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1 Introduction
Light-weight metal alloys are of great interest to structural manufacturing due
to a combination of good strength and low weights. The properties are particularly
desirable in the transportation industry, as low weights lead to less energy used as
fuel. Aluminum (Al) and copper (Cu) and their alloys are of particular interest
because of their abundance in nature. Moreover, copper has high electrical
conductivity, thereby generating a high demand as conductive wires. Aluminum and
copper alloys are commercially readily available and economic in scale, thus there
would be few supply chain issues to use these for new applications.
Both Al and Cu have a face centered cubic crystal structure, which allows for
dislocations to slip the fully dense family planes of 111 in 110 family directions
during plastic flow. This gives these metals essentially reasonable ductilities and
allows for easy forming. However, their strength in general is not comparable to other
common structural materials such as steel, while non-ferrous metals and alloys
including Al and Cu have much lighter densities than ferrous alloys.
Numerous studies have been conducted to improve the strength and hardness
without losing ductility of these alloys by different processing techniques where
typically these focus on a few strengthening mechanisms: strain hardening, solid
solution strengthening and precipitation hardening. However, there is an upper limit
on the improvements in these properties by processing a single metal due to the
saturation in structural changes. In this context, bonding or cladding of dissimilar
metals is an alternative approach for improving mechanical properties dramatically.
In particular, the formation of nano-scale intermetallic phases during the mechanical
bonding can stabilize the microstructure from recovery at a wide range of temperature
while strengthening the materials.
Conventional thermo-mechanical processing of rolling requires high
temperatures for long durations for the mechanical bonding of dissimilar metals and
often introduce microstructural anisotropy within the materials in rolling, transverse
and normal directions. While this approach does ultimately achieve reasonable
mixing of dissimilar metal phases and improved strength, there is a high cost in
energy, from high-temperature processing, and requires a long processing time. By
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contrast, using severe plastic deformation (SPD) techniques, mechanical bonding can
be achieved in a relative short period of time at near room temperature. Another
benefit of SPD is the higher levels of grain refinement, which accelerated atomic
diffusion and the activity of grain boundary sliding as a deformation mechanism and
potentially allowing for better ductility. Processing by High-Pressure Torsion (HPT)
is considered as the best SPD method in terms of grain refinement and in fact this
produces enable to introduce finer grains than other SPD bulk metal processes. The
HPT system can apply high compressive force for introducing severe hydrostatic
pressure and concurrent torsional stress to process ultrafine-grained metals and alloys
with superior strength.
Accordingly, multiple metal samples can be applied to HPT and bonded
mechanically during the grain refinement process at ambient temperature. Typically,
when metals are strengthened, they become more brittle and it is described as a
paradox of strength and ductility. However, with a combination of grain refinement
and mechanical bonding of dissimilar metals through the application of HPT, the
synthesized hybrid alloys can have ultrafine-grained microstructures leading to
excellent mechanical priorities of both strength and ductility.
In the present study, Al and Cu in a disk shape are diffusion bonded by HPT
for up to 60 turns (60 minutes process at 1 rpm) under a compressive pressure of 6.0
GPa at room temperature. The evolution of microstructure, phase composition and
hardness and plasticity were evaluated by a series of the characterization techniques.
Special emphasis is placed for demonstrating the significance of HPT processing for
successful diffusion bonding of dissimilar metals and alloys and an improvement of
hardness and specific strength by potentially synthesizing intermetallic phases.
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2 Literature Review
2.1 Ultrafine-Grained Materials
Grain refinement comes with numerous benefits including increased hardness,
enhanced ductility, improved wear resistance and additional functionalities [1]. In
general, thermomechanical processing, such as extrusion and cold/hot rolling, is
applied for processing conventional engineering metals to have fine grain sizes of ~510 µm. The last two decades, significant efforts have been directed towards reducing
the grain size of engineering metals and alloys for forming ultrafine-grained (UFG)
microstructure with submicrometer grain sizes in a range of 100-1000 nm or even in
the nanocrystalline level with grain sizes in a range of 10 to 100 nm. The top-down
approach [2] is one of the attractive strategies used in metallurgy for producing bulk
nanostructured materials (BNM), which involves refining coarse grains to ultrafine
grains in the bulk solids. This approach for processing UFG materials and BNM is
feasible by applying the techniques involving severe hydrostatic pressure, which
introduces high population of lattice defects including vacancies and dislocations
[2,3]. Accordingly, the application of severe plastic deformation has been studied as
an effective technique to achieve such UFG microstructure in advanced engineering
metals and alloys.
The Hall-Petch relationship in equation 2.1 models the yield strength of a
material, σy, as a function of the average grain size, d [4,5]:
𝜎𝑦 = 𝜎0 + 𝑘𝑦 𝑑 −1/2

(2.1)

where σ0 is the lattice friction stress and ky is the yielding constant. This relationship
works most accurately at temperatures below 0.5 Tm where Tm is the absolute melting
temperature of materials. Thus, this relationship suggests the reduction in grain size is
effective to increase the strength of engineering metals. At elevated temperatures,
UFG materials generally show superplastic ductility in tension due to the activation of
grain boundary sliding [6]. In practice, superplasticity is a phenomenon in which a
large elongation of >400% is acquired prior to fracture [7]. This situation is achieved
when fulfilling the conditions associated with microscopic structure, generally at
grain sizes smaller than 2-5 µm as well as temperature of 0.5 Tm and strain rates of
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10-4-10-1 s-1, in order to accelerate the dominant flow mechanism of grain boundary
sliding (GBS). Thus, SPD techniques with an ability to introduce ultrafine grain sizes
provide ideal materials for achieving superplastic ductility at elevated temperatures
[8].
Metallic materials generally exhibit either strong but brittle or ductile but less
strong, and these essential characteristics is labeled the paradox of strength and
ductility as illustrated in Figure 2.1 [9] where yield stress is plotted against elongation
to failure for a series of metallic materials including Cu and Al samples after
conventional cold-rolling with several different strains. This plot appropriately
summarizes the maxim noted in earlier reports that “materials may be strong or
ductile, but rarely both at once” [10,11]. This plot includes two points indicated nano
Ti and nano Cu where these nanostructured metals exhibit a combination of
exceptional strength and ductility after processing by high-pressure torsion (HPT)
[10] and by equal-channel angular processing (ECAP) [12], respectively. These
earlier reports suggest that there is a potential to introduce both high strength and
good ductility in UFG metals when processing through SPD to very large strains and
thereby increasing the strain rate sensitivity leading to the occurrence of GBS [13].

