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Abstract

This investigation demonstrates that a solid-state reaction occurs by the application of high-
pressure torsion (HPT) in the production of nanostructured multilayered hybrid Al-Cu systems.
Three-layered stacks of Al/Cu/Al were subjected for up to 200 revolutions of HPT under an
applied pressure of 6.0 GPa. Microstructural and mechanical properties analysis were carried
out after HPT using X-ray diffraction, scanning and transmission electron microscopy, energy
dispersive spectrometry (EDX), microhardness measurements and tensile tests. The SEM
observations revealed the formation of a multi-nano-layered structure in the whole volume of
the disks. Further investigations with the use of TEM demonstrated that each nano-layer
consists of nano-grains having sizes of about 20 nm. Analysis by XRD and selected area
electron diffraction (SAED) confirmed the formation of intermetallic CuAl, and CusAls phases
in the layered structures. The experiments also showed a significant improvement in
microhardness (up to ~450 Hv) and tensile properties (over 900 MPa of UTS after 200 turns)
when compared to both AlI-1050 and 99.95%Cu alloys in the initial state and after HPT
processing. The results demonstrate that HPT offers an outstanding opportunity for producing
novel nanostructured Al-Cu multilayered composites having unique mechanical properties

Keywords: Al-Cu; high-pressure torsion; nano-composites; phase transformations; ultrafine
grains.

*Corresponding author: Piotr Bazarnik (Piotr.Bazarnik @pw.edu.pl)



1. Introduction

The development of new and advanced materials is now driven by the technological
demands of improved properties and wider functionalities as well as by numerous restrictions
imposed by ecological considerations in various industrial applications [1]. Metals such as
aluminium, copper and their alloys are now used extensively for many industrial applications
and they will become principal future structural materials if their mechanical properties are
sufficiently improved. In this respect, the fabrication of composites of aluminium and copper
may meet the demands for higher strength and reductions in the overall weight. The Al-Cu
hybrid materials appear attractive because of their low density and high thermal and electrical
conductivity. They also exhibit higher strengths than other aluminium alloys.

Numerous methods are available for producing metal composites including diffusion
bonding [2], powder metallurgy techniques [3] and explosive welding [4]. Nevertheless, it was
shown recently that the use of severe plastic deformation (SPD) methods, including equal-
channel angular pressing (ECAP) [5] and high-pressure torsion (HPT) [6], may be especially
promising as fabrication techniques for the production of metal matrix nanocomposites [7-11].
These SPD techniques are attractive for the manufacturing of composite materials because they
generally achieve very good bonding [12-14]. Of the various SPD methods now available,
processing by HPT has the advantage of producing significant grain refinement [15,16],
providing the capability of processing even hard-to-deform metals [17] or intermetallics [18]
and, due to the high applied pressure and intense shear strain, producing phase transformations
[19,20] or supersaturated solid solutions [21,22]. It is also well established that, by comparison
with processing by ECAP, HPT produces smaller grains [23,24] and a higher fraction of grain
boundaries having high angles of misorientation [25] and it has been used successfully for

producing nanocomposites from metallic powders [14,26-29] and machining chips [30-33].



Recently an alternative approach was developed with HPT for the fabrication of high-
performance hybrid materials by making use of the very high pressure to effectively join
dissimilar bulk metals. The initial experiments were conducted using semi-circular disks of Ag-
Ni [34], Nb-Zr [34], Al-Cu [35,36] and Mg-Al [37] or quarter disks of Al-Cu [38] and placing
these pieces to form whole disks within the depression on the lower anvil of an HPT facility.
Later, this approach was improved and further developed by stacking three whole disks of
commercial Al and Mg alloys and then applying pressure and torsional straining to the stack
[39]. This same approach was used in several later investigations using stacks of three or more
disks of Al-Cu [40-44], Al-Fe [41,42,44], Al-Mg [21,41,42,45-50], Al-Mg-Cu-Fe-Ti [42], Al-
Ti [41,42, 44], Cu-Al [51], Cu-Sn [52], Cu-Ta [22,53], Cu-ZnO [54], Fe-V [55,56], V-Zr [57]
and Zn-Mg [58].

