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Abstract. Severe plastic deformation (SPD) is an attractive processing method for refining
microstructures of metallic materials to give ultrafine grain sizes within the submicrometer to
even the nanometer levels. Experiments were conducted to discuss the evolution of hardness,
microstructure and strain rate sensitivity, m, in a Zn-22% Al eutectoid alloy processed by high-
pressure torsion (HPT). The data from microhardness and nanoindentation hardness
measurements revealed that there is a significant weakening in the Zn-Al alloy during HPT
despite extensive grain refinement. Excellent room-temperature (RT) plasticity was observed in
the alloy after HPT from nanoindentation creep in terms of an increased value of m. The
microstructural changes with increasing numbers of HPT turns show a strong correlation with
the change in the m value. Moerover, the excellent RT plasticity in the alloy is discussed in
terms of the enhanced level of grain boundary sliding and the evolution of microsturucture.

1. Introduction

The application of processing through severe plastic deformation (SPD) provides a potential for
fabricating ultrafine-grained (UFG) materials and bulk nanostructured materials with grain sizes in the
submicrometer and even the nanometer ranges [1]. Among the SPD techniques, high-pressure torsion
(HPT) is especially effective for producing UFG microstructures where a thin metal disk is subjected
to an applied pressure and concurrent torsional straining [2]. In the HPT processing, the equivalent
von Mises strain imposed by torsion straining on the disk, €4, is given by the relationship [3-5]:
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where r and 4 are the radius and height (or thickness) of the disk, respectively, and N is the number of
HPT turns. It is apparent from eq (1) that the imposed strain is a maximum at the periphery of the disk
but reduced with increasing distance from the center so that it becomes zero at the center of the disk.
Thus, it is reasonable that both the microstructure and hardness are demonstrated with gradations with
r across the disk in the early stages of HPT. However, since there is additional strain by compressive
pressure during processing, sufficiently high numbers of HPT turns lead to reasonably homogeneous
microstructures and local hardness throughout the disk [6,7].

There have been numerous trials of grain refinement for improving the superplastic properties in a
Zn-22% Al alloy through conventional thermomechanical processing [8-16] and thermomechanical
controlling process (TMCP) where conventional thermomechanical processing is conducted with
several steps of well-controlled heat treatment [17-22], cross-channel extrusion [23], equal-channel
angular pressing (ECAP) [24-37], friction stir processing (FSP) [38] and high-pressure torsion (HPT)
[39-41]. These processing techniques led to refined grains of Zn-Al alloys to the submicrometer range
so that the alloys exhibited excellent superplastic-like elongations of over 200% at room temperature
(RT) [10,16-22,27,28,30,33,38]. Moreover, recent reports examined the capability of the RT
superplastic properties and the low-work hardening rate in Zn-22% Al alloy for an application of
tuned mass dampers to reduce seismic vibrations in building structures [18,20,22].

Nevertheless, there was no attempt to investigate the correlation between the changes in the UFG
microstructure, the evolution in hardness and the RT plasticity in the Zn-22% Al alloy. Accordingly,
this study was initiated to evaluate the evolution in hardness and in the values of strain rate sensitivity,
m, calculated through nanoindentation testing of the Zn-Al alloy processed by HPT. The results are
discussed in terms of the microstructural changes in the material through different numbers of HPT
turns.