Figure 2.1 Conventional plot of yield stress against elongation to failure illustrating
the paradox of strength and ductility for a series of metallic materials [9].
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Figure 2.2 shows the general evolution in mechanical properties as a function
of grain size for conventional metallic materials [14]. As suggested by the Hall-Petch
relationship in equation (1), strength increases with reducing grain sizes. Although
general thermomechanical processing may reduce or at most retain the ductility, as
was also shown in Figure 2.1, processing of UFG materials by SPD techniques
introduces significant amounts of point and line defects promoting during
microstructural refinement [15,16]. This ultimately leads to the achievement of the
combination of an increased rate of strain hardening and the increased value of strain
rate sensitivity, m, thus accelerating GBS, in UFG materials at ambient temperatures.
A high rate of strain hardening allows the dislocations to accumulate in the grains and
the accelerated GBS delays the onset of necking. Thus, these mechanisms allow the
material to exhibit a reasonable level of tensile ductility when strained, and
combining with high strength SPD processing is feasible to introduce the UFG
materials which will have improved toughness as shown in Figure 2.2.

Figure 2.2 A schematic plot showing the effect of decreasing grain size on
mechanical properties of metallic materials [14].
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2.2 Severe Plastic Deformation
Various methods have been developed to process UFG materials, however a
limited grain refinement has been achieved through conventional thermomechanical
processes. Therefore, SPD processing has been studied for the last two decades to
produce bulk UFG materials [3,17,18]. SPD processing is defined as the techniques
which introduce severe plastic strain on materials and thereby significantly reducing
the grain size. Generally, the material volume is maintained constant under significant
hydrostatic pressure where the processing tools having special geometries are used to
prevent free flow of the material so as to achieve extreme strains.
Among the numerous reports on the SPD techniques, ECAP and HPT have
been applied extensively to produce a wide range of UFG materials [19]. In ECAP,
the material is pressed through a solid die having a channel with an obtuse angle so
that a high strain is induced as the sample is pushed through the corner of the channel
introducing a simple shearing plane [12]. Since the sample dimensions can be
maintained during processing, continuous pressings are applicable using the same
sample [20]. Although the ECAP technique provides a capability of introducing
excellent grain refinement and superior ductility [21], it produces microstructures
consisting of grains within a submicrometer range even after multiple pressings.
Processing by HPT has become a reliable procedure in terms of producing
bulk materials with true nano-scale grain sizes [22]. The processing procedure
involves two large anvils where a disk-shaped material receives extreme compressive
pressure and concurrent torsional straining by the concurrent movement of anvils.
The detail procedure of HPT processing will be explained in the following section.
Figure 2.3 shows a recent report demonstrating the overcoming of the paradox of
strength and ductility for an Al-7%Si alloy processed by HPT [23]. Specifically, the
experimental data of the achieved yield stress and elongation to failure of the HPTprocessed Al-Si samples are superimposed in Figure 2.3. The dark red arrow
indicates, as the anvil rotations, N, increase, the imposed stain by HPT to the material
increases, and ultimately both the yield strength and elongation to failure were
improved in the Al-Si alloy after HPT. Moreover, the improved ductility by the
activated GBS was observed in the consistent Al-Si alloy processed by HPT [24].
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Figure 2.3 Using the conventional plot in Figure 2.1 to illustrate experimental datum
points for the Al–7% Si alloy processed by HPT at 298 K [24]: the arrow shows the
effect of increasing the numbers of turns in HPT [23]
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2.3 High-Pressure Torsion
Nobel Laureate Professor P.W. Bridgman pioneered his work on the basics of
the HPT technique as early as the 1930s [25], while only in the last two decades it has
studied extensively to produce UFG materials. A comprehensive history of the HPT
processing technique is available in a recent review [26]. In HPT, a thin disk is
subjected to a high compressive pressure and concurrent torsional straining at often
room temperature. Depending on the material and the processing conditions, this
procedure can produce true nano-scale microstructure in bulk metals with grain sizes
<100 nm. In practice, it is well defined that exceptional microstructural refinement is
viable using HPT by comparison with other SPD procedures [27].
There are three types of HPT anvil configurations which have been developed
and these are illustrated in Figure 2.4 [22]. Across all types, these sets of anvils apply
high pressure to the disk samples and one of the anvils rotates at a steady rate. An
unconstrained HPT facility as shown in Figure 2.4(a) allows the free flow of an
excess volume of a material out of the pressing region and results in gradual thinning
of the sample leading to a substantial loss of the material. To resolve these issues, the
application of the constrained HPT anvils was developed as shown in Figure 2.4(b).
The cylindrical wall of one of the anvil set greatly reduces a loss of the material and
maintains the shape of the material. However, the constrained HPT facility causes an
increased friction between the sample and the cylindrical wall. Therefore, the quasiconstrained HPT anvils as illustrated in Figure 2.4(c) were developed as an
intermediate solution for imposing severe straining while limiting the outflow of the
material volume, thus reasonably preserving the original sample volume.

Figure 2.4 Schematic illustrations of the HPT anvils for (a) unconstrained, (b)
constrained and (c) quasi-constrained conditions [22].
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When a disk sample is processed by HPT, the torsional shear strain, γ, is given
by the following form:
𝛾=

2𝜋𝑁𝑟
ℎ

(2.2)

where N is the number of anvil rotations, r is the radial distance from the disk center
and h is the height of the disk sample. Figure 2.5 [25] shows a schematic of the
principles of HPT processing where the amount of displacement (dl) varies depending
on the disk radius, even if the angle of rotation (dθ) is taken consistent. Then, the
equivalent von Mises strain is modeled by equation 2.3 [27,28].:
𝜀𝑒𝑞 =

2𝜋𝑁𝑟
ℎ√3

(2.3)

