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ARTICLE INFO ABSTRACT

High-pressure torsion (HPT) is one of the major severe plastic deformation (SPD) procedures where bulk
metals, in the shape of a disk, achieve exceptional grain refinement at ambient temperatures. HPT has been
applied for the consolidation of metallic powders and the bonding of machining chips whereas there are very
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I;Ianojln?ematif’n . limited reports examining the application of HPT for the production of new metal systems and the formation of
T:g(;l:ggmatlon anneaiing nanocomposites. Accordingly, this investigation was initiated to evaluate the potential for the formation of a

metal matrix nanocomposite (MMNC) by processing two commercial metal disks of an Al-1050 alloy and a
ZK60 magnesium alloy through HPT under 6.0 GPa for 20 turns at room temperature. Evolutions in
microstructure, mechanical properties including hardness and plasticity and the tribological properties were
examined in the MMNC region of the processed Al-Mg system. The significance of post-deformation annealing
(PDA) at 573 K for 1 h was investigated by the change in microstructure and the enhancement in mechanical
properties and wear resistance of the HPT-processed MMNC. This study demonstrates the promising feasibility
of using HPT to fabricate a wide range of hybrid MMNCs from simple metals and for applying PDA for further

improvement of the essential mechanical and tribological properties in the synthesized alloy systems.

1. Introduction

The synthesis of new materials is now driven by technological issues
combined with the restrictions imposed by ecological considerations in
a variety of industrial applications [1]. Light-weight metals of alumi-
num and magnesium are widely used for structural applications in the
automotive, aerospace and electronic industries and they will become
the principal future structural materials if hardness and strength are
improved. In practice, a recent report shows an increase in the strength
limit of an aerospace-grade Al-7075 alloy by processing through high-
pressure torsion (HPT) while maintaining reasonable formability [2].

Bulk nanostructured materials (BNM) having true nanometer
grains can be fabricated by severe plastic deformation (SPD) which is
a promising technique for achieving grain refinement in bulk metals
[3]. Among the various available SPD techniques, HPT provides the
potential for achieving true nanostructures [4]. The processed metals
generally demonstrate an enhancement of the physical and mechanical
characteristics through significant grain refinement and the intensive
introduction of point and line defects [5]. The introduction of intense
plastic straining by HPT has been applied also for the bonding of

machining chips [6] and the consolidation of metallic powders [7-9].

Nevertheless, there is a saturation in the improved mechanical
properties by grain refinement and further superior properties are not
easy to obtain by processing directly on the alloy unless a subsequent
SPD technique is applied to the processed material [10]. Thus, to date
there are only limited numbers of demonstrations of any alternative
methods of fabricating high performance material by bonding dissim-
ilar bulk metals to form new metal systems through HPT. A first report
demonstrated a solid-state reaction in an Al-Cu system through the
bonding of semi-circular half-disks of Al and Cu using HPT at ambient
temperature for up to 100 turns [11]. Following this, the potential for
forming a spiral texture was reported by processing of an Al-Cu hybrid
material though HPT where four quarter-disks, including two of pure
Cu and two of an Al-6061 alloy, were positioned to make a complete
disk and then processed by HPT at room temperature (RT) for 1 turn
[12]. However, this study described only the computational calculation
of the distribution of equivalent stress in the processed disk using a
finite element method and there was no detailed microstructural
analysis of the processed disk. Recently, the bonding of separate Al
and Mg disks was processed through HPT by stacking a set of two disks
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for up to 20 turns [13] and stacking three disks for 5-10 turns [14-16]
for producing bi-layered and multi-layered structures, respectively, in
an Al-Mg system through HPT at RT. In particular, the earlier studies
focused on determining the strengthening mechanisms [14], the fast
diffusivity of Mg in Al matrix [15] and the plastic instability [16] of the
Al-Mg system from the bonding of three disks. It is important to note
that there has been no report on the tribological properties of this
newly synthesized metal system fabricated from solid metals through
the application of HPT.

Accordingly, in the present study an Al-Mg hybrid system was
processed from two separate Al and Mg disks by applying conventional
HPT processing for 20 turns at RT. The subsequent experiments
describe a detailed examination of the deformed structure, the hard-
ness evolution and a micro-mechanical response especially showing the
plasticity and tribological properties of the nanocomposite produced by
HPT. The significance of post-deformation annealing (PDA) on the
microstructure was investigated together with the mechanical proper-
ties in the nanocomposite region of the Al-Mg system after HPT. The
study of PDA was specifically aimed to demonstrate the improvement
in plasticity and the increase in the strain rate sensitivity in the
synthesized Al-Mg hybrid system after HPT for 20 turns where an
Al-Mg system after 10 turns demonstrated low ductility and a
decreased strain rate sensitivity [16]. The results confirm the feasibility
of using HPT processing in the preparation of new alloy systems and of
incorporating PDA for an enhancement in the essential mechanical
properties in the processed alloy systems.