Recent investigations using stacks of Al and Cu disks demonstrated the potential for
fabricating Al/Cu/Al composites by HPT after processing through up to a total of 60 turns
[40,43,44]. These experiments confirmed the formation of a nanocrystalline structure and
intermetallic phases of Al,Cu, AlCu and Al.Cuy but nevertheless the microstructures remained
relatively inhomogeneous across the disk diameters even after 60 revolutions. Thus, the
presence of the initial three-layered structure was essentially retained within the central region
of the disk over a diameter of ~1.5 mm and this affected the microhardness values in the disk
centre which, even after the HPT processing, remained close to the initial level for the
commercial purity Cu.

The present investigation was motivated by these earlier results and by the opportunity to
evaluate the potential for achieving greater homogeneity by conducting the HPT processing
through larger numbers of revolutions. Accordingly, tests were conducted using HPT

processing for up to a maximum of 200 turns and emphasis was placed on examining the quality



of bonding and the microstructural characterization in order to determine the origin of the

exceptionally high strength of these hybrid materials.

2. Experimental material and procedures

The experiments were conducted using a commercial purity (CP) aluminium alloy (Al-
1050, 99.95 wt.% Al) and CP copper (99.95%). The samples were received in the form of rods
of 10 mm diameter and these Al and Cu rods were annealed for 1 h at 370°C and 480°C,
respectively, in order to soften both materials. The rods were then cut into disks with
thicknesses of 1.1 mm and ground to a final thickness of ~0.80 mm.

The HPT processing was conducted on stacks of three disks placed in the order of Al/Cu/Al
and having a total thickness of ~2.4 mm. These disks were piled in the depression on the lower
anvil of the HPT facility and then subjected to an applied pressure of 6.0 GPa at room
temperature and torsional straining with a rotation speed of 1 rpm under quasi-constrained
conditions where there is a small outflow of material around the periphery of the disk [59]. The
disks were strained through total numbers of revolutions, N, of 20, 50, 150 and 200 turns. The
anvils had a high roughness to prevent the sample from slipping during deformation. In
addition, and for comparative purposes, separate disks of Al and Cu were tested through 10
revolutions of HPT under the same processing conditions.

The HPT-processed disks were initially examined by X-ray diffraction (XRD) using Bruker
D8 Diskover and an energy for the emitter beam of 30 kV. The Co Ka X-Ray beam was filtered
to form a point with a radius of 1 mm and all specimens were scanned on cross-sectional planes
in the edge regions. Each sample was illuminated by high intensity hard X-rays for 5s per step,
the 2@ angle was between 20° and 120° and the step Size A2@ was 0.025°.

Each HPT disk was then cut into two halves along a diameter using a diamond wafering

saw and the cross-section of each disk was examined using optical microscopy (OM) and



scanning electron microscopy (SEM). Specimens for SEM observations were prepared using
grinding and ion polishing with an Hitachi lon Milling System IM-4000. The ion milling is a
damage-free process and this polishing eliminates all deformation, stresses and oxide layers.
Furthermore, the surface quality is sufficiently good to observe the structure using channelling
contrast inan SEM microscope. Microstructural examination was carried out using an Hitachi
SU-8000 SEM operated at 10 kV with a backscattered electron (BSE) detector. These
microstructural observations were conducted in the central and periphery regions
(approximately 1.0 mm from the edge) for each disk. Detailed microstructural observations of
selected areas were performed using a CS-corrected dedicated scanning transmission electron
microscope (STEM) Hitachi HD-2700 operating at an accelerating voltage of 200 kV. The
STEM observations were carried out in the bright-field (BF) and high-angle annular dark field
(HAADF) modes. Thin foils with a thickness of ~85 nm for STEM observations were extracted
from the peripheral regions of each disk using a focused ion beam (FIB) system Hitachi NB
5000. Structural investigations were combined with advanced energy dispersive X-Ray (EDX)
point and mapping analyses. The microstructures were also evaluated quantitatively using a
computer-aided image analyser and the grain sizes were recorded in terms of the equivalent
grain diameter, deq, defined as the diameter of a circle having a surface areaequal to the surface
area of the grain.

To evaluate the changes in mechanical properties due to HPT processing, microhardness
tests were conducted on the cross-sections of disks using an FM-300 microhardness tester
equipped with a Vickers indenter. Measurements were performed under a load of 100 g with a
dwell time of 10 s and a spacing of 0.1 mm between each separate indentation. To determine
the influence of HPT processing on the homogeneity of the structure, detailed microhardness
measurements were performed on selected samples to permit the construction of color-coded

microhardness maps.



