basal planes were approximately tilted 5–10◦ away from
the extrusion direction, as shown in Figure 4. As shown in Figure 4a and its corresponding
pole figure in Figure 4d, the tilt of the basal plane is approximately 5–10◦ away from the
extrusion direction. With the applied hot rolling and reheating treatment, the basal planes
oriented themselves parallel to the rolling direction. After a 68% reduction, the grain size
increased. A similar trend can be seen for transverse sections of the ZK60 samples, as
shown in Figure 5. These results also indicate that despite the initial rotation being away
from the rolling direction as a result of the ShAPE process, the multiple rolling passes cause
texture rotation back towards the rolling direction.
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Figure 5. EBSD orientation (IPF Y) maps and pole figures of the ShAPE extruded and flattened and
the 37% hot rolled ZK60 specimens in the transverse section.

Plots of the grain size distribution for each rolling condition taken from longitudinal
sections indicated relatively small changes in average grain diameter, as shown in Figure 6.
Although the rolling process has visibly changed the grain structure, the average grain
size remains approximately the same, beginning at 5.15 ± 3.39 µm in the ShAPE extruded
material, to 5.27 ± 3.53 µm after 68% rolling reduction. Notably, this excludes the regions
of the rolled specimens where obtaining a diffraction pattern was not possible. It was
also noticed that while the average grain diameters are the same with respect to rolling
extent, the maximum grain size, Xmax, after hot rolling had increased. From Figure 6,
the maximum grain sizes grew from ~19 µm to 33.6 and 26.8 µm after 37% and 68%
hot-rolling, respectively.
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3.2. Mechanical Performance of the Rolled Plates

The tensile properties of the rolled specimen indicate that rolling initially creates an
increase in strength at the expense of elongation to, failure. Plots of tensile behavior for
68% rolled specimens in the rolling direction, transverse direction, and 45◦ to rolling show
that ultimate tensile stress (UTS) reaches over 330 MPa in each case, as shown in Figure 7a.
This was a significant increase from the measured UTS by Whalen et al. where UTS values
of 254.4 MPa, 297.2 MPa and 279.9 MPa were reported for the Longitudinal, Transverse
and 45◦ to longitudinal directions, respectively [29]. However, most of the specimens
do not reach 10% extension to failure, which was a significant decrease from Whalen’s
observations. This behavior was not surprising, as other experimental efforts to form
magnesium alloys have also reported increased strength and reduced elongation to failure,
even after the use of extrusion processes to refine grain structure and improve texture [12].
It was notable that Whalen et al. reported noticeable anisotropy between the UTS of the
rolling, transverse, and 45◦ tensile specimens, over 40 MPa, while the specimens used in
this study have less than 10 MPa of variation. This suggests that hot rolling at this point
has reduced the tensile anisotropy of the material.
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Figure 7. (a) Representative tensile stress-strain curves of the ShAPE-processed ZK60 flattened and
hot-rolled to 68% reduction. (b) Representative tensile stress-strain curves of the ShAPE-processed
ZK60 flattened and hot-rolled to 93% reduction. Plots are shown for loading in the rolling direction
(RD), 45◦ to the rolling direction (45◦), and the transverse direction (TD).

Additional rolling appears to lead to an overall reduction in tensile properties and an
increase in the apparent anisotropy. The 93% rolled specimens, regardless of direction, all
have a slightly lower average UTS and smaller elongation to failure (ETF) than the 68%
rolled specimens. Considerably more variation in the mechanical behavior was noticeable.
The variation in UTS with tensile direction at the same time increased to nearly 25 MPa.
This was still less variation than that observed for the ShAPE extruded material. The plots
of these tensile stress-strain curves are shown in Figure 7b. The average yield stress, UTS,
and ETF for the 68% and 93% rolled specimens was shown in Table 1. Typically, in ZK60,
it has been observed that the yield strength along the rolling direction is approximately
50% lesser than in transverse direction. The strength of the plates at both 68% and 93%
reduction showed higher values of strength in both transverse and longitudinal directions
with no anisotropy as compared to what has been reported in the literature [42].
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Table 1. The tensile properties of ShAPE-processed ZK60 after hot rolling.