2. Experimental material and procedures

Two separate bulk metals were prepared for the present study: a
commercial purity (99.5%) Al-1050 alloy and a commercial ZK60
magnesium alloy including 6.0 wt% Zn and 0.72 wt% Zr. Both the Al-
1050 and ZK60 alloys were received as rods after extrusion having
diameters of ~10 mm and lengths of ~65 mm. A set of disk samples
was prepared from the as-extruded rods by cutting into disks with
thicknesses of ~2.0 mm and grinding both disk surfaces to a final
thickness of ~0.83 mm.

Processing by HPT was conducted on the disks using a quasi-
constrained HPT facility [17,18] at RT following the conventional
procedure with monotonic torsional straining [19]. As described earlier
[14], this study involved a unique procedure of sample set-up whereby
three separate disks, in the order of Al, Mg and Al, were piled in the
depression on the lower anvil of the HPT facility without any glue or
the application of any metal blushing treatment to the disk surfaces.
The HPT processing was performed to produce four disks of the Al-Mg
system using a compressive pressure of 6.0 GPa for a total revolution of
20 turns at a constant rotation speed of 1 rpm. In order to evaluate the
effect of PDA, two processed disks after 20 HPT turns were annealed at
573 K for 1 h.

An HPT-processed disk and a disk after HPT and PDA were cut
vertically along the diameter to provide two semi-circular disks and
each cross-sectional surface was mechanically polished to have a
mirror-like condition. For microstructural analysis of the overall
cross-sections, the polished surfaces at the vertical cross-sections were
etched with Keller's etchant of 190 ml distilled water, 5 ml nitric acid,
3 ml hydrochloric acid and 2 ml hydrofluoric acid and examined using
optical microscopy (OM) with a CK40M (Olympus, Japan).

Vickers microhardness measurements were conducted to construct
color-coded hardness contour maps on the polished cross-sectional
surfaces of the other set of the semi-circle disks. The Vickers micro-
hardness values, Hv, on the overall cross-sections of the disks were
measured at intervals of 0.15 mm using HMV-2 equipment (Shimadzu,
Japan) with a load of 50 gf and a dwell time of 10 s.

The changes in the crystal structure and chemical compositions
were examined with X-ray diffraction (XRD) analysis by using a high-
resolution XRD system, Ultima IIT (Rigaku, Japan), at the horizontal
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disk surfaces of the highly strained regions in another set of the
processed disk and the disk after HPT and PDA. Thus, the peripheral
regions of these disks were examined after removing a central region
with a radius, r, of 1.5 mm from these disks. The diffraction patterns
were obtained by using CuKa radiation with a speed of 1°/min and a
step size of 0.01°. The analytical tool of Materials Analysis Using
Diffraction (MAUD), which is an XRD data analysis software, was used
for identifying and quantifying the amounts of compounds from these
XRD profiles at the disk edges.

The detailed microstructural evolution was examined using trans-
mission electron microscopy (TEM), a spherical aberration Cs-cor-
rected JEOM-2100F (JEOL), after preparing the specimens by apply-
ing an in-situ lift-out technique using a focused ion beam (FIB), NOVA
600 Nanolab (FEI). The measurements were taken at a distance of
1 mm from the edges of both the HPT-processed and HPT plus PDA Al-
Mg disks. High resolution compositional analysis was conducted from
several specific areas using EDS in a scanning TEM (STEM) mode in
the JEOM-2100F (JEOL, Japan) facility.

The micro-mechanical properties were measured using a nanoin-
dentation facility, nanoindenter-XP (formerly MTS; now Agilent, Oak
Ridge, TN), by applying a procedure of constant indentation strain
rates (CSR) testing using a three sided pyramidal Berkovich indenter at
the peripheral regions of the processed disk and of the disk after HPT
followed by annealing. Practically, the samples were tested to a
maximum load of 50 mN at four different constant indentation strain
rates, ¢;, of 0.0025, 0.05, 0.1 and 0.2 s™*. For each testing condition, the
average properties were calculated from 20 separate measurements
taken at similar measurement regions.

The tribological properties were measured using a tribology tester,
STM-Smart (Hanmi, Korea), with a sliding testing mode at RT for the
HPT-processed Al-Mg disks for 20 HPT turns and with additional PDA
treatment. For the sliding measurements, a carbon steel (SUJ-2) ball
was used as the counter material where the composition of the ball
included 0.95-1.10 C, 0.15-0.35 Si, 0.5 Mn, 0.025 P, 0.025 S, 1.30-
1.60 Cr and 0.08 Mo (wt%) and showed a Rockwell hardness (HRC)
value of 60—64. The small-scale sliding tests were conducted at the
peripheral regions of the disks after HPT and HPT followed by PDA
under a constant load of 3 N. Thus, the counter material glided over the
Al-Mg disk edges of r > 4.0 mm with a stroke of 2.0 mm at a speed of
0.004 m/s (1 Hz) and totals of 8 measurements were recorded for each
sample to provide average quantitative values for the tribological
properties. A schematic illustration of the measurement locations is
shown in Fig. 1.