These microhardness studies were complemented by tensile testing. Miniature tensile
samples with gauge lengths of 2.5 mm were cut from off-centre positions in each disk using
electro-discharge machining (EDM) [60]. The tensile tests were conducted at room temperature
using a Zwick 005 universal testing machine under displacement control at an initial strain rate
of 1.0 x 10 s, For strain estimation, a Digital Image Correlation (DIC) was applied [61]. A
charge-coupled device (CCD) camera operating at 4 fps with a Pentax lens was placed in front
of the sample and the image acquisition with AVT software was synchronized with the
beginning of each tensile test. The recorded images were analysed using VIC 2D software
(Correlated Solutions) to create stress-strain maps. Based on the load-displacement data, the

yield stress (YS), ultimate tensile stress (UTS) and elongation to failure were determined.

3. Experimental results

3.1.  Microstructure and phase analysis after HPT

The OM images in Fig. 1 show the cross-sections of samples processed through 20, 50, 150
and 200 turns, respectively, where the bright regions denote the Al-rich phase and the dark
regions correspond to the Cu-rich phase. Macroscopic observations confirmed that all samples
were fully dense with no evidence for any macroscopic voids or delamination between the Al
and Cu phases. In the disk after 20 turns the microstructure is of a gradient-type in the central
section with clear evidence for the separate Al-rich and Cu-rich layers whereas in the outer
regions of the disk the layered structure is fragmented due to the torsional straining and thin Cu
layers or inclusions are evident within the Al phase. There is also a similar structural evolution
after 50 turns but the overall size of the central layered structure is then reduced. A high degree

of deformation is required to achieve a full intermixing of the Al and Cu layers throughout the



disk diameter and this is achieved after 150 and 200 revolutions where there is intermixing of
the Al and Cu phases over the whole diameter and the microstructures are reasonably fully
homogeneous.

Detailed structural investigations were carried out using SEM and Figs 2 and 3 show BSE
images of the cross-sectional views at the disk centres and edges for the samples processed
through 20 and 200 turns, respectively, where the brighter contrast corresponds to the Cu-rich
regions and the darker contrast represents the Al-rich regions. The SEM images in Figs 2 and
3 generally confirm the observations by OM. For the sample after 20 turns, a layered Al/Cu/Al
structure is present in the central region in Fig. 2(a) but with no evidence for voids or
delamination. There is extensive grain refinement in Figs 2(b) and (c) with measured average
grain sizes in the Al and Cu of ~650 and ~400 nm, respectively. By contrast, the average grain
sizes in the separate Al and Cu disks were measured as ~700 and ~350 nm, respectively, after
processing by HPT for 10 turns. In the outer parts of the disk in Figs 2(d) and (e), the SEM
observations reveal significant fragmentation and a mixing of the Al and Cu layers. The higher
magnification image in Fig. 2(e) also reveals evidence for shear bands and the formation of a
lamellar structure with thin Cu-rich and Al-rich bands.

It appears that this lamellar structure evolves with increasing numbers of turns and for the
sample after 200 turns in Fig. 3 there is a fine nano-layered structure throughout the whole
diameter of the disk although in the central region in the upper and lower parts of the disk it is
apparent that the material is not fully mixed as marked in Fig. 3(a). In the outer regions of the
disk there is a full mixing of Al and Cu over the entire thickness as in Fig. 3(c). Although there
remains evidence for the lamellar structure in Fig. 3(d), the thicknesses of the individual Al-
richand Cu-rich bands are smaller than after 20 revolutions. In addition, some contrast changes

are visible in the BSE image in Fig. 3(e) which suggests the possible formation of new phases.



A detailed structural investigation was conducted from the edge regions using STEM
techniques and Figs 4 and 5 show STEM images for the samples processed through 20 and 200
revolutions, respectively. After 20 turns the structure consists of ultra-thin Al-rich and Cu-rich
layers as in Fig. 4(a) with evidence for extensive grain refinement in all layers. Measurements
showed the grains in the Al layers are elongated and smaller (~230 + 20 nm) than in the Cu
bands where the grain size isstrongly affected by the thickness of individual layers and reaches
sizes of up to ~310 £ 70 nm. High magnification observations confirmed, as in Figs 4(b) and
(c), that the interface-affected zone on the contact surface of the Al and Cu layers is formed
during HPT processing. Furthermore, there is a diffusion zone on the contact surface of
nanolayers in Fig. 4(c) which was also confirmed by line EDX analysis as in Fig. 4(d). This
diffusion effect was observed on almost all Al-Cu interfaces. In addition, in some places, the
thinnest copper layers have transformed into nanometer-sized grains as in Fig. 4(b) with sizes
of ~30 + 20 nm.