Direction
68% Reduction 93% Reduction

YS (MPa) UTS (MPa) ETF % YS (MPa) UTS (MPa) ETF %

RD 292.16 ± 1.11 341.74 ± 5.96 6.95 ± 1.94 256.93 ± 18.4 260.76 ± 22.4 3.38 ± 0.51

TD 286.19 ± 1.13 336.09 ± 1.58 5.15 ± 0.05 251.91 ± 18.9 262.83 ± 21.2 4.00 ± 0.87

45◦ 284.33 ± 3.18 334.61 ± 2.12 6.31 ± 0.71 272.81 ± 19.1 289.28 ± 14.8 3.64 ± 0.12

It is important to mention, for example, that while the ZK60 sheets in this work were
rolled immediately after heating, the sheets were not held at an elevated temperature for
rolling, and the rollers themselves were not heated. A hot plate was used to mitigate heat
loss in the Mg sheet during transfer to the rolling mill, but it is conceivable that this cooling
causes the sheet to experience significant cold work, especially as the sheet decreases
in thickness and cools more rapidly. The rolling temperature, annealing treatment, and
reduction per pass may also foreseeably improve sheet performance. Previous experimen-
tation on hot-pressed ZK60 by Wang et al. has shown that at annealing temperatures of
400 ◦C, recrystallization occurred in under 1000 s, and in the same time the grain structure
coarsened from roughly 2 µm to 7 µm [10]. This suggests that the time taken to reheat in
this work, five minutes (300 s) at 450 ◦C, should have been sufficient to cause significant
static recrystallization, but may not have been enough to entirely recrystallize the material.
The work by Wang, amongst others [11,18,43,44], has reported the formation of highly
strained bands within the deformed grain structure after rolling, which was similar to our
observation in this work for 37% and 68% rolled specimens. It was notable that Wang et al.
reports that at 1000 s at 400 ◦C, the grain structure was completely recrystallized, but that
5000 s of annealing at temperature were required to cause the microstructure to become
equiaxed [10]. If the performance of the sheet were affected by this change in the grain
structure, then additional annealing may significantly improve its tensile properties.

Examination of the fractured specimens shows that the fracture occurred at an ap-
proximately 45◦ angle with respect to the loading axis in all specimens, regardless of the
orientation of the sample or its rolled thickness (e.g., Figure 8). Further improvements in
the elongation can be obtained by utilizing a suitable heat treatment process. For example,
Jin et al., were able to greatly improve the elongation to failure of ZK60 hot-rolled to a
63% reduction in thickness by using an electropulsing treatment [45]. Understanding the
microstructural changes through the flattening of hollow tubes generated via ShAPE was
crucial to understand the application limitations and benefits to Mg alloys. The ShAPE-
fabricated tubes must retain their properties through flattening and additional forming
steps for feasible use as rolling feedstock. This work has demonstrated that the ShAPE
extruded tubes can feasibly survive the process of forming into plates. This work has also
established that it was possible to hot roll ShAPE extruded ZK60 to the thicknesses required
for industrial applications. Modifications to the rolling schedule used in this work has the
potential to lead to further improvements over the measured properties.
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4. Conclusions

ShAPE-processed ZK60 tubes were mechanically slit opened and hot-rolled into
thin sheets in order to evaluate the viability of the material as rolling feedstock. The
thermomechanical processing pathway indicated that after the ShAPE extrusion, the ZK60
microstructures were resilient to large changes regarding grain sizes and texture. Flattening
of ShAPE processed tubes retained the initial ShAPE microstructure. The samples from
both the 68% and 93% rolling conditions showed no anisotropy. The development of
feedstock material that can largely retain their original microstructure and performance
after subsequent deformation processes such as rolling, is both novel and critical. Through
this article, we demonstrated that ShAPE processing offers an excellent pathway to produce
such feedstock material using Mg alloys.
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