The friction coefficient was measured for each disk with a total
sliding distance of 20 m. After testing, each disk sample was cleaned in
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Fig. 1. Schematic illustration showing the locations of small-scale sliding tests in an
HPT disk.
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Fig. 2. (a) The OM micrographs of the Al-Mg disks after HPT at room temperature
under a pressure of 6.0 GPa and (b) color-coded contour maps of the Vickers
microhardness for the vertical cross-sectional planes after HPT for 20 turns (upper)
and after HPT and PDA (lower), respectively. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

an ultrasonic bath before measuring the weight-loss which is required
for calculating the wear rate. The morphologies of the worn surfaces in
the samples were analyzed after 1 cm of sliding test under the same
load by using a Nanosystemz Co. NV-1000 optical interferometer and
an SEM, JEOL JCM 5700.

3. Experimental results

3.1. Overview of the gradient-type microstructure in the through-
thickness direction

Fig. 2(a) shows optical microstructural (OM) photos taken at the
vertical cross-sections and Fig. 2(b) displays the color-coded hardness
contour maps of the Al-Mg disks after HPT at RT for 20 turns (upper)

Spectrum 1
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and after HPT followed by PDA at 573 K for 1 h (lower), respectively.
For the OM images, the bright regions denote the Al-rich phase and the
dark regions correspond to the Mg-rich phase.

The disk after 20 turns by HPT gives a gradient-type microstructure
where the central region towards a radius of r=2.5 mm shows a multi-
layered formation of Al-rich and Mg-rich phases while the outer region
at r>2.5 mm reveals a complete mixing of these two phases. Using
conventional analysis [20—-22], the outer region showing a mixture of
Al and Mg phases has an estimated equivalent von Mises strain of
~230-460 due to torsional straining and the consequent gradient
structure is consistent with results reported earlier for disks processed
up to 10 HPT turns [14-16].

After HPT for 20 turns and PDA in Fig. 2(a), the Al-Mg disk had a
consistent gradient-type microstructure whereas the central region had
a multi-layered structure expanding out to r=3.5 mm and, by compar-
ison with HPT without PDA, the outer region involving the mixed
phases was reduced. It should be emphasized that the observed
gradient-type microstructure is essentially different from the general
gradient structure in engineering materials containing a gradation in
grain sizes leading to a gradual change in mechanical properties [23—
25].

The hardness distribution shown in the upper map in Fig. 2(b)
confirms there is a drastic gradation in the microstructure in the Al-Mg
disk after HPT for 20 turns. Specifically, a Vickers microhardness of
Hv=60 and slightly higher was observed at the central region of the
disk at r < 2.5 mm and then a transition in hardness to ~150-240 was
measured at r =2.5-3.5 mm followed by an exceptionally high hard-
ness of Hv =330 at r =4.0—5.0 mm. The highest hardness with Hv=330
at the disk edge after 20 turns is significantly higher than the highest
value of Hv=270 observed in a similar Al-Mg disk processed by HPT for
10 turns [14,15]. After HPT and PDA, there was a slight reduction in
hardness to Hv=30 in the central regions up to r=3.0 mm and a
reduction to Hv=220 at the outer region of the disk at r=4.0-5.0 mm.
Concerning the decreased hardness after annealing, the hardness value
is about two times higher than the high hardness of Hv=110-120

Al12Mg17 (330)
~0.242 nm

. A% ?,
Vs

Al 002
~0.202 nm

AI 022)
~0.143 nm

Fig. 3. (a) and (b) Representative TEM bright-field images, (c) the corresponding diffraction ring patters observed at the microstructural region showing in (b), and (d) a dark-field
image together with the corresponding compositional maps of (e) Al and (f) Mg for the disk edge in the Al-Mg system after HPT for 20 turns.
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recorded at the Al-Mg disk edge after HPT for 5 turns [14-16].
3.2. Microstructural and compositional analysis

The results of the microstructural and compositional analyses are
presented in Fig. 3 for the disk edge of the Al-Mg system after HPT for
20 turns where (a) and (b) show representative TEM bright-field
images, (c) shows the corresponding diffraction ring patterns observed
at the region depicted in (b), and (d) shows a dark-field image together
with the corresponding compositional maps of (e) Al and (f) Mg.

It is apparent that there is a mixture of the regions with a layered
structure and an equiaxed microstructure as shown in Fig. 3(a) and (b),
respectively, at the disk edge immediately after HPT for 20 turns. The
layered microstructure has an average thickness of ~20 nm and these
layers contain numerous dislocations which subdivide the layers in a
vertical sense. The equiaxed grains showed an average spatial grain size
of d=60 nm and thus the microstructure was even finer than the value
of d=~90 nm measured in an Al-Mg system after HPT for 10 turns [14].
The diffraction ring patterns in Fig. 3(c) provide a direct proof of the
presence of an intermetallic compound of y-Al;,Mg;-.