Figure 2.5 Schematic of parameters used to determine shear strain. [26]
Equations 2.2 and 2.3 suggest that the induced strain varies depending on the
location along the disk radius and thus there is a significant strain heterogeneity
across the sample diameter. Specifically, the equivalent strain at the disk center is
zero and thus a minimal amount of strain hardening occurs while the highest straining
is provided at the disk periphery. This strain heterogeneity by HPT was indirectly
demonstrated by an earlier experiment, where a high purity Al (99.99%) was
processed by HPT under 6.0 GPa for 1 rotation at a rotational speed of 1 rpm and the
disk surface after slight polishing was shown in Figure 2.6 [29]. The micrograph
shows a significant difference in microstructure between the center and the edge of
the material after 1 HPT rotation.
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Figure 2.6 Optical micrographs showing (a) polished and etched surface of an Al1050 alloy disk after HPT for 1 rotation at 6 GPa and (b) an increased magnification
of the disk center [29].
On the contrary, after sufficient rotations by HPT, it is reported earlier that
reasonably homogeneous microstructure can be achieved across the disk samples [30]
and it is also indirectly measureable when examining the values of microhardness
over the disk surfaces with increasing numbers of HPT rotations. An example is
shown in Figure 2.7 for an Al-1050 alloy processed by HPT for (a) ¼ turn, (b) 1 turn
and (c) 5 turns under 6.0 GPa [31]. There is an apparent hardness heterogeneity in an
early stage of deformation after ¼ turn where low hardness at the disk center
increases towards the disk edge of the Al alloy. With increasing numbers of HPT
rotations, the lower hardness at the disk center develops and ultimately the hardness
across the disk diameter achieves the maximum saturated value after 5 turns. Thus, it
is summarized in an earlier review that the increasing numbers of HPT rotation
enable to impose severe straining which is enough to refine the microstructure across
the disk volume leading to homogeneously high hardness over the disk surfaces after
enough numbers of HPT rotation of at least 5 turns [32].
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In this context, it is also important to note that increasing compressive
pressure also influences significantly to the homogeneity of microstructure and
hardness. Figure 2.8 shows the variation of the Vickers Microhardness in (a) a radial
distance under 1 and 9 GPa after 5 rotations and (b) the centers and edges under
compressive pressures of 1-9 GPa by HPT for 5 turns in a Ni disk [33]. It is apparent
that the higher pressure introduces a reasonable level of homogenous hardness, which
indicates that the microstructure also achieves better homogeneity. These examples
are representative of most metals and alloys processed by HPT, and a numerous study
confirmed that high pressures of ~6.0 GPa and 5 or higher rotations are necessary to
achieve reasonable microstructural homogeneity within the disk samples.

Figure 2.7 3D-view of Vickers microhardness vs position after (a) ¼, (b) 1, (c) 5 anvil
rotations of an HPT processed 99.5% purity Al-1050 alloy [31].

Figure 2.8 Vickers Microhardness vs (a) radial distance after 5 rotations (b)
compressive pressure during HPT [33]
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2.4 Mechanical Bonding of Dissimilar Metals by HPT
Due to an ability of extensive grain refinement at room temperature, the HPT
processing has applied for the bonding of machining chips [34-36] and the
consolidation of metallic powders [37-46]. Moreover, another strategy of the use of
HPT processing is developed for mechanically bonding of dissimilar metals and
alloys while significant grain refinement is anticipated during the procedure. A very
first demonstration of the mechanical bonding by HPT was shown in Figure 2.9
where two semi-circle disks of Al and Cu were placed together to form a complete
disk shape and processed under HPT for 6 GPa for up to 100 anvil rotations [47].
This study reported the bonding of these dissimilar metals as well as the formation of
intermetallic Al2Cu and Al4Cu9 phases. A similar study involving four quarter-circle
disks of an Al-6061 alloy and a commercial purity Cu was shown for mechanical
bonding by HPT as shown in Figure 2.10 [48] where (a) the schematic and (b) the
actual sample set-up of the four quarter-circle disks were processed at 2.5 GPa for 1
rotation at room temperature for architecturing of spiral microstructure which is
computationally calculated as shown in Figure 2.10 (c) and (d).
Based on these earlier studies, further effective mechanical bonding by
increasing interfacial regions of the dissimilar metals has been studied and the first
example was shown in Figure 2.11 [49]. In practice, three separate disks of a
commercial purity Al and a Mg alloy, ZK-60, were stacked in the order of Al/Mg/Al
and processed under 6.0 GPa for up to 10 rotations [49] and 20 rotations [50] at room
temperature. This unique sample set-up using the conventional HPT facility has
attracted much attention for the efficient mechanical bonding of dissimilar metals at
room temperature. Accordingly, the consistent technique of the mechanical bonding
of two dissimilar metal disks by HPT was applied for forming a bi-layered
microstructure of an Al-Mg system by stacking two disks of Al and Mg and
processing at 6.0 GPa for up to 20 turns [51]. Moreover, the mechanical bonding of
alternately stacked 19 Cu and 18 Ta thin foils led to form a bulk solid under 4.0 GPa
for up to 150 turns [52]. Thus, the present research applies the consistent sample setup as shown in Figure 2.11 on two dissimilar metals of Al and Cu alloys to
mechanically bond and form an Al-Cu hybrid alloy system.
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Figure 2.9 (a) Schematic of HPT processing of semicircle samples and (b) photos of
Al-Cu sample before HPT and after HPT for 100 turns and 6 GPa [47]

Figure 2.10 (a) Schematic of a quarter-circle Cu-Al6061 disk. (b) photos of quartercircle Cu-Al6061 specimens prior to HPT test (left) and after a full turn of HPT anvil.
(c) Computer model of the HPT-processed four-piece Cu-Al6061 specimen after a full
turn of HPT anvil. (d) Computer model of von Mises stress after a half-turn of the
HPT anvil [48]
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Figure 2.11 Schematic drawing of a mechanical bonding sample set-up in a quasiconstrained HPT condition [49].
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3 Experimental Procedures
3.1 Material Processing
The materials used in these experiments were: a commercial purity aluminum
Al-1050 alloy containing 0.4 wt.% Fe and 0.25 wt.% Si as major impurities with
<0.07 wt.% Zn and <0.05 wt.% Cu and Mg as minor impurities, and a commercial
purity copper alloy with 99.9 wt.% Cu. The alloys were extruded billets of
approximately 10 mm diameter and cut into approximately 1mm thickness disks with
a silicon carbide saw blade. The Cu disks were annealed at 600 °C for 1h in a
Lindberg/Blue induction heating oven. The disks were polished first with silicon
carbide paper from Allied High Tech Products, Inc. of 200, 800, 2000 grit. The final
thickness of the disks was approximately 0.83 mm. A MTDI MPE series polisher was
used to polish the samples, under aqueous conditions with silicon carbide paper.
The samples were processed under quasi-constrained HPT condition as shown
in Figure 2.4(c), with an aluminum disk on the top and bottom and a copper disk in
the middle. Such sets of disks were placed in the depression of the lower anvil and
aligned as shown in Figure 2.11. The HPT facility applied a pressure, P, of 6 GPa to
the disks which caused the majority of the outflow of the material. Shear stress was
applied at 1 full rotation per minute by the bottom anvil, N, for 10, 20, 30, 40, 50, 60
minutes. These experiments were conducted at room temperature, while the end
temperature of the thermal couple inside the HPT rose to about 70 °C. Figure 3.1
shows a photograph of the HPT facility.