2. Experimental procedures

The experiments were conducted using a commercial Zn-22% Al eutectoid alloy containing the
following impurities in ppm: Cr <10, Cu 20, Fe 70, Mg <10, Mn <10 and Si 70. The as-received alloy
consisted of a binary microstructure with an Al-rich o phase and a Zn-rich  phase. The alloy was
supplied in the form of a plate having a thickness of 25 mm and it was machined into a rod with a
diameter of 10 mm and then cut into separate billets having lengths of ~60 mm. The rod was then
sliced into disks having thicknesses of ~1.5-2.0 mm and each side of every disk was carefully polished
using a Gatan Disk Grinder and abrasive papers to give a series of HPT disk samples having total
parallel thicknesses of ~0.80 mm. The disks were annealed in air at 473 K for 1 h to remove any
residual stresses before processing. This treatment gives a homogeneously distributed Al-phase in the
Zn-rich matrix phase within the microstructure as shown in earlier reports [39,40]. It should be noted
that the microstructure contains both of essentially equiaxed grains and of a lamellar structure. The
average grain size in the equiaxed regions was measured as ~1.4 um and the average thickness of
~100 nm was measured at thin layers of alternating o and B phases in the lamellar structure.

The processing by HPT was conducted using a quasi-constrained HPT [42,43] facility consisting of
upper and lower anvils having circular depressions at the centers of the outer surfaces of each anvil
with depths of 0.25 mm and diameters of 10 mm. Following the detailed procedure described earlier
but without applying any lubricant around the anvil depths [44], a disk sample having a diameter of 10
mm and a thickness of ~0.80 mm was placed in the depression on the lower anvil and the anvil was
moved upwards to a final position so that the disk was contained within the depressions on the two
anvil surfaces under high compressive stress. In this study, a series of samples was processed under a
fixed compressive pressure, P, of 6.0 GPa. Under compression, torsional straining was then applied to
the disk by rotating the lower anvil in the same direction for total numbers of torsional revolutions, N,
of 1, 2 or 4 turns at a fixed speed of 1 rpm.

The series of disks were mounted and polished carefully to obtain mirror-like surfaces and the
values of the Vickers microhardness, Hv, were measured on the disk surfaces using an FM-le
microhardness tester equipped with a Vickers indenter. All hardness measurements were undertaken
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with an indentation load of 100 gf and a dwelling time for each separate measurement of 15 s. As is
apparent from eq (1), the variation in hardness is anticipated to appear in a radial direction and thus the
hardness measurements were conducted along the diameter of each disk. In order to acquire a higher
accuracy in the hardness values, the average values of Hv were determined at selected positions
separated by incremental distances of 0.3 mm along a diameter in each disk. The average value of Hv
at each selected position was determined from four separate measurements recorded at points
uniformly arrayed by distances of 0.15 mm around the selected position.

Mechanical properties were examined at the edge of each disk using a nanoindentation facility,
Nanoindenter-XP (formerly MTS; now Agilent, Oak Ridge, TN) with a three-sided pyramidal
Berkovich indenter having a centerline-to-face angle of 65.3°. All measurements by nanoindentation
testing were conducted at room temperature under a predetermined peak applied load of P,,,, = 20 mN

at various indentation rates, €; [= h,-’l(dh,- /dt) where h; is the indentation displacement and 7 is the

loading time], of 0.0125, 0.025, 0.05 and 0.1 s To provide statistically valid data, more than 50
indentations were conducted under each measurement condition. Thermal drift was maintained below
0.1 nm/s in all experiments and the topological features of the indented surfaces were observed with a
field-emission scanning electron microscope (FE SEM).

3. Results

3.1 Evolution of hardness across the disks after HPT

A series of disks was processed by HPT for 1, 2 and 4 turns at room temperature and the values of Hv
were measured across the diameters of the disks. The results are summarized in a plot of Hv versus
distance from the center as shown in Fig. 1 where, for comparison purposes, the hardness value of Hv
=~ 68 is indicated for the material after annealing without HPT processing [39,40]. The error bars in
Fig. 1 correspond to the 95% confidence limits based on the separate measurements recorded around
each point.

Figure 1 reveals several important characteristics of hardness evolution in the Zn-22% Al alloy
after HPT with increasing numbers of turns. First, it is apparent that all the measured Hv values after
HPT are lower than in the annealed condition without processing, thus demonstrating the occurrence
of strain weakening in the alloy. This trend is different from the general hardness evolution associated
with strain hardening observed in many commercial purity metals and alloys after HPT processing. A
recent report summarizes the different models of hardness evolution in various metallic materials
processed by HPT [45].