A compositional analysis was conducted in STEM mode in the
region including the layered microstructure as shown in Fig. 3(a) and
the results are given in Fig. 3(d—f) where the location for the point
element analysis is denoted in Fig. 3(d) as Spectrum 1. It is apparent in
the measurement window, and also in several additional measure-
ments, that all of the measurement area is composed of both Al and Mg
atoms and there is no Mg-rich phase at the disk edge in the Al-Mg
system after HPT for 20 turns. A point element analysis was conducted
on a randomly selected thin layer having a thickness of ~30 nm and the
results gave concentrations of ~57.55 at% of Al and ~41.84 at% of Mg,
thereby indicating the selected thin layer consists of an intermetallic
compound of B-AlsMg». Thus, the edge of the Al-Mg disk processed by
HPT for 20 turns demonstrated the formation of an MMNC containing
two intermetallic compounds of 3-AlsMg, and y-Al;»Mg;, where the
formation of these two intermetallic compounds was also observed
after 10 turns in the same metal system [14].

A series of microstructural analyses was performed at the disk edge
after HPT for 20 turns followed by PDA and the results are shown in
Fig. 4 where a TEM bright-field image and a high-resolution image are
shown in (a) and (b), respectively, and (c) shows a dark-field image and
the corresponding compositional maps of (d) Al and (e) Mg. It is
apparent from Fig. 4(a) that after PDA the HPT-processed Al-Mg
system contained a homogeneous equiaxed microstructure and the
average grain size was measured as d=380 nm. The high-resolution
TEM image in Fig. 4(b) demonstrates a grain with the measured lattice
spacing of ~0.236 nm which is estimated as an Al-7% Mg solid solution
[26]. This result is also observed in the compositional analysis shown in
Fig. 4(c—e) where the point analyses were conducted for two locations
of Spectrum 2 and 3. In practice, the point analyses detected
concentrations of ~59.02 at% of Al and ~40.04 at% of Mg for
Spectrum 2 and ~91.42 at% of Al and ~8.58 at% of Mg for Spectrum
3. Thus, these results demonstrate the presence of $-Al;Mg» and Al-7%
Mg for Spectrums 2 and 3, respectively, where it should be noted that
the actual Mg concentration in the Al solid solution tends to be higher
than the nominal composition of Al-Mg alloy [27,28]. In addition, the
disk edge after HPT and PDA revealed no Mg-rich phase and there was
no evidence for a y-Al;,Mg;, intermetallic compound as observed at
the disk edge after HPT without PDA.

The results of the X-ray analysis are shown in Fig. 5 where the X-
ray profiles are given for the disk edges of the Al-Mg system after (a) 20
turns by HPT and (b) HPT and PDA, and further compositional
analysis based on the X-ray profiles was conducted through MAUD
and displayed as a Table in each plot. The X-ray analysis essentially
confirmed the experimental results from the microstructural and
chemical analysis. Thus, immediately after HPT for 20 turns there
was evidence of y-Al;oMg;, with a negligible amount of -Al;Mg,
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whereas after PDA there was an Al-7% Mg solid solution phase with
both B-AlzMg, and y-Al;oMg;,. Therefore, it is established that
processing by HPT for 20 turns and additional PDA produced two
different types of MMNCs at the disk edges of the Al-Mg system.

It is important to note that the Mg contents detected in both
samples are due to the inevitable concentrations of the Mg-rich phase
that exist close to the mid-radius of the processed samples as seen in
Fig. 2(a) whereas the X-ray measurements were conducted after
removing the central region over a radius of 1.5 mm.

3.3. Micro-mechanical and tribological properties

The plastic behavior of the MMNCs in the Al-Mg system was
examined at RT using a nanoindentation facility after HPT for 20 turns
and after HPT and PDA. Fig. 6 shows representative load-displacement
curves for the Al-Mg disk edges after (a) HPT for 20 turns and (b) HPT
and PDA when measuring at four strain rates of 1.0x1072
-1.25x10™*s7! under a predetermined maximum peak load of 50
mN. It should be noted that the discontinuities of the curves at the final
stages of unloading are due to thermal expansion and these effects are
omitted from the analysis.

The disk edge after HPT for 20 turns showed all four load-
displacement curves placed in reasonably consistent locations as shown
in Fig. 6(a). However, close inspection shows the occurrence of less
displacement when the strain rate is slower, thereby indicating a
negative dependency of plasticity on strain rate. By contrast, the
MMNC processed by HPT followed by PDA revealed an apparent
positive strain rate dependency where increasing displacements were
achieved at slower strain rates of nanoindentation as shown in
Fig. 6(b). It is also apparent from Fig. 6 that the MMNC immediately
after HPT shows much lower displacements than the MMNC after HPT
and PDA at all strain rates, thereby demonstrating the high hardness of
the MMNC in the Al-Mg disk edge immediately after HPT for 20 turns.
This result is fully consistent with the hardness mapping shown in
Fig. 2(b).