Figure 3.1 Photograph of HPT facility with anvils apart.
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The processed samples were cut into-semi circles along the disk diameters
with a silicon carbide blade and fixed inside an acrylic mold to polish the crosssectional areas. For further polishing of cross-sectional area, colloidal silica
suspensions with particle sizes of 0.5 micron and 0.05 micron were used under
ethanol conditions.

3.2 Characterization
Optical micrographs and the Vickers microhardness values were taken using a
Mitutoyo HM-200 automatic hardness testing system on 20, 40, 60 rotations samples.
A series of optical micrographs were taken for each specimen at a cross-section at a
magnification of 100× and stitched together. Vickers microhardness was measured at
a 150 gf load on a rectilinear grid pattern with a spacing of 0.16 mm. It is reasonable
to note that the Vickers microhardness values of the separate base Al and Cu disks are
~20 and ~50, respectively.
The semi-circle surfaces were polished down to the mid-surfaces in the disk as
shown in Figure 4.2 and X-ray diffraction patterns on the 20, 40 and 60 turn samples
were taken. A Bruker-AXS D8 Discover was used to measure the X-ray scatter using
a Cu Kα source and a scanning speed of 1°/min. Phase distributions were
approximated using Materials Analysis Using Diffraction (MAUD) software [53],
which used the Rietveld method for full pattern fitting. Micro-XRD methods were
applied on the edge and center of the vertical cross-sections (as shown in in Figure
4.1) with an approximate accuracy of 1 mm2.
SEM images were taken using a FEI Quanta 600F to detect flow and mixing
of HPT processed samples. Compositional maps were obtained using energy
dispersive spectroscopy (EDS) in a scanning SEM mode for the sample edge after 10
HPT revolutions. Detailed microstructural analysis was conducted by transmission
electron microscopy (TEM) using a JEOL JEOM-2100F for the disk edges after 20
and 60 revolutions. The TEM specimens were taken at a distance of 1 mm from the
edges of the processed disks and specimens were prepared using a focused ion beam,
FEI Quanta 3D FEG. Compositional maps were also obtained using energy dispersive
spectroscopy (EDS) in a scanning TEM mode.
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3.3 Collaboration work - Nanoindentation
The novel technique of nanoindentation was conducted as a collaboration
work at Hanyang University, South Korea, and the data analysis was performed at
Oregon State University. A nanoindentation facility, Nanoindenter-XP (formerly
MTS; now Keysight, Santa Rosa, CA) with a three-sided pyramidal Berkovich
indenter having a centerline-to-face angle of 65.3°was used for the measurements.
More than 15 indentations were conducted at the disk edges at each indentation strain
rate to provide statistically valid data. All measurements were conducted under a
predetermined maximum peak load of Pmax = 50 mN at constant indentation strain
rates, 𝜀̇𝑖 of 0.0125, 0.025, 0.05 and 0.1 s-1.
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4 Results
4.1 Microstructure: Overview
Figure 4.1 shows optical micrographs of the vertical cross-sections of the HPT
processed disks under 6 GPa at room temperature after, from top to bottom, 1, 20, 40,
60 rotations. These samples were cut along the diameter, with the exposed vertical
cross-section polished. The phase with bright color denotes the Al-rich phase, the
dark regions correspond to the Cu-rich phase and the grey color at the disk edges
relates to a mixture of Al and Cu.

Figure 4.1 Optical micrographs of vertical cross-sections of the HPT-processed AlCu disks from top to bottom: 1, 20, 40, and 60 rotations.
After 1 rotation by HPT, the Al and Cu alloys are bonded throughout the disk
diameters and formed a layered structure. The interfacial boundaries are clear without
any visible void and segregation. Additional rotation for up to 60 kept the consistent
metal bonding of Al and Cu at the disk centers, while necking and bending of the
phases are apparent by the wavy interfacial boundaries.
On the contrary, after 20 rotations, the copper phase near the edges
fragmented into small phases within the Al matrix and formed a multi-layered
microstructure at r > 4.0 mm. Increasing numbers of revolution through 40 by HPT
demonstrated a mixture of very fine Cu phases within the Al matrix at the disk edge
of r > 2.0 mm. Furthermore, additional HPT to 60 revolutions formed a wide
peripheral region showing a complete mixture of Al and Cu at r > 1.5 mm.
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In summary, the formed Al-Cu system demonstrates a reasonable radial
sympatry in the deformed microstructure as well as significant microstructural
heterogeneity along the disk diameter up to HPT for 60 rotations.
Figure 4.2 shows optical micrographs of the semi-circle Al-Cu disk surfaces
which were polished down to approximately 1/3 of the thicknesses to visualize the
phase distributions within the disks after, from top, 20, 40 and 60 rotations by HPT at
6 GPa at room temperature. As was mentioned for Figure 4.1, the different color in
Figure 4.2 designate different phases and phase mixture. The sample surface after 20
rotations shows an absence of the Cu phase at the wide disk center due to the absence
of the severe mixture of Al and Cu at the central region with less accumulation of
strain as estimated by equations (2.2) and (2.3).

Figure 4.2 Optical micrographs taken on the surfaces near the mid-thickness of the
HPT-processed Al-Cu disks from top to bottom: 20, 40 and 60 revolutions.
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However, the disk surfaces after 40 and 60 rotations show a large Cu phase in
a wide region at the disk centers at r < 2.5-3.0 mm towards the rest of the disk
peripheries having fine Cu phases in the Al matrix and a severe mixture of these
phases. This result affirms the results from the vertical-cross sections in Figure 4.1
that there is essential microstructural symmetry along the disk radial direction, but the
phase mixture of Al and Cu is heterogeneous in the disk centers and edges.