There is a further decrease in grain size after 200 turns as in Fig. 5(a) but the lamellar
structure remains as in Fig. 5(b). Measurements revealed a bimodal character of the
microstructure with Al-rich grains of ~95 + 15 nm in Fig. 5(c) and Cu-rich grains in the range
of ~5-20 nm. Chemical composition analysis, as in Fig. 5(d), revealed a high concentration of
Cu in these nano-sized bands although Cu was also present in the Al matrix in the form of a
solid supersaturated solution. Rings in the selected area electron diffraction (SAED) patterns as
in Fig. 6(a) confirmed the presence of Al and Cu as well as the formation of the Al.Cu and
Al,Cuy phases where dark field imaging from the Al,Cu (110) ring as in Fig. 6(b) confirmed
that this phase occurs primarily in the Cu-rich nano-sized bands. The presence of these
intermetallic phases is consistent with earlier reports [40,43]. A quantitative image correlation

analysis of several dark field images after 200 turns showed that the fraction of the intermetallic



Al>,Cu phase is about 9.7%. The diffraction rings from the AlsCuy phase were too weak to
conduct any quantitative analysis.

The phase compositions were also examined by XRD analysis and the patterns for the initial
materials and after processing from 20 to 200 turns are shown in Fig. 7. These patterns reveal
a significant broadening of the peaks due to the severe grain refinement, with the broadening
becoming more intense after increasing numbers of turns. The patterns confirm the presence of
the Al and Cu phases and the formation of the Al.Cu and Al,Cuy phases. These latter phases
are visible even after 20 turns but the peaks become more intensive with increasing numbers of
turns. A semiquantitative analysis of the XRD patterns gave estimates for the fractions of the
intermetallic Al,Cu and Al4Cuy phases at 2.5%, 4.4%, 6.9% and 10.2% after 20, 50, 150 and
200 turns, respectively. It should be noted that phase calculations from XRD can be affected by
many factors such as severe grain refinement, internal stresses and texture. Nevertheless, the
result for the sample after 200 turns is reasonably consistent with the earlier estimate using the

dark field images.

3.2.  Mechanical properties

The distributions of the Vickers microhardness on one-half of the cross-sections of the disks
is shown in the color-coded contour maps in Fig. 8 after processing by HPT through 20, 50,
150 and 200 turns: the values of the microhardness are given in the colour key on the right and
the distributions are plotted with the centre of the disk lying along the left axis. For comparison,
the reference samples of Cu and Al showed average Vickers microhardness values of ~80 and
~25 Hyv, respectively, for the as-annealed states and ~130 and ~50 Hv, respectively, after HPT

for 10 turns.



Inspection of Fig. 8 shows that the microhardness of the multilayered composite increases
significantly with increasing numbers of turns. The hardness values in the edge region are ~260
Hv after only 20 turns but in the central region the hardness values are in the range of ~50-130
Hv which is close to the initial values. This is consistent with earlier work on the Al/Cu/Al
system where there was little or no significant increase in hardness in the central region after
processing up to 60 turns [40,43]. In addition, the highest hardness values of ~110-130 Hv were
recorded primarily in the Cu layers whereas the hardness was lower at ~50 Hv in the Al layers.
The radius of the central zone of inhomogeneity extended through approximately 3 mm after
20 turns but this was reduced to ~2 mm after 50 turns and the hardness near the edge then
increased to ~350 Hv. Further processing up to 150 turns gave an additional hardness increase
up to ~400 Hv but with some small areas of lower hardness near the centre of the disk. Finally,
after 200 turns the microhardness was fairly homogeneous throughout the disk with an average
value of ~350 Hv but with highest hardness values of ~450 Hv near the outer edge of the disk.
This hardness is exceptionally high by comparison with the initial hardness values of the pure
Cu and pure Al inthe as-annealed state and after HPT processing for 10 turns.