Second, there is a consistency in all of the disks that there is the occurrence of high Hv values in the
centers of the disks and decreasing values towards the peripheries. Close inspection shows that the
higher Hv values in the centers are typically larger by a factor of ~2 by comparison with the hardness
values at the edges. Third, there is a decrease in the hardness values over the disk surfaces when
processing is continued to larger numbers of turns. Practically, the Hv values decrease from ~60 to
~43 at the centers and from ~30 to ~23 at the peripheries through 1 to 4 turns, respectively. It should
be noted that the difference in local hardness between the centers and peripheries in each disk tends to
decrease thereby suggesting there is a gradual evolution towards hardness homogeneity in the Zn-Al
alloy. Recent experiments showed detailed microstructural evolution through HPT in the Zn-Al alloy
and only an equiaxed grain structure was observed at the peripheries of the processed disks whereas
the centers of the disks contained dual structures with both equiaxed grains and a lamellar structure
[39,40].

3.2 Mechanical testing by nanoindentation testing

Microhardness testing was conducted to the set of samples including the disk after annealing without
processing (N = 0) and the results are shown in Figure 2 [46]. Figure 2a demonstrates representative
load-displacement curves measured at an indentation strain rate of 0.025 s™' for the samples of N = 0 to
4 and the load-displacement curves received at four different indentation rates are plotted for the
sample of N =0 and 4 in Figure 2b.
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Figure 2. (a) Representative load-displacement curves measured at an indentation strain rate
of 0.025 s for the disks of N = 0 to 4 and (b) the curves taken at four different indentation
rates for the samples of N = 0 and 4. [46]

It is apparent from Figure 2a that the samples processed by HPT deformed significantly compared
with the sample without processing, thereby suggesting an excellent improvement upon RT plasticity
in the Zn-Al alloy after HPT. In addition, the displacement increases with increasing numbers of HPT
turns leading to a higher RT ductility with increasing numbers of N through 4 turns in the alloy. An
inspection in Figure 2b shows the alloy both in an annealed condition without processing and after
HPT demonstrates a consistent strain rate dependency on the peak load displacement.

From the data set of nanoindentation testing, the nanoindentation hardness, H, was estimated
according to the Oliver-Pharr method [47] and Figure 3 shows the variation of H for the sample
without processing and the samples after HPT with increasing numbers of HPT turns for the samples
tested at 4 different indentation rates [46]. The Vickers microhardness values shown in Fig. 1 [39,40]
were recalculated using the projected area instead of surface area so that a direct comparison is
available between the H values estimated by nanoindentation testing and the hardness values
calculated by the Vickers microhardness measurements.

It is apparent that, although there is a consist trend in the change of H for both measurements, the H
values estimated through nanoindentation testing are higher than the recalculated values from Hv.
This difference is explained by the indentation size effect where hardness increases as the indentation
size decreases.
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From the nanoindentation hardness, it is seen at all indentation strain rates that the samples after
HPT show significantly lower values of H compared with the sample without processing. In practice,
the hardness decreases constantly with increasing numbers of turns. This is consistent with the results
of Hv in Figure 1 and the nanoindentation testing also demonstrates a unique hardness evolution of
strain weakening in the Zn-Al alloy after HPT.

3.3 Microstructure and the morphology of impressions in the Zn-Al alloy after HPT

Figure 4 shows SEM photos of the nanoindentation impressions at the edges of the disk in
conditions (a) without HPT (N = 0) and after HPT for (b) 1, (¢) 2 and (d) 4 turns after indentation
under a constant load of 20 mN at an indentation rate of 0.025 s, respectively [46]. The grains
appearing white represent the major Zn-rich phase and the grains appearing black represent the Al-rich
phase.