4.2 Hardness along Disk Diameter
Figures 4.3 and 4.4 show the hardness profile along the diameter of the
vertical cross-sections of the HPT-processed Al-Cu disks after 20, 40 and 60 rotations
at 6 GPa and room temperature. Specifically, Figure 4.3 shows the hardness profile
taken along the disk diameters at near-surface and mid-height (or mid-section) and
the average of these hardness values for the Al-Cu disks after (a) 20, (b) 40 and (c) 60
rotations. There are two important findings from the hardness measurements.
Firstly, hardness increases significantly near the edges of all disks where fine
Cu phases are distributed in the Al matrix, while hardness decreased dramatically
towards the disk centers where the Al and Cu phases forms a simple layered
microstructure. In practice, the disk edge after 20 HPT rotations shows the high
hardness of <300 with some exceptions of ~400, and the values increased to over 300
after 40 HPT rotations. Additional rotation to 60 further increased the hardness to
~420 at the disk edge. On the contrary, the central area remained the hardness
consistent at ~130 up to r ≈ 4 mm, 3.5 mm and 2 mm for the disks after 20, 40 and 60
revolutions, respectively. Such heterogeneous distribution of hardness with increasing
numbers of HPT rotations are directly correlated with the heterogeneous
microstructure observed in Figures 4.1 and 4.2.
Secondly, the difference in hardness taken at different sections are apparent at
the disk peripheries for all disks after HPT, while the disk central regions demonstrate
ignorable difference within the disk thickness. Specifically, the hardness taken at the
mid-sections are lower than that at the surface planes for all HPT-processed disks
after 20-60 rotations at r >3.0 mm. This result confirms the hardness heterogeneity
within the disk thickness in the diffusion-bonded Al-Cu system.
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Figure 4.3 Vickers microhardness variations for the HPT-processed Al-Cu disks
measured at near-surface and mid-height and the average of these on the vertical
cross-sections after 20, 40 and 60 rotations at 6 GPa.
The hardness results in Figure 4.3 are replotted in Figure 4.4 to show the
hardness evolution at (a) near-surfaces and (b) mid-sections in the disk height of the
Al-Cu system after HPT for 20 and 60 turns. From both plots, it is apparent that disk
peripheries with high hardness are expanded with increasing numbers of HPT
rotations from 20 to 60. However, the trend of widening the disk peripheral region
with high hardness is slightly less at the mid-sectional planes than the near-surfaces
of the disks. In practice, the low hardness of ~130 at the disk center ends to have
increased hardness at r ≈ 4.0 mm after 20 HPT rotations and it shift to r ≈ 2.0 mm
after 60 rotations at the near surfaces of the Al-Cu disks. However, those hardness
transition occurs at r > 4.0 mm and ~3.0 mm after 20 and 60 rotations at the midsections of the Al-Cu disks. These plots again visualize the occurrence of the
hardness heterogeneity especially at the disk edges in the Al-Cu system.

22

450

Vickers Microhardness (Hv)

Vickers Microhardness (Hv)

450
Al-Cu
Surface
N = 20 turns
N = 60 turns

400
350
300
250
200
150
100

Al-Cu
Mid-thickness

400
350

N = 20 turns
N = 60 turns

300
250
200
150
100

-4

-2

0

2

Distance from the center (mm)

4

-4

-2

0

2

4

Distance from the center (mm)

(a)
(b)
Figure 4.4 Comparison of the Vickers microhardness variations measured at (a) disk
surfaces and (b) mid-sections for the HPT-processed Al-Cu disks after 20 and 60
rotations at 6 GPa.
Figure 4.5 shows color-coded hardness contour maps over the cross-sections
of the Al-Cu disks after HPT for (from top) 20, 40 and 60 rotations at 6 GPa. The
color key is shown in left of each map. As was shown in Figures 4.3 and 4.4, the
hardness maps demonstrate the hardness increase at the disk edges, while the disk
centers mid-section remains unchanged from 20 to 60 turns. But the expansion of the
high hardness at the disk edges is clear with the exhibition of the hardness with these
maps.

Figure 4.5 Contour plots of Vickers microhardness taken at the cross-sections of the
HPT-processed Al-Cu disks after 20, 40 and 60 turns at 6 GPa.
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Figure 4.6 Variation of Vickers microhardness for the HPT-processed Al-Cu disks
measured from the vertical cross-section after 20, and 60 turns at 1 rpm, room
temperature and 6 GPa. For comparison purposes, high purity Al [54] and Cu [55]
after 10 HPT rotations are inserted in the plot.
Evolution of hardness with increasing numbers of HPT evolution is shown in
Figure 4.6 where the hardness values for each disk are taken from the mean values
shown in Figure 4.3. For comparison purposes, high purity Al [54] and Cu [55] after
10 HPT rotations are inserted as black and red lines, respectively, in the plot. the
selection of 10 turns is due to the saturation in grain refinement, thus hardness and
other mechanical properties, when these simple metals are processed by HPT
separately for more than 5 turns at 6 GPa or higher [56]. Thus, the hardness values of
high purity Al after HPT processing saturates at ~65 after 10 revolutions, while high
purity Cu saturates at about ~150 Hv [55].
It should be noted that after 20 or higher HPT rotations the disk central
regions showing lower hardness has at least the minimum hardness of ~130-150 Hv
which is higher than the base material of Al can achieve and similar to the hardness
Cu can achieve. The plot demonstrate shows an apparent enhancement in hardness at
the disk peripheries with increasing numbers of HPT rotations. These improved
hardness values are not achievable when the base materials of Al and Cu are
processed separately. Thus, there is a feasibility of improving hardness by
mechanical bonding of the separate metals by the HPT process.
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4.3 Elemental Analysis
Figure 4.7 shows scanning electron microscope images as well as energy
dispersive x-ray analysis after (a) 10, (b) 20 and (c) 60 turns near the edge of the disk.
In the SEM images (left most image in each group) the light grey area shows high
amounts of copper while the dark grey areas show high amounts of aluminum.