It should be noted also that there was no evidence for any plastic
instability in both MMNCs at the disk edges after HPT for 20 turns and
after PDA whereas a plastic instability was observed earlier in an Al-Mg
system after HPT for 5 turns [16]. This apparent dichotomy is probably
due to the higher volume fractions and the homogeneous distributions
of the hard and fine phases of the intermetallic compounds within the
matrix after higher numbers of HPT turns as in the present study.

Small-scale sliding tests were conducted under a load of 3 N on the
disk edges consisting of MMNCs in the Al-Mg system after HPT for 20
turns and after HPT followed by PDA and a plot of the friction
coefficient versus the total sliding distance is shown in Fig. 7 for these
two disk edges. There are two significant features in Fig. 7. First, the
coefficients of friction increase slightly in the early stages of the sliding
tests up to sliding lengths of ~500 cm and thereafter they are reason-
ably saturated up to total sliding distances of 2000 cm in both
materials. Second, the MMNC in the Al-Mg disk edge immediately
after HPT shows lower sliding coefficients throughout the tests by
comparison with the MMNC after HPT and PDA. In practice, the
coefficients in the initial states of sliding are ~0.30 and ~0.37 and these
increase to ~0.37 and ~0.48 in the steady-state condition for the disk
edge after HPT and after HPT and PDA, respectively.

For comparison purposes, the sliding tests were also conducted
under the same sliding conditions on separate disks of the Al-1050 and
7ZK60 magnesium alloys after HPT for 10 turns where this number of
HPT turns provides a reasonable saturation in microstructure [29,30].
The recorded friction coefficients at the initial state and in the steady-
state conditions are listed in Table 1 for the Al-Mg system after HPT,
HPT and PDA and in the separate Al-1050 and ZK60 disks after HPT.

Although the present testing used a low sliding load of 3N, a
separate Al disk tested after HPT showed consistent values of the
friction coefficient of ~0.60 under a sliding load of 23 N for an Al-1050



J.-K. Han et al.

& .
Tl

Spectrum 2

an
w

2 Spectrum 3
-_py " -

Materials Science & Engineering A 684 (2017) 318-327

Al-7% Mg (111)
~0.236.nm’ -

Fig. 4. (a) A representative TEM bright-field image and (b) a high-resolution TEM image, and (c) a dark-field image together with the corresponding compositional maps of (d) Al and

(e) Mg taken at the disk edge after HPT for 20 turns followed by PDA.

alloy after HPT for 5 turns under 6.0 GPa at RT [31] and ~0.55-0.66
under a sliding load of 5-23 N for an Al-1050 alloy after ECAP for 8
passes [32]. Similarly, the friction coefficient of the ZK60 alloy is
consistent with ~0.25-0.8 under a sliding load of 10—-50 N for an AZ91
alloy after ECAP for 2 passes [33] and 0.26—0.29 under a sliding load of
5-25 N for an AZ31 alloy after ECAP for 8 passes [34]. It is interesting
to note that both Al-Mg systems processed in the present study showed
lower values of the friction coefficient than the HPT-processed Al
whereas the values were similar and slightly higher than the Mg alloy
after HPT for 10 turns.

Fig. 8 shows the three-dimensional depth-sensing photos at vertical

sections in the middle of the wear tracks (left) and SEM micrographs of
the worn surfaces (right) for (a) and (b) an MMNC at the disk edge in
the Al-Mg system after HPT for 20 turns and (c) and (d) an MMNC at
the disk edge after HPT and PDA. The detailed depth information is
denoted by the color key beside each depth sensing plot. The processed
Al-Mg system prior to PDA exhibited much less wear track volume
compared with the HPT-processed sample followed by PDA. However,
both samples showed wear debris especially at the end of the sliding
tracks as shown in Fig. 8(b) and (d), thus demonstrating an adhesive
wear behavior in both MMNCs in the Al-Mg system. This type of wear
behavior was also demonstrated in an Al-Al,O3 composite from

Al-Mg r AEMg HPT: 20 turns, 6.0 GPa, RT
| HPT: 20 turns, 6.0 GPa, RT ° | PDA: 573 K, 1 hour R |
S A 8.3 4/ 0.85% 0 Al 50.16+/-0.31% |
= L [® mg 731+/-1.12% j
8 [ |9 Me 824/ 030% | o ® A7%Mg | 21.32+/-034% il
2 ® AloMgyy, | 23.5+/-091% | > © ALMg, 1027 +/-0.79% H
2L | 2 ® AlMg, | 10.94+/-035% | |
2 | 2 *e |
= c [ |
0 | - 1 I |
| . | I ||
| S WO | :
i i | I ]
; R W N N
33 34 35 36 37 38 39 40
2 Theta (°) 2 Theta (°)

(@)

(b)

Fig. 5. X-ray profiles for the disk edges of the Al-Mg system after (a) HPT for 20 turns and (b) HPT and PDA: additional compositional analysis based on the X-ray profile through

MAUD is displayed as a table in each plot.
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Fig. 6. Representative load-displacement curves for the Al-Mg disk edges after (a) HPT for 20 turns and (b) HPT and PDA when measuring at four strain rates at 1.0x1073

-1.25x107* s7! under a predetermined maximum peak load of 50 mN.
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Fig. 7. Plots of the friction coefficient with increasing total sliding distance under the
load of 3 N on the disk edges consisting of MMNCs in the Al-Mg system after HPT for 20
turns and after HPT and PDA.