The results of tensile testing for the HPT-processed hybrid materials are illustrated in Fig.
9 where these data are complemented by including results for Cu and Al samples both in an as-
annealed state and after 10 HPT revolutions. For convenience, the results are also summarized
in Table 1 showing the yield strength (YS), the ultimate tensile strength (UTS) and the
elongation to failure. These tensile tests demonstrate that the Al-Cu-Al composites exhibit very
high strength with values for the UTS after 20 and 50 turns of ~420 + 20 and ~460 * 24 MPa,
respectively. These results are much higher than the conventional values anticipated for Cu and
Al in an as-annealed state and for Al after HPT processing but they are close to the values for
Cu after HPT for 10 turns (525 + 10 MPa). With additional HPT turns, the strength increases

further and reaches extremely high strength values of ~710 and ~910 MPa for the samples



processed through 150 and 200 revolutions, respectively. Nevertheless, these hybrid materials

exhibit high strength but only limited elongations to failure of about 2%.

4. Discussion

The results from this investigation demonstrate the potential for fabricating aluminium-
based hybrid material by using conventional quasi-constrained HPT processing with a stack of
disks consisting of commercial purity Al and Cu. By HPT processing through 200 turns, which
is far in excess of the 60 turns used in earlier investigations [40,43,44], it was possible to form
a unique multi-layered structure which was reasonably homogeneous throughout the entire
disk, both in the radial direction and on cross-sectional planes, without any visible porosity or
the presence of any delamination between the layers. The results demonstrate instead the
development of a fine dispersion of Cu-rich phases within a nanostructured Al matrix and with
rapid diffusion of Cu to Al and the consequent formation of intermetallic phases such as Al,Cu
and Al4Cuo.

Careful examination of samples suggests that the mixing effect, especially in the central
part of the disks, may have been enhanced by a slight misalignment between the upper and
lower anvils, as marked on Fig. 3(a), where two unmixed areas in the disk correspond to the
centres of the upper and lower anvils. This proposal is reasonable because it is well established
that anvil misalignments of the order of 100 or 200 um may have significant effects on the flow
properties within the HPT-processed samples [62-64]. As a result, a fully mixed structure with
a thin lamellar configuration was observed in the central regionafter 150 revolutions and further
processing up to 200 turns led to an additional reduction in the lamellar thickness. At the same
time, there was a significant reduction in grain size below ~100 nm within the Al matrix after
processing. This is a unique result especially when compared with data reported for
conventional Al-Cu alloys after SPD processing [65-72]. A progressive mixing of phases with

an accompanying reduction in lamellar thickness, accompanied also by significant grain size
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reductions, was observed also for other hybrid systems processed by HPT such as Al-Mg [45],
steel-V [55], Cu-Ta [22,53], Al-Fe [44], Mg-Zn [58] and Al-Ti [44].

The initial objective of using HPT in these systems was to facilitate the formation of nano-
sized intermetallic phases which will improve and strengthen the mechanical properties of the
composites. An additional advantage of HPT or other SPD techniques is that the materials
exhibit significantly higher diffusion coefficients due to the introduction by processing of high
populations of lattice defects [35,73-75]. This effect is especiallyvisible inthe Al-Cu interfacial
zones as in Fig. 4 where there was evidence for diffusion of Cu and Al elements on the surface
contact of nanolayers. As a consequence, the intermetallic Al,Cu and Al4Cuy phases are formed
at the interfacial zones where these phase transformations are favoured in the joining zones of
the Al-rich and Cu-rich regions [35,40,51,76]. Further deformation leads to a significant
increase in the fraction of intermetallic phases which are located mainly in the Cu-rich regions.

It is important to examine the kinetics of formation of these intermetallic phases. For the
Al-Cu system, saturated solid solutions Al(Cu) and Cu(Al) firstly form on each side due to
mutual diffusion. Since the solubility limit of Cu in Al is almost two orders of magnitude
smaller than that of Al in Cu [77,78], the AlI(Cu) solid solution is expected to saturate first.
Moreover, the diffusion coefficient of Cu in Al is much higher than for Al in Cu (D¢, = 1.78 %
105 m?-st and Daj= 6.54 x 10° m?-s™1) [78]. Thus, the Cu atoms can diffuse to the Al side
rapidly so that the Al side becomes oversaturated and subsequently Al,Cu will form at the
interfacial zone. At the same time, the Al,Cu phase has the most negative effect of Gibbs free
energy (—15.8 (J/mol)) of formation and from the thermodynamic point of view it will be the
first phase formed at the Al-Cu interfacial zone [79]. By contrast the negative energy for the
Al,Cug phase is -19.7 (J/mol) [79] which makes it a less-favoured phase for formation. This
explains the reason for the Al,Cu phase occurring mainly in this hybrid system (Fig. 6 and 7).