(a) Al-Cu: N = 10 turns

(b) Al-Cu: N = 20 turns

(c) Al-Cu: N = 60 turns

Figure 4.7 SEM and EDX images taken at the disk edges of the Al-Cu HPT samples
after (a) 10, (b) 20 and (c) 60 turns.
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The EDX images in the second column and third column show the concentration of
aluminum and copper atoms colored with red and green. After 10 anvil rotations, the
Al and Cu phases have clear, well-defined borders indicating the separate phases are
not well mixed. After 20 turns, thinner phases of Al and Cu in between each other
shows increased flow and mixing by HPT. After 60 turns the border between the
phases are difficult to determine and EDX images show that at a nano-scale, Al and
Cu atoms are more evenly distributed. This suggests that the Al and Cu phases are
well mixed, and microstructure refined severely at the edge. Severe refinement of
microstructure may be an influence on hardness increase and phase evolution.

4.4 X-ray Diffraction
Figure 4.8 shows X-ray diffraction patterns of Al-Cu HPT samples after 20
and 60 turns on the mid-thickness and Table 4.1show the Maud quantitative analysis
on the XRD patterns of Figure 4.8. Notable Al2Cu peaks show after 60 turns,
suggesting formation of intermetallic phases from increased processing by HPT.
Large Al peaks show abundance of Al in both samples. Table 4.1 shows over 90% Al
phase after 20 turns coincide with the microstructure overview image in Figure 4.2
that most of this sample surface was covered by Al after mid-thickness polishing.
Figure 4.8 shows peak broadening, especially Cu and Al peaks in 2θ between 40 and
50 degrees. This peak broadening could be caused by lattice distortions formed by
increased HPT processing turns.
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Figure 4.8 X-ray diffraction profiles for the Al-Cu HPT samples after 20 and 60
turns.
Table 4.1 Summary of the phase fractions result though MAUD on XRD profiles as
Figure 4.8

Figure 4.9 and Table 4.2 show the XRD profiles and MAUD quantitative
analysis, respectively, taken at the edge and center of a vertical cross-section of the
Al-Cu HPT sample after 60 turns. The increase background noise comes from the low
relative intensities of the peaks from a 1 mm2 X-ray beam. Small amounts of peak
broadening visible from the edge XRD pattern suggest more lattice distortions near
the edge than the center. This is also predicted from equation 2.3 where equivalent
strain increases as the radius increases. Table 4.2 shows relatively consistent Al
content, while showing a slightly increasing Al2Cu intermetallic phase at the edge.
These XRD analysis suggest that the Al2Cu intermetallic phase is correlated to the
hardness measured after HPT processing. Only the most common intermetallic phase

27

of Al2Cu was applied to these analyses maintain simplistic assumptions for the
MAUD quantitative analysis software and keep error at a minimum.

Figure 4.9 Micro-X-ray diffraction patterns taken at the disk edge and center for the
Al-Cu HPT samples after 60 turns. Beam size 1 mm2.

Table 4.2 Summary of the phase fractions result though MAUD on XRD profiles as
shown in Figure 4.9

28

4.5 Nanoindentation
Figures 4.10 and 4.11 show the load-displacement curves acquired through the
nanoindentation measurements at strain rates of (a) 1.25 × 10-4 s-1, (b) 2.5 × 10-4 s-1
(c) 5.0 × 10-4 s-1 and (d) 1.0 × 10-3 s-1 taken near the disk edges of the Al-Cu disks
after 20 and 60 rotations, respectively. For all testing conditions, fifteen separate
indentations are conducted for acquiring static data in this study.

(a)

(c)

(b)

(d)

Figure 4.10 Load-displacement curves taken through nanoindentation at strain rates
of (a) 1.25 × 10-4 s-1, (b) 2.5 × 10-4 s-1, (c) 5.0 × 10-4 s-1 and (d) 1.0 × 10-3 s-1 at the
disk edges of the Al-Cu samples after 20 turns.
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(a)

(b)

(c)

(d)

Figure 4.11 Load-displacement curves taken through nanoindentation at strain rates
of (a) 1.25 × 1-4 s-1, (b) 2.5 × 1-4 s-1, (c) 5.0 × 1-4 s-1 and (d) 1.0 × 1-3 s-1 at the disk
edges of the Al-Cu samples after 60 turns.

A series of the curves show larger deviations in micro-mechanical responses
for all fifteen measurements at each stain rate, thereby indicating the plastic
instability at the Al-Cu disk edge after 20 HPT turns. With increasing numbers of
HPT turns to 60, the disk edge tends to show more consistent micro-mechanical
responses. Moreover, the load-displacement curves confirm increased hardness at the
disk edges after 60 HPT turns as the maximum displacements are reduced compared
to 20 turns at all strain rates. A closer inspection shows the fifteen measurements tend
to be closer with decreasing strain rate, though showing better plastic stability at slow
strain rates in the Al-Cu system for both 20 and 60 HPT turns. It may be due to the
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gradual phase mixture which may demonstrate the plastic instability when torsional
strain is not high enough but further straining by increasing numbers of turns leads to
consistent mechanical response. Moreover, detailed analysis shows a slight decrease
in displacement as strain rates increase, thus the alloy system tends to demonstrate
strain rate sensitivity in both alloy processing conditions.

31

5 Discussion
5.1 Significant Strengthening by HPT
The significant improvement in hardness in the Al-Cu system by processing
through HPT may involve multiple strengthening mechanisms including grain
refinement, solid solution strengthening, and precipitation hardening [56]. Grain
refinement increases strength by an intensive increase of dislocation density which
inhibit plastic deformation. An earlier study showed significant grain refinement
down to an average grain size of 30 nanometers in the mechanically bonded Al-Cu
alloy [57], which categorizes these materials as bulk nanostructured materials. Solid
solutionizing generally occurs when dilute alloys having two-phase are heat treated
and the separate phases start dissolving into one another, within solubility levels.
These solute atoms disrupt the regular crystal lattice they are in would delay the
dislocation movements leading to solid solution strengthening of the material. In the
present material of the Al-Cu system, although the processing was conducted at room
temperature, high pressure processing accelerates the diffusion of both Al and Cu
atoms as seem in Figure 4.7, thereby a limited contribution of solid solution
strengthening within the Al matrix is anticipated. Precipitation hardening occurs
when a second phase precipitates out at a sufficiently high concentration of solute
which acts as another, larger barrier to dislocation movement. In the present case, an
intermetallic compound of Al2Cu were nucleated during the mechanical bonding of
Al and Cu for high HPT turns and the precipitates contribute to the exceptional
hardness of the synthesized Al-Cu alloy system. These three strengthening
mechanisms are concurrently activated by the increased strain and high compressive
pressure to the Al-Cu system material during HPT [49].
Using equation 2.3 to calculate equivalent strain based on the locations of the
hardness measurements, a plot of hardness versus equivalent strain was constructed
and is it shown in Figure 5.1 where the measured Vickers microhardness values
against to the calculated equivalent strain are plotted at various distances across the
disk radius for the Al-Cu disks processed for N = 20, 40, and 60 turns. The applied
Vickers microhardness values are averages of those taken at disk surfaces.