Table 1
The recorded friction coefficients at the initial stage and the steady-state condition for the
Al-Mg system after HPT and HPT and PDA and for the Al and Mg alloy disks after HPT.

Friction coefficient

Initial state Steady-state

powder-consolidated by HPT for up to 10 turns [35].
4. Discussion
4.1. The improvement in micro-mechanical response by PDA

The deformation characteristics at RT were evaluated by calculating
the strain rate sensitivity, m, from the data set of nanoindentation
testing shown in Fig. 6. Considering Tabor's empirical prediction where
the flow stress is equivalent to H/3 for fully plastic deformation at a
constant strain rate,£[36], where H is the nanoindentation hardness
estimated according to the Oliver-Pharr method [37], the value of m
was determined using the measured hardness value at a given strain, ¢,
and absolute temperature, T, by the expression [38]:

(), - (5e), ®

Thus, the values of m were calculated from the slopes of the lines in
a logarithmic plot of H/3 against ¢ as shown in Fig. 9 for the disk edges
of the Al-Mg system after HPT for 20 turns and after HPT and PDA at
573 k for 1 h.

The analysis estimated m values of —0.001 and 0.1 for the MMNCs
after HPT and HPT followed by PDA, respectively, as shown in Fig. 9.

dln oy
dlné

01In(H/3)
dlné

Al-Mg (HPT: 20 turns) 0.301 0.406 The negative value of m in the Al-Mg system after HPT for 20 turns is
Al-Mg (HPT+PDA) 0.375 0.480 -
AL-1050 (HPT: 10 turns) 0.572 0.628 apparently smaller than m < 0.01 at the disk edge of the metal system
ZK60 (HPT: 10 turns) 0.278 0.306 after HPT for 5 turns where the sample exhibited wider error bars due
to plastic instability especially with increasing indentation strain rates
2.8
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Fig. 8. Three-dimensional depth-sensing photos at the vertical sections in the middle of the wear tracks (left) and the SEM micrographs of the worn surfaces (right) for (a) and (b) the
NNMC at the disk edge in the Al-Mg system after HPT for 20 turns and (c¢) and (d) another type of MMNC at the disk edge after HPT and PDA: the detailed depth information is denoted

by the color key beside each depth-sensing plot.
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Fig. 9. Variations of the strain rate sensitivity with increasing strain rate for the disk
edges of the Al-Mg system after HPT for 20 turns and after HPT and PDA.

[16]. Accordingly, the PDA treatment provided a significant enhance-
ment in the m value of the MMNC in the Al-Mg system processed by
HPT.

It should be noted that the improved m value of 0.1 for the MMNC
in the Al-Mg system after HPT and PDA is even higher than earlier
reports where m values were estimated through nanoindentation
testing of ~0.07 for a commercial purity Al after ECAP for 6—12 passes
at RT [39-42] and after ARB for 8 cycles at RT [40] and ~0.035-0.050
for a ZK60 alloy after HPT for 2 turns at RT [43]. Thus, the MMNC
after HPT followed by PDA demonstrates a significantly higher value of
m compared with the initial materials when they are processed
separately.

It is now well established that there is generally a significant loss in
ductility in bulk materials having UFG microstructures where a marked
increase in hardness and strength is achieved by grain refinement
through SPD [44-47]. Specifically, the lower overall ductility in the
UFG materials is generally attributed to an interrelationship between
the lower strain hardening and an increasing strain rate sensitivity
[48,49]. Nevertheless, the present nanoindentation analysis shows that
there is a significant increase in the strain rate sensitivity in the Al-Mg
system after HPT and PDA. Thus, a PDA treatment is feasible for
enhancing the RT plasticity of the MMNC in the Al-Mg system after
HPT while maintaining reasonably high hardness as shown in
Figs. 2(b) and 6(b).

The significance of PDA was demonstrated earlier for improving the
overall ductility of nanostructured Ti after HPT [50]. As reviewed
recently [47], this approach produces an ordering of the defect
structures within the grain boundaries leading to an equilibrium state
without any significant grain growth. In addition, short-term annealing
reduces the dislocation density in the grain interior of the UFG material
after SPD so that the dislocation storage capability may increase and
thus the strain hardening capability is enhanced and this leads to the
possibility of high ductility in the SPD-processed material. There are
several recent reports demonstrating the significance of PDA on
mechanical properties at RT of HPT-processed materials [51-54].
Thus, considering the present nanoindentation results reporting a
significant enhancement in the strain rate sensitivity after PDA, the
MMNC in the Al-Mg system produced by HPT has a great potential for
demonstrating both high hardness and superior ductility.