The background microstructure in the SEM photos provides important information of
microstructural changes after HPT. The microstructure before processing included both equiaxed
grains and a lamellar structure as shown in Figure 4a, but after HPT the microstructure at the edges of
the disks no longer included a lamellar structure and there was a homogeneous microstructure
consisting only of equiaxed fine grains as seen in Figures 4b-d. Moreover, there was an agglomeration
of each phase in the early stage of HPT so that a banded structure of the UFG grains was formed after
1 and 2 turns as shown in Figures 4b-c whereas a fine microstructure with homogeneously distributed
two phases appeared in the disk after 4 turns as shown in Figure 4d. There was significant grain
refinement through HPT and close inspection showed that the average grain sizes were ~400 nm after
1 turn and ~350 nm after 2 and 4 turns. The ultrafine grain sizes in the Zn-22% Al alloy are consistent
with the reported grain sizes of ~350 nm in a Zn-22% Al alloy processed by ECAP for 8 passes at RT
[20,21] and ~380 nm in a Al-30% Zn alloy processed by HPT for 5 turns at RT [48,49].

The size of the nanoindentation impression was the smallest in the sample without HPT and it
increases with increasing numbers of HPT turns. This confirms the decrease in both H and Hv with
increasing numbers of HPT turns observed in Figures 1 and 3. The shear-off patterns around the
indentation impressions are very clear in all samples whereas the behavior in the disk after 4 turns is
less pronounced than in the other disks.

4. Discussion

In the present study, both Vickers microhardness and nanoindentation testing demonstrated the
occurrence of strain weakening, rather than strengthening, in the Zn-Al alloy after HPT despite
excellent grain refinement at the edges of the disks after processing. This phenomenon is reasonably
explained by early TEM examinations showing a significant reduction in the distribution of rod-
shaped precipitates of stable hexagonal close-packed Zn within the Al-rich grains which are visible in
the annealed condition and the high pressure associated with SPD processing leads to an absorption of
many of the Zn precipitates by the Zn-rich grains [50,51].
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Figure 4. SEM photos of the nanoindentation impressions made under a constant maximum load
of 20 mN at 0.025 s”on the edges of the disks for (a) N=0, (b) N=1, (c) N=2and (d) N =4 [46].

It is worth noting that weakening phenomena was also observed in binary Al-10%-, 20%- and 30%-Zn
alloys [45]. In the alloys, the Zn-rich supersaturated Al solid solution was decomposed during HPT
and the phase in an equilibrium state remained, thus leading to a loss of the solid solution hardening.

On the contrary, the nanoindentation testing revealed superior RT plasticity in the disks after HPT.
In order to understand the deformation characteristics at RT in the Zn-Al alloy after HPT, it is
reasonable to evaluate the essential materials properties of strain rate sensitivity, m, from the data set
of nanoindentation testing shown in Figures 2 and 3.

Considering Tabor’s empirical prediction where the flow stress, oy is equivalent to H/3 for fully
plastic deformation at a constant strain rate, & [53], the value of m is determined by the expression

[54]:
d1
m:( “"f} {MJ . ®)
e,T eT

dlng dlng

Applying the empirical relation of &= &, x107” s [55,56], the value of m was calculated from the

slope of the line for each sample in a logarithmic plot of H/3 versus € as shown in Figure 5. It is
apparent that the estimated m value for the sample without processing was enhanced significantly after
HPT for 1 turn and it confirms the trend of enhanced plasticity by HPT as shown in Figure 2. There is
an additional increase to reach a maximum value of m = 0.265 through two turns whereas the value
decreases slightly after 4 turns. The m value for the sample without processing is reasonably within
the range of the reported values of m = 0.15 for pure Zn [57] and ~0.02 for pure Al [58] and the high
values of m after processing are in excellent agreement with the earlier reports showing the m values
of ~0.25 to ~0.30 for a Zn-22% Al alloy after ECAP through 4 passes [27,28] and 8 passes [28] and
tested at ~10™* — 107 5™, respectively.