Vickers Microhardness (Hv)

32

400
350

N = 20 turns
N = 40 turns
N = 60 turns

Al-Cu
HPT 6.0 GPa, RT, 1 rpm

300
250
200
150
100
0

200

400

600

800 1000 1200 1400

Equivalent Strain
Figure 5.1 Vickers Microhardness vs Equivalent Strain for N = 20, 40 and 60 turns
Al-Cu HPT processed disk. Equivalent strain was calculated with equation 2.3

Figure 5.1 suggests an exponential increase in hardness with increasing
torsional strain for all disks up to 60 HPT turns. Moreover, with increasing total
numbers of HPT turns, the maximum achievable hardness increases without any
saturation for the Al-Cu alloy system under the current processing conditions. It is
apparent with Hv = 396 after 60 turns in comparison with Hv = 302 after 20 turns.
However, with increasing the HPT turns, higher values of equivalent strain are
required to obtain a specific high hardness value. For instance, Hv = 300 can be
achieved with equivalent strain of 300 in the Al- Cu disk after 20 HPT turns, while
equivalent strains of ~850 and ~1200 is required for the disks after 40 and 60 turns.
This may be due to the inevitable heat generation during HPT that is attributed to the
friction between the anvils and the disk sample. From the thermo-couple placed very
close to the sample contacting location in the HPT anvil, a temperature rise can be
measured during the mechanical bonding through HPT. In practice, the processing
temperature slowly increased from room temperature up to 70 ˚C in the first 15-20
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minutes including the compression stage to the following anvil rotation for up to 20
turns and it remained constant duration of the rest of processing. The generated heat
causes microstructural recovery of the introduced ultrafine grains and competes with
the applied strain in the grain refinement process. This may explain the required
higher values of equivalent strain to achieve similar levels of hardness with increasing
numbers of HPT turns.
It is reasonable to note that there are three different models of hardness
behaviors with increasing equivalent strain for ultrafine-grained materials [58] as
shown in Figure 5.2 where these schematic plots gives the changes in hardness with
increasing values of equivalent strain by HPT as computed by using equation 2.3.

Figure 5.2 Schematic illustration of three models of variation of hardness with
equivalent strain for metals processed by HPT: a) hardening without recovery, b)
softening with rapid recovery, and c) weakening: typical levels for the initial
annealed conditions are also indicated [58]
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It was defined that these three different behaviors appears depending on the
melting temperature, Tm, of the material. Specifically, the computed homologous
temperature of processing (T/Tm) where the processing temperature is room
temperature for HPT is low, the material shows the most common hardness behavior
of hardening without recovery as shown in Figure 5.2(a) and most commercial purity
metals and alloys behave the hardness model. The other two models of softening with
recovery in Figure 5.2(b) and weakening without peak hardness in Figure 5.2 (c) are
demonstrated by high-purity metals and the materials having low Tm, respectively.
In the present study, the base metals of both Al-1050 and commercial purity
Cu demonstrate a behavior of hardening without recover as schematically shown in
Figure 5.2(a). Thus, these base metals show saturations in an increasing of hardness
after grain refinement as the saturated high hardness are shown in Figure 4.6. On the
contrary, the mechanically bonded Al-Cu shows an exponential hardness increase
with increasing equivalent strain without any hardness saturation in the present
processing conditions. Therefore, the mechanical bonding by means of HPT
processing shows a considerable potential for the synthesis of unique alloy systems
which can have high hardness without any upper limit with applying further straining.
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5.2 Homogeneity in Hardness
The contour plots in Figure 4.5 show the hardness distributions on the vertical
cross-sections of the mechanically bonded Al-Cu alloy. There is a significant
hardness gradations along the disk radius which are anticipated by the variation in
applied strain within a disk as given by equation 2.3. This hardness graduations along
the disk radius have been homogenized in previous work in pure alloys where
sufficient torsional strain (number of turns) has been applied to process the HPT disks
[54,55]. However, for the harder hybrid Al-Cu system, the hardness homogenization
process tends to require more torsional strain than in the current processing
conditions.
In contrast to the disk radial directions, significant homogeneity was observed
in the disk thickness direction, specifically near the disk center where the Al and Cu
layers look separated in Figure 4.1. Some microhardness indentations were conducted
within the Cu layer near the mid-thickness of the disks and some others are at the Al
layer near the surfaces. However, the hardness taken from both layers of dissimilar
metals show around 150 Hv. This hardness value is similar to the HPT-processed Cu
disks after 10 turns showing the saturation of hardness [55], but it is much higher than
the HPT-processed Al disks after 10 turns showing the saturated hardness of 65 Hv
[54]. This is likely due to the influence of the interfaces as well as a limited
contribution of solid solution hardening. Following the measurement standards, the
microhardness indentations were spaced apart over four times the max indentation
size, however they may not have been sufficiently spaced from the Al-Cu interfaces.
This may cause the strengthening of the thin layers of both Cu and Al adjacent to the
interfaces. It is also possible that trace amounts of Cu diffuse into the Al matrix near
the center of the disk under high pressure such that there is a hardening through solid
solution. EDX analysis near the edge shows little mixing at low strain, but there is
weak signal of Cu dissolved in Al after 20 turns in Figure 4.7. This strong interface
effect shows good mechanical bonding and suggests the mechanical bonding by HPT
of dissimilar metal disks is potentially an excellent method of utilizing diffusion
bonding to introduce hybrid alloys.
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5.3 Specific Strength
Taking advantage of bonding of lightweight Al with Cu, there is a potential of
increasing specific strength in the mechanically bonded alloys. Thus, in this section,
specific strength is calculated by measuring the density of the severely deformed AlCu disk edges and taking the measured Vickers microhardness to estimate the yield
strength. Often strength is correlated with hardness by a factor C, as show in equation
5.1:
𝜎=