There are several reports showing negative strain rate sensitivities
in nanostructured metals of Ti after ECAP followed by cold rolling [55]
and Al alloys produced through cryomilling [56,57]. The consistent
behavior of these metals involves a strain rate dependent instability of
plasticity attributed to the occurrence of dynamic strain aging (DSA)
leading to the local formation of solute clusters on forest dislocations
resulting in a strengthening of dislocation junctions [58]. A very limited
report of a negative strain rate sensitivity was documented in an
MMNC of a powder consolidated aluminum 6092/B4C when testing at
strain rates of < 1.0 s7}[59] and the report attributed the occurrence of
DSA to the fast diffusion of solute atoms which interacted with mobile
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dislocations. Thus, for the MMNC in the Al-Mg system immediately
after HPT for 20 turns, the decreasing plasticity demonstrated by the
reduced strain rates is reasonable because of the interaction of a
significant number of dislocations introduced during HPT with the very
rapid Mg solutes within the Al matrix. The rapid diffusivity of Mg
atoms is a key process for the diffusion bonding of Al and Mg in
producing the Al-Mg system though HPT [14,15] and a recent review
described the acceptance of the fast atomic mobility during SPD by
recognizing the significant increase in the vacancy concentration
through SPD processing [60].

4.2. Wear resistance in the MMNCs of the Al-Mg system

The morphology of the wear scars in Fig. 8 demonstrates that the
wear depth in the HPT-processed MMNC is increased by about two
times after the PDA treatment whereas the wear width was reasonably
consistent under the present testing conditions. The volume loss during
sliding wear is expected to be higher in the PDA-treated MMNC than
immediately after HPT, thereby demonstrating a reduction in wear
resistivity.

These tribology results were further analyzed quantitatively for a
better understanding of the wear properties in these MMNCs in the Al-
Mg system after HPT and with the additional PDA treatment. The
specific wear rate, k, is widely applied for estimating the wear proper-
ties by direct comparison between the different classes of materials and
this dimensional wear rate is defined by:

\4 w

T PL T PLp @)

where V is the wear volume, P is the normal load, L is the sliding
distance, W is the weight loss and p is the density of the material. The k
value is a normalized parameter of the wear coefficient defined by
Archard's equation [61] for the hardness of materials and thus
materials with higher hardness have lower k values where this indicates
better wear resistance.

Table 2 shows the measured weight loss, density, wear volume and
the specific wear rate estimated by applying Eq. (2) with the experi-
mental conditions of P=3 N and L=20 m for the MMNCs in the Al-Mg
system after HPT for 20 turns and after HPT and PDA: the two lower
rows show the same data for the initial materials of the Al-1050 and
ZK60 magnesium alloys processed by HPT for 10 turns. It should be
noted that the density for the MMNCs was carefully measured only at
the disk edges in the Al-Mg system and both MMNCs showed the same
density of ~2.34 g/cm® which is even lower than ~2.48 g/cm® as
measured in the Al-Mg system after HPT for 10 turns [14].

It is apparent from Table 2 that the MMNC in the Al-Mg system
after HPT for 20 turns demonstrates a lower k value than the PDA-
treated MMNC in the Al-Mg system and it is significantly lower
compared with the separate Al and Mg alloys processed by HPT.
Thus, processing through HPT for 20 turns demonstrates a great
potential for producing an MMNC in the Al-Mg system with a

Table 2

The measured weight loss, density, wear volume and the estimated specific wear rate at
P=3 N and L=20 m for the MMNCs in the Al-Mg system after HPT for 20 turns and after
HPT and PDA and for the initial Al-1050 and ZK60 alloys after HPT for 10 turns.

Weight loss  Density (g/  Volume loss Specific wear

() cm®) (mm?) rate (mm®/Nm)

Al-Mg (HPT: 20  0.00075 2.34 0.32 0.005

turns)
Al-Mg (HPT 0.00165 2.34 0.71 0.012

+PDA)
Al-1050 (HPT:  0.00230 2.73 0.84 0.014

10 turns)
ZK60 (HPT: 10  0.00310 1.84 1.68 0.028

turns)
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significantly high wear resistance. This result is anticipated by the
general correlation between hardness and wear [62]. Similar values of
the friction coefficient of ~0.30 and the specific wear rate of
~0.003 mm®/Nm were estimated in an MA60-Al,O; magnesium
matrix composite processed by ECAP for 4 passes at 573 K [63].

