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Abstract

In order to evaluate the viability of ShAPE processed Mg alloys as a feedstock for fabricating
lightweight sheet material, tubes consisting of ShAPE-extruded Mg alloy ZK60 were flattened
into plates and hot rolled at 450 °C to reductions of 37%, 68%, and 93%. The mechanical
properties and microstructure of the rolled material were characterized through tensile testing
and electron backscattered diffraction (EBSD). ZK60 specimens rolled to 68% reduction had
tensile properties similar to published properties of rolled ZK60 sheets fabricated using
conventional processes, and exhibited negligible tensile anisotropy referenced to the rolling
direction. Additional rolling from 68% to 93% reduced the ultimate tensile stress in the rolling
direction from 341.74+5.96 MPa to 260.76+22.4MPa. The yield stress and elongation to failure
of the material also decreased from 292.16+1.11 MPa to 256.93+18.4 MPa and 6.95+1.94% to
3.38+0.51%, respectively, but negligible little anisotropy was observed with respect to loading
direction. EBSD mapping indicated that the as-extruded ZK60 had texture rotated away from
the basal direction which developed into a strong basal texture over numerous hot rolling steps.
This evolution in texture has been observed after rolling for hot-rolled ZK60 fabricated through
conventional extrusion processes. The initial grain structure was found to have experienced
noticeable twinning from flattening the tube into plate. After hot rolling, the grain structure
became more equiaxed, but the average grain diameter did not change appreciably from 5.15 +
3.39 um in the ShAPE extruded material, to 5.27 & 12.44 um in the 93% hot rolled sheet. This
response to hot rolling is similar to the response of ZK60 fabricated using other methods such as
Equal Channel Angular Processing (ECAP). Therefore, this work demonstrates ShAPE has the
potential as an alternative method to producing feedstock for Mg alloy sheets. Modifications to
the experimental procedure which could lead to improvements in observed properties are briefly
discussed.
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Summary

ShAPE-processed ZK60 tubes were mechanically opened and hot-rolled into thin sheets in order
to evaluate the quality of the material as rolling feedstock. EBSD evaluation of the tubes indicated
that the process of flattening the tubes caused minimal damage to the ZK60 microstructure, but
that subsequent hot rolling to 37% and 68% caused the ZK60 texture to rotate back towards a basal
texture. The deformation caused by rolling and subsequent recrystallization during reheating of
the sheets caused visible changes in the grain structure and the formation of highly strained bands
in the sheet that increased in prevalence as reduction increased. However, grain size measurements
obtained using EBSD indicated that the grain structure did not appreciably coarsen from the as-
ShAPEd grain size. Tensile testing on the 68% and 93% hot-rolled specimens showed that the
rolled ZK60 specimens had similar YS, UTS, and ETF to those recorded by other authors for rolled
ZK60. Specimens hot rolled to 68% reduction had minimal anisotropy in tensile properties with
respect to loading direction, while specimens hot rolled to 93% reduction had some anisotropy.
All tested specimens exhibited ductile fracture, but the 93% hot rolled specimens had reduced UTS
and ETF. This degradation in mechanical properties has likely occurred due to an accumulation of
damage from rolling that had not been dissipated in reheating steps. Therefore, modifications to
the rolling and annealing approach used in this work may be able to achieve sheets with improved
tensile properties.
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1.0 Introduction

Magnesium alloys are inexpensive to produce and have high strength to weight ratios [1]. However, the properties of Mg alloys, like
formability, are generally insufficient for lightweight applications, such as in the automotive industry [2—4]. The weight percentage of
magnesium used in a typical passenger car has remained approximately 0.5% for two decades due to these limitations[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 experimental work has shown that it is possible to process
pure Mg for high formability at room temperature [9]. The reason for this typically low formability is that Mg alloys have a hexagonal
close packed (HCP) crystal structure and greatly prefers 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 criterion
[14]. This is a considerable technical obstacle, as prismatic <a>, pyramidal <a>, and pyramidal <a+c> slip all have critical resolved
shear stresses multiple times higher than basal <a> slip [13]. Numerous strategies exist in order to circumvent or alleviate this limitation.
For example, the addition of rare earth (RE) elements to Mg alloys roughens the slip planes, making additional modes of deformation
achievable [15—17] and has the further effect of refining the grain structure, promoting grain boundary sliding [17-19]. This improves
alloy formability, but the additive REs required are expensive [4]. Forming at temperatures between 280 °C and 500 °C generally
improves alloy deformation response [11,20], but is an energy intensive process. Twin-roll casting, for example, is a common method
used to fabricate Mg alloys [21]. Other authors have attempted to form Mg alloys using multiple cold rolling and annealing steps, such
as Zhang et al., who were recently able to achieve refined grain structure and formability in AZ31 through repeated 10-15% cold rolling
passes with 30 minute intermediate anneals at 250 °C [16]. Such a process is energy intensive and time intensive due to the required
annealing periods.