𝐻𝑣
𝐶

(5.1)

where the constant C depends on the stages of deformation, such as elastic, elasticplastic and fully plastic, and the Vickers microhardness measurement can provide
fully plastic deformation which provides the value of C = 3. σ is the tensile strength
and Hv is the Vickers microhardness. Previous work on HPT has shown C to be
around 3.3 for these types of processed materials [60].
Thus, equation 5.1 is used for estimating the tensile strength of the mechanically
bonded Al-Cu alloy after HPT for 20 and 60 turns and subsequently the specific
strength. For references, the estimation was conducted for the base metals of Al and
Cu with using their saturated hardness after grain refinement by HPT.
Table 5.1 (Columns 2-5) Density of the material, maximum hardness measured at the
edge for hybrid materials, estimated tensile strength, specific strength.
*Maximum hardness for the 20-turn sample was the average of both edge
measurements as one edge was significantly harder than the other due to
misalignment of the HPT anvils.
**Estimated tensile strength was computed using equation 5.1.
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Table 5.1 shows a summary of the measured density and hardness, estimated
tensile strength and the estimated specific strength of the Al-Cu alloys. It is apparent
that the densities of the hybrid alloy system are lowered and the hardness and thus
strength are improved, thereby improving specific strength of the Al-Cu alloy after
the mechanical bonding. The specific strength is further improved by increasing
numbers of HPT turns due to the lowered density with improved hardness. It is
interesting to note that the base metals of Al and Cu processed by HPT have
comparable tensile strength and specific strength with 304 steel (505 MPa tensile
strength and 63.1 MPa cm3 g-1 specific strength [60]). The Al-Cu hybrid system
shows a significant improvement of mechanical properties including tensile strength
up to 1343 MPa and specific strength up to 310.8 MPa cm3 g-1 after 60 turns and it
surpasses the Titanium Beta C alloy (1250 MPa tensile strength and 260 MPa cm3 g-1
specific strength [61]). In concluding, the mechanical bonding by HPT processing
introduce new hybrid alloys from two separate conventional metals and the hybrid
metal systems enable to demonstrate superior mechanical properties including
exceptional specific strength.
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5.4 Strain rate sensitivity
A series of load-displacement data sets taken by nanoindentation were
analyzed to provide an important mechanical property of plasticity by computing the
strain rate sensitivity values, m, for the disk edges in the mechanically-bonded Al-Cu
system for 20 and 60 HPT turns. The value of m can be determined from the slope of
the line in a logarithmic plot of H/3 against strain rate, ε̇ , where H is the measured
nanoindentation hardness. The estimated values of m for the Al-Cu disks in the plot
are shown in Figure 5.3 for the disk edges of the hybrid alloy system. For comparison
purposes, the base materials of Al and Cu after HPT for 10 turns and their m values
are also included in Figure 5.3.
The strain rate sensitivity of m ≈ 0.03 was estimated at the disk edge of the
Al-Cu system after 20 HPT turns, but it may be even lower by considering the wider
error bars arising from the plastic instability due to not enough phase mixture.
Nevertheless, the m value after 20 HPT turns is between the values of 0.02 and 0.04
of the base metals of Al and Cu after HPT for 10 turns, respectively. Processing by
HPT for 60 turns increased the m value to ~0.08 with reasonable plastic stability in
the Al-Cu alloy. The m value is significantly higher than the base metals and
increasing numbers of HPT turns on the hybrid system provides a significant
enhancement in the m value, thereby demonstrating a potential for achieving
improved plasticity in the processed materials.
Considering the results obtained in the study, the observed excellent plastic
responses at the disk edges of the Al-Cu hybrid alloy processed by HPT lead to the
conclusion that the mechanical bonding under concurrent grain refinement through
HPT is an excellent processing strategy for fabricating lightweight UFG hybrid alloy
systems having excellent mechanical properties and this approach can be applied to
synthesize a wide variety of new engineering nanomaterials.
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Figure 5.3 Estimated stress vs strain rate for nano-indentations of Al-Cu HPT
processed disks near disk edge, 6 GPa, RT, for 20 and 60 turns. For references, the
data for the base metals of Al and Cu are included. The strain rate sensitivity (m)
values are estimated from the slopes of the lines.
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6 Summary and Conclusion
a) Aluminum and Copper commercial alloys were mechanically bonded by HPT
at 6.0 GPa up to 60 turns at room temperature. The microstructure was refined
and the dissimilar phases are severely mixed during processing. The hardness,
phase composition and microstructure evolution was characterized.
b) Significant improvements in hardness was observed up to 400 Hv at the disk
edges of the mechanically bonded Al-Cu system after 60 turns. It is
anticipated by the nucleation of an intermetallic compound of Al2Cu during
the mechanical bonding process.
c) Homogeneity in hardness at the disk centers along the disk thickness direction
is anticipated by the interfaces and a small contribution of solid solution
strengthening. Hardness homogeneity was not achieved in the radial direction.
d) The hardness behavior of exponential increase without hardness saturation
was observed for the mechanically bonded Al-Cu system with increasing
equivalent strain. This behavior is different from the base materials which
shows the upper limit of hardness after grain refinement.
e) Specific strength of 310.8 MPa cm3 g-1 was observed at the disk edge of the
Al-Cu hybrid system processed by HPT after 60 turns. This value is extremely
competitive with high end alloys such as Titanium Beta C. The mechanical
bonding of lightweight metals by HPT likely to produce exceptionally strong
materials with lowering density.
f) The Al-Cu system showed the improved strain rate sensitivity of 0.03 and
0.08 after HPT for 20 and 60 turns, respectively, thereby exhibiting the
excellent plasticity of the hybrid alloy system.
g) Processing by HPT of dissimilar metals demonstrated an excellent potential to
develop a wide variety of new hybrid alloy systems having excellent
mechanical properties.
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7 Future Work
a) The Cu-Al-Cu sandwich would be an interesting candidate for hybrid HPT
processing as having the hard surfaces.
b) Scaling up of the sample size would be important for the feasibility of
mechanical bonding by HPT.
c) Electric resistivity will be measured at 5 different locations across the disk
radius to characterize the electrical properties of the mechanically bonded AlCu system. (Collaboration work with a group at Indian Institute of Science,
Bangalore)
d) A near term commercial manufacturing process would be tested by using the
HPT rolling die set-up (installed in summer 2019) to continuously process
Al/Cu thin plates to produce stronger conductive plates.
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