It should be noted that, although the k value was increased after
PDA, the specific wear rate in the MMNC after HPT and PDA was lower
than the separate Al and Mg alloys after HPT. The ability to maintain a
reasonable wear resistivity is due to the improved strain hardening
capability as suggested in the present nanoindentation results for the
MMNC after PDA. As was noted earlier [62], the loss in strain
hardening capability has a negative influence on the wear resistance.
Furthermore, a reduced wear resistance after SPD was demonstrated in
a commercial purity Al after ECAP [32] and after HPT [31] and in
several Al alloys after ARB [64—67]. In practice, strain hardening is not
the only parameter but rather there are also a number of physical
parameters and mechanisms that contribute to the wear properties of
materials.

4.3. An alternative strategy for synthesizing new materials though
HPT

Attempts to improve the mechanical properties by grain refinement
have been one of the main objectives for the application of SPD to bulk
metals. As reviewed recently [68], extensive research over the last
decade has demonstrated that SPD processing is also feasible in the
production of unusual phase transformations and in the introduction of
a range of nanostructural features. These recent developments include
the alternative method of using HPT for introducing high performance
materials through bonding dissimilar metals by synthesizing new metal
systems and ultimately producing MMNCs as shown in the present
report. It should be emphasized that the MMNCs synthesized at the
disk edges of the Al-Mg system receive very high straining through HPT
in the present study but the final bulk metal contains a gradient-type
microstructure [23—25] or a heterogeneous nanostructure [69] accord-
ing to grain size and composition [14,70]. Although this type of
microstructure is well-known in many biological systems [71], it is a
new category of structure in engineering materials and it is expected to
lead to a significant potential for exhibiting excellent mechanical
properties.

It is worthwhile noting that the exceptional hardness of Hv=330
achieved for the MMNC at the Al-Mg disk edge immediately after HPT
is equivalent to ~1060 MPa in tensile strength. This high strength leads
to an excellent strength/weight ratio of ~455 MPa cm®g™! under a
measured density of 2.34 g/cm® as shown in Table 2 for the MMNC
processed by HPT for 20 turns. This value is much higher than
~350 MPa cm® g™! for another type of MMNC in the Al-Mg system
after HPT for 10 turns [14,15], thereby demonstrating the further
enhancement in the specific strength of the Al-Mg system when
processing by HPT with increasing numbers of turns.

In a recent report, newly developed structural materials having a
new scale of materials organization are defined as heterogeneous
architecture materials where the development of these materials
may often require new processing methods [72]. In practice, however,
the present experiments used a conventional HPT facility and there was
the successful formation of an MMNC in the Al-Mg system through
HPT processing for 20 turns at RT. The synthesized MMNC after HPT
demonstrated exceptional hardness, excellent wear resistance and a
superior strength/weight ratio. Moreover, an additional PDA treatment
provided enhanced plasticity while reasonably maintaining the wear
resistivity by producing a different type of MMNC in the system. These
results demonstrate a considerable potential for applying HPT proces-
sing for the synthesis of new alloy systems, especially by simply and
expeditiously fabricating a wide range of MMNCs from simple metals
and alloys and by incorporating an additional treatment of PDA to
further improve the mechanical properties of the HPT-processed
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materials.
5. Summary and conclusions

1. The synthesis of an MMNC in an Al-Mg system was demonstrated
using conventional HPT processing for 20 turns at room tempera-
ture through the diffusion bonding of separate Al and Mg disks.
Following processing, PDA was conducted at 573 K for 1h. The
deformed microstructure and micro-mechanical and tribological
properties were examined to evaluate the feasibility of using HPT
for the formation of an MMNC with excellent mechanical properties
and the significance of applying PDA for the improvement and
enhancement of properties including plasticity and wear resistance.

. The results demonstrate the formation of two intermetallic com-
pounds of B-AlsMg, in the form of thin layers and y-Al;oMg;- in
parts of the matrix at the disk edge leading to the synthesis of an
MMNC with a grain size of ~60 nm in the Al-Mg system after HPT
for 20 turns. After PDA, the synthesized MMNC recovered to have an
equiaxed microstructure with a grain size of ~380 nm and forming a
different type of MMNC with only one intermetallic compound of -
Al3Mg, and a phase of an Al-7% Mg solid solution.

. The microstructural evolution provided exceptional Vickers micro-
hardness of ~330 in the MMNC immediately after HPT whereas it
was reduced to ~220 after PDA. Nanoindentation analysis demon-
strated mechanical characteristics involving a negative strain rate
sensitivity of —0.001 in the MMNC processed immediately after
HPT. The plastic behavior was improved significantly to show m=0.1
after PDA.

. Small-scale sliding tests showed a very low specific wear rate of
~0.005 for the MMNC immediately after HPT, thereby demonstrat-
ing excellent wear resistance of the MMNC in the Al-Mg system.
After PDA, the wear resistivity was reasonably maintained without
significant loss due to an increase in the strain hardening capability
of the MMNC after the PDA treatment.

. The results demonstrated a considerable potential for using con-
ventional HPT processing for the development of new alloy systems
and for the formation of MMNCs. In addition, the desirable
mechanical properties can be further enhanced by applying PDA.
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