Different extrusion techniques that cause severe plastic deformation (SPD) have been the subject of recent interest due to their potential
to refine the Mg grain structure, which promotes grain boundary sliding during deformation [17,19]. One of these techniques, equal
channel angular processing (ECAP), is also capable of rotating Mg texture away from the basal texture after multiple passes [12,22].
This process has been able to improve the yield strength, formability, and extension to failure of Mg alloys [12,22—-24] and even 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 has several primary advantages over other existing SPD methods. First, unlike ECAP and other methods, ShAPE is able to
produce long hollow-section extrusions, which is necessary for application in certain structure components [5]. Second, ShAPE is able
to 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 is 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. Previous work that explored the properties and
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microstructure of ShAPE extruded ZK60 report that the alloy had an ultimate tensile strength between 250 and 300 MPa, with 20-25%
extension to failure [29].

It has yet to be published in literature whether or not ShAPE extruded ZK60 retains its microstructure and mechanical properties when
formed from a tube into a plate and subsequently rolled. This information would be particularly useful in order to evaluate the viability

of ShAPE extruded ZK60 as rolling feedstock, and to inform ShAPE processing parameters. Therefore, the goal of this work is to
characterize a rolled ZK60 microstructure and quantify its mechanical properties.

Introduction



PNNL-32477

2.0 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 wall
thickness of 1.9 mm which were then sectioned into approximately 200 mm long sections. After
sectioning, the tubes were cut along the extrusion direction and forced open at room temperature
using a vice. A schematic diagram of the process of opening and rolling the ShAPE-fabricated
tubes is shown in Fig. 1.

Fig 1. Three ShAPE-processed ZK60 tubes before being opened for rolling (a). A schematic diagram of the extruded
ZK60 tubes, showing the extrusion direction of the tubes with respect to the rolling direction of the flattened plates

(b).

The flattened plates were then heated in air at 450 °C for periods of five minutes using a standard
furnace, and then immediately cold-rolled. In order to minimize heat loss, the plates were moved
from the furnace to the rollers on a hot plate. Each rolling pass had a targeted reduction of
approximately 15%. The 1.9 mm tubes were flattened and rolled until a final thickness 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. 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 0.05um using colloidal silica. Scanning electron microscopy (SEM) analysis was performed
using a JEOL 7600F field emission scanning electron microscope. Electron backscatter diffraction
(EBSD) mapping was performed using an accelerating voltage of 20keV and a working distance
of ~24mm. Indexing was accomplished using a magnesium hexagonal crystal structure, Laue
group 9, space group 194 and unit cell parameters a=3.209A, b=3.209A, c=5.211A, a=90°, b=90°,
c=120°. 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 ES8 on a 5k servo hydraulic
load frame using hydraulic knurled wedge grips.The 68% hot rolled specimens were cut into
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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. Digital
image correlation (DIC) was used in order 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 direction. 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.
The fractured surfaces on each tensile specimen were photographed in order to diagnose the type
of failure that occurred. 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 from the as-extruded tube.

Experimental Methods 8
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3.0 Results

Longitudinal, through-thickness sections of the ZK60 samples for the ShAPE extruded and
flattened, 37% hot rolled, and 68% hot rolled sheets are shown in Fig. 2. In the ShAPE extruded
and flattened microstructure, it is observed that the grain structure is close to equiaxed. The inverse
pole figures of the microstructure show that twinning has apparently occurred during the flattening
process (please not the thumbnail in Fig. 2), which was done at room temperature. However, the
microstructure appears to have maintained the majority of its texture and uniformity from Whalen
etal. [5].