From the early literature, it is defined that superplastic ductility refers to exceptionally high
elongations of >400% without necking when testing in tension at elevated temperatures of 7> 0.57,,
(T, the absolute melting temperature) [59]. In conventional superplastic metals including Zn-22% Al
alloy, it is well known that the flow within the superplastic regime occurs by grain boundary sliding
(GBS) [60]. Accordingly, because of the low T, of the Zn-Al eutectoid alloy where RT corresponds
to ~0.44T,, the alloy exhibits excellent elongations at RT by the dominant deformation mechanism of
GBS. The plastic deformation at RT controlled by GBS was observed earlier in the Zn-Al alloys
processed through TMCP and measured by SEM [17] and processed by ECAP and measured by an
atomic force microscope (AFM) [25,26].

The present nanoindentation testing demonstrated the improvement of plasticity in the Zn-Al alloy
after grain refinement through HPT whereas there was a significant loss in hardness. Nevertheless, in
the present examinations, there is a further change in the value of m with increasing numbers of HPT
turns, thus implying a change in the nature of deformation in the Zn-Al alloy processed by HPT after
different numbers of turns. This is explained by the correlation between the difference in the
microstructure after HPT with increasing numbers of turns and the preferred interfaces for GBS in the
Zn-Al alloy.
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Early GBS measurements by TEM showed that during the high temperature deformation there was
a maximum contribution of GBS to the plastic deformation on the Zn-Zn interfaces and slightly less
on the Zn-Al interfaces whereas the Al-Al interfaces exhibited a minimum contribution of GBS in the
Zn-22% Al alloy without processing [61] and after ECAP [32,35,37]. Accordingly, as shown in
Figures 4b-d, processing by HPT provided changes in the microstructure of the Zn-Al alloy where the
grain sizes were further reduced from 1 to 2 turns and the banded structure of Zn- and Al- rich phases
disappeared after 4 turns. Therefore, the samples after HPT for 1 and 2 turns contain large numbers of
Zn-Zn interfaces which are preferred for demonstrating a high level of GBS while there is an increased
and decreased numbers of Zn-Al and Zn-Zn interfaces, respectively, after 4 turns. Thus, with
pronounced grain refinement, the level of GBS was improved with increasing numbers of revolutions
through 2 turns, thereby showing the highest value of m, but subsequently declined slightly thorough 4
turns due to the homogeneous distributions of the two phases.

Nevertheless, the values of m observed in the present experiments are very high for RT plasticity
because of the enhanced level of GBS by grain refinement through HPT leading to the introduction of
a great number of grain boundaries in the samples. There are several experiments reporting m values
of over 0.2 during deformation at RT in various Zn-Al (and Al-Zn) alloys prepared by different
processing techniques including ECAP and HPT and it is worth summarizing the data with the values
of m in Table A1 in the Appendix.

Finally, there is a very resent investigation on an Al-30% Zn alloy by nanoindentation and
compression testing using nano-pillers showing that, although a similar type of weakening is found in
nano-hardness after HPT, there is an improved RT plastic behavior compared with the coarse-grained
Al-Zn alloy [62]. For the alloy, the improved plasticity was acquired by enhancing the rule of GBS at
the Al-Al interfaces by the formation of a Zn-rich layer through HPT processing. Thus, it is
anticipated that the SPD techniques including ECAP and HPT provide a great potential of achieving
advancing mechanical properties in UFG metals using grain boundary engineering.

5. Summary and conclusions

This study through nanoindentation testing demonstrates a unique hardness evolution of weakening
and improved RT plasticity with high values of m in the Zn-22% Al alloy processed by HPT. The
change in the values of m with increasing numbers of HPT turns is explained by the level of GBS
attributed to the microstructural evolution involving the formation of preferred interfaces.
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