It should be mentioned that the diffusion is controlled primarily by the temperature of the
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processing, and since in this study the HPT process was conducted at room temperature the fast
diffusion on the contact surfaces was induced only by the shear deformation at the Al-Cu
interfacial zones in order to maintain unity of the system. This was a direct consequence of the
differences in strength and Young’s modulus for the individual layers.

As shown in Figs 8 and 9, extreme increases in hardness and strength were observed in the
hybrid materials synthesized in this study. The hardness of the HPT-processed Al-Cu system
approached ~450 Hv after 200 HPT turns and this is significantly higher than the hardness of
nanocrystalline aluminium (~50 Hv) and copper (~130 Hv). Furthermore, a high structural
homogenisation was observed across the disk diameter after 200 revolutions and this had a
major impact on the values of the Vickers microhardness which were reasonably similar across
the disk diameter. The UTS of the hybrid material exceeded 900 MPa which is an order of
magnitude higher than for the unprocessed aluminium (~90 MPa) and more than three times
higher than for the unprocessed copper (~280 MPa). Such intense hardening was also reported
earlier for other hybrid systems synthesized by HPT such as the Cu-Ta system [22,53] where
the hardness after HPT was four times higher than for the initial material or the Al-Mg system

[42-47] where the hardness after HPT was three times higher.

Based on these results, it is reasonable to assume that in hybrid systems produced by HPT
processing the overall strength of the material is not governed exclusively by the grain
refinement through the Hall-Petch relationship [80,81] but there is, in addition, a combination
of various other strengthening mechanisms such as solid solution strengthening and
precipitation hardening [82]. The value of the hardness increase based on the Hall-Petch

relationship and solid solution strengthening may be expressed by the following equation [39]:

AHv = 1/3[H(Wt.% Cu) + Ho + kd~%%] (1)
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where Ho, H and k are material constants and d is the average grain size and, using the general
relationship between yield strength (MPa) and hardness (Hv), Hv = 6,/3 [83]. The solution
strengthening from Cu in the Al matrix has a negligible effect in this case since it is only 7 MPa
for each weight percent of Cu [84]. The strength from the presence of precipitates can be
estimated from the Orowan model [85] which plays a significant role in the strengthening of
composite materials [85,86]. Thus, the hardening effect from precipitates may be expressed by

the following equation:

Gb d dprec 1, d
AHv, e = Ui In—2= +1n d] —-n E} (2)

” {d(l \/— [dprec

where G and b are the shear modulus (27 GPa) and the Burgers vector (0.274 nm) of the matrix
element, respectively, r is the core cut-off radius in the dislocation line energy which is taken
as ~1 nm, dprec is the size of the reinforcing Al,Cu and Al4Cuy phases and f is the fraction of
these strengthening phases. In practice dislocation strengthening should also be considered as
an active mechanism. However, because the structure of these materials was very complex and
contained many nano elements, the dislocation density was only roughly determined and the
sample after 200 revolutions revealed a large scatter of o4s = 50-100 MPa. Using data obtained
in this study in equations (1) and (2) permits a direct estimate of the microhardness of the
fabricated hybrid composites.

Using this approach and taking ~0.9% of Cu in the matrix as solid solution, d ~ 240 nm,
dprec ® 30 nm and f = 2.5%, the microhardness of the disk after 20 turns is calculated as Hv ~
224 + 30. After 200 turns and taking ~5.65% of Cu in the matrix as solid solution, d = 90 nm,
dprec ® 15 nm and f = 10.2%, the microhardness is calculated as Hv ~ 435 + 35. Both results are
in excellent agreement with the experimental results as documented in Fig. 8. In practice, the
presence of the intermetallic phases makes the largest contribution to the overall microhardness

and for the sample processed through 200 turns this contribution is more than 50%.
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The results presented in this study on the mechanical bonding of dissimilar metals by HPT
demonstrates a very significant potential for the synthesis of nanocrystalline intermetallic-
strengthened hybrid materials exhibiting extraordinary mechanical properties. It appears that
the deformation-induced bonding of the Al and Cu phases gives a multi-layered structure and
thereby provides a major driving force for the formation of the Al.Cu and Al4Cuy intermetallic
phases. It is reasonable to anticipate the occurrence of similar effects when processing other

dissimilar metal disks.