ShAPE Extruded And Flattened 37% Hot Rolled 68% Hot Rolled

50 pm

Figure 2. Through-thickness EBSD maps of the ShAPE extruded and flattened, 37% hot rolled, and 68% hot rolled
ZK60 specimens in the longitudinal section. In each map, the left side is the outer diameter of the tube, while the right
side is the inner diameter of the tube.

The only sign of deformation in the as-flattened microstructure appears to be the twinning
observed in EBSD, with no obvious signs of accumulated dislocation density or other adverse
effects. Deformation twinning in Mg alloys has been previously reported by numerous authors
[30,31]. Deformation twins are thought to increase strength and ductility in metals by acting as
additional obstacles to dislocation motion [31]. A measurement of the misorientation profile
between the apparent twinned grains from Fig. 4 confirms that these grains are twins, shown in
Fig. 3.

Results 9
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Figure 3. The deformation twinning between two grains in the as-flattened ZK60, demonstrated by a misorientation
profile on an EBSD map of the as-flattened ZK60 plate.

When plotted to show orientation density, it is observed that the microstructure is slightly rotated
away from the basal texture, Fig. 4. With the applied hot rolling and reheating treatment, the texture
visibly rotates towards the basal texture in each successive reduction, with the 68% reduction being
rotated almost entirely to a basal texture. The through-thickness scans of the sheets show that while
the as-flattened sheet has a very uniform microstructure, after 37% reduction there are grains that
have visibly grown and deviated from the as-extruded texture. Bands have also appeared in which
EBSD was unable to determine a grain orientation, which either indicates that the region has been
highly deformed or that the region has very fine recrystallized grains. After 68% reduction, more
grains have visibly grown, although the variations from the initial texture are still relatively small.
However, the bands in which EBSD was unable to determine a pattern consisted of a larger fraction
of the microstructure.
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68% Hot Rolled

Figure 4. EBSD maps and pole figures of the ShAPE extruded and flattened, 37% hot rolled, and 68% hot rolled
ZK60 specimens in the longitudinal section.

A similar trend can be seen for transverse sections of the ZK60 samples, as shown in Fig. 5. These
results also indicate that despite the initial rotation away from the basal texture as a result of the
ShAPE process, the multiple rolling passes cause rotation back towards the basal texture.

Results
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37% Hot Rolled o 68% Hot Rolled

{0001} AN {0001} X1

Figure 5. EBSD maps and pole figures of the ShAPE extruded, 37% hot rolled, and 68% hot rolled ZK60 specimens
in the transverse section.

45Plots of the grain size distribution for each scanned microstructure, taken from longitudinal
sections, indicate relatively small changes in average grain diameter, shown in Fig. 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 um in the ShAPE extruded material, and 5.27 +
3.53 um. Notably, this excludes the regions of the rolled specimens where obtaining a pattern was
not possible. If these grains were either very fine due to recrystallization or simply highly deformed
large grains, this estimate could have considerable error, so those regions were not considered in
the grain size analysis. It is also noticeable that while the average grain diameter only slightly
increases with rolling treatment, the maximum grain size after hot rolling has increased

considerably.
. 108
NI As ShAPEd Statistics S 37% Hot Rolled Staition I 68% Hot Rolled
EX 34 55388
5 &
18538 .
4.30%
2 2 o7e2 | 2%
3 3 bssas | B
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Figure 6. The grain size distributions of ShAPE extruded, 37% hot-rolled, and 68% hot-rolled ZK60 specimens, as
taken from EBSD scans on longitudinal sections.
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Tensile properties of the rolled specimens indicate that rolling at first 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 Fig. 7a-c. This is a significant increase from the
measured UTS by Whalen et al. [29]. However, most of the specimens do not reach 10% extension
to failure, which is a significant decrease from Whalen’s observations. This behavior is 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 is notable that Whalen ef al. reported noticeable anisotropy
between the UTS of the rolling, transverse, and 45° tensile specimens, over 40 MPa, while our

specimens have less than 10 MPa of variation. This suggests that hot rolling at this point has
reduced the tensile anisotropy of the material.

Q “ b 400 C
E ,’_’___,___.__.‘———-‘— E E
s 300 s 300 s
[ n [}
(7] n (7]
o 200 2 200 g
= = B
0 n n
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- ——RD-1 = ——a5-1 - — 1D
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Figure 7. The tensile stress-strain curves of the ShAPE-processed ZK60 flattened and hot rolled to 68% reduction.
Plots are shown for loading in the rolling direction (a), 45° to the rolling direction (b), and the transverse direction (c).

Additional rolling appears to lead to an overall reduction in tensile properties and an increase in
the apparent anisotropy, however. The 93% rolled specimens, regardless of direction, all have an
average UTS of less than 300 MPa and even smaller elongation to failure (ETF) than the 68%
rolled specimens. Considerably more variation in the mechanical behavior is noticeable. The
variation in UTS with tensile direction at the same time has increased to nearly 25 MPa. This is
still less variation than that observed for the ShAPE extruded material. The plots of these tensile

stress-strain curves are shown in Fig. 8a-c. The average yield stress, UTS, and ETF for the 68%
and 93% rolled specimens is shown in Table 1.
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Figure 8. The 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 (a), 45° to the rolling direction (b), and the transverse direction (c).
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Table 1. The tensile properties of ShAPE-processed ZK60 after hot rolling.

68% Reduction 93% Reduction
Direction | 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. Therefore, the repetition of this work using a hot rolling mill could foreseeably improve
sheet properties. As a demonstration of this, the UTS and YS results for transverse direction
samples on Table 1 are plotted next to results on tests from the other side of the sheet, which
entered the roller last, in Table 2.

Table 2. The tensile properties of ShAPE-processed ZK60 after 93% reduction by hot
rolling, as affected by the position of the sample on the rolled sheet.

Orientation YS (MPa) UTS (MPa) ETF %
TD - Front 272.15+10.5 282.37+12.5 4.72+1.42
TD - Back 231.67+35.6 243.29+41.4 3.28+1.12

Examination of the fractured specimens shows that the fracture occurred at an approximately 45°
angle with respect to the loading axis in all specimens, regardless of the orientation of the sample
or its rolled thickness. Photographs of specimens from the 68% reduction in each orientation are
shown as an example in Fig 9. This behavior is consistent with failure by ductile fracture as is
observed to be similar across all reductions.

(iéd in the rolling direction (), 45° to the

Figure 9. Fractured tensile speci ; from 68% hot-rolled ZK60,
rolling direction (45°), and transverse direction (TD).
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4.0 Discussion

However, the ShAPE-fabricated tubes must also 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 with minimal
accumulation of damage.

This work has also established that it is possible to hot roll ShAPE extruded ZK60 to the
thicknesses required for industrial applications. The tensile properties reported are comparable
with those obtained through the use of other processes, given the amount of mechanical work
applied the material. However, modifications to the rolling schedule used in this work may lead to
significant improvements over the measured properties.

The rolling temperature, annealing treatment, and reduction per pass may also foreseeably improve
sheet performance. Previous experimentation on hot-pressed ZK 60 by Wang et al. has shown that
at annealing temperatures of 400 °C, recrystallization occurred in under 1,000 seconds, and in the
same time the grain structure coarsened from roughly 2 pm to 7 um [10]. This suggests that the
time taken to reheat in this work, five minutes (300 seconds) 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 [11,18,32,33], has reported the formation of
highly strained bands within the deformed grain structure after rolling, which is similar to our
observation in this work for 37% and 68% rolled specimens. It is notable that Wang et al. reports
that at 1,000 seconds at 400 °C, the grain structure was completely recrystallized, but that 5,000
seconds 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 tensile properties and rollability for subsequent
passes. Jin et al, for example, was able to greatly improve the elongation to failure of ZK60 hot
rolled to 63% reduction in thickness by using an electropulsing treatment [34]. This also suggests
that the tensile properties of the rolled ZK60 in this work may be greatly improved by a final
anneal.

Discussion
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