5. Summary and conclusions

» The synthesis of a new Al-Cu alloy system was demonstrated using conventional HPT

processing at room temperature under 6.0 GPa at 1 rpm.

* HPT of the initial stack of Al-Cu-Al resulted in a strong joining of all layers, a
fragmentation of Al and Cu layers, and their mixing and formation of a fine lamellar

structure.

* HPT processing of this bimetallic system led to a strong grain refinement down to a
grain size of ~10-20 nm which was accompanied by a very high microhardness and

tensile results of about ~450 Hv and ~910 MPa of UTS.

* HPT promotes the solid-state reaction of Al and Cu elements so that there is the
formation of Al.Cu and Al4sCuy phases as well as the dissolution of Al and Cu

components in each matrix

« The major contribution to the overall strength or hardness is given by the intermetallic

nanoparticles and it was estimated at about 50%.
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Captions

Fig. 1 The vertical cross-sectionof the Al-Cu system after HPT processing at room temperature

under a pressure of 6.0 GPa for 20, 50, 150 and 200 turns

Fig. 2 SEM BSE images of the Al-Cu-Al sample after 20 turns. a) an overall image of the
central region, with enlarged images of the microstructure in b) Al and c) Cu regions.

Microstructure image in the edge region d) and e).

Fig. 3 SEM BSE cross-sectional images of the Al-Cu-Al sample after 200 turns. (a) an overall
image of central region, showing misalignment between the upper and lower anvils (arrows
mark the centres of each anvil) with enlarged images of the microstructure (b). An overall
microstructure image in the edge region (c) and high magnification images showing the

formation of nano-lamellar structure (d) and intermetallic phases (e).

Fig. 4 STEM bright-field images of the microstructure taken at the disk edge after HPT for 20
turns (a) low magnification and (b) high magnification. (c) HAADF image of the microstructure
with marked place of the line EDX scan with corresponding scanning results (d) as a plot of

atomic percentage with respectto the scanning distance for Cu and Al elements.

Fig. 5 STEM images taken at the disk edge after HPT for 200 turns showing (a) an overall
image of lamellar structure, (b) HAADF image showing the distribution of Al and Cu elements
in this lamellar structure, (c) high magnification image of a bimodal structure and (d) HAADF

image and a corresponding composition maps of Al and Cu.

Fig.6 (a) SAED patterns taken at the disk edge after HPT for 200 turns and (b) a dark field

image from Al,Cu (110) ring.

Fig. 7 XRD patterns from Al-Cu-Al system in an initial state and after HPT for 20, 50, 150

and 200 turns.
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Fig. 8 Microhardness distributions maps for the Al-Cu-Al system after HPT for 20, 50, 150

and 200 turns.

Fig. 9 Typical tensile engineering stress-strain curves for Al-1050 and 99.95Cu alloys in
initial states and after HPT processing together with curves for the Al-Cu-Al system after

HPT for 20, 50, 150 and 200 turns.
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Table 1 The results of engineering tensile tests for initial materials and the Al-Cu-Al

nanocomposites fabricated by HPT

Sample YS [MPa] UTS [MPa] Elongation [%]

Cu as-annealed 220 +5 280 £ 11 14 +4.8
Al as-annealed 703 90 +5 11.5+6.1

Cu HPT 10 turns 430 +11 525+ 15 4+20
Al HPT 10 turns 110+ 7 200 + 14 10.3+ 3.1
Al-Cu-Al HPT 20 turns 280 +21 420 + 30 3.1+1.1
Al-Cu-Al HPT 50 turns 370 £ 27 460 + 25 1.5+0.6
Al-Cu-Al HPT 150 turns 540 + 23 710 + 34 1.7+0.3
Al-Cu-Al HPT 200 turns 680 + 22 910 + 16 22+05
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A-CuAl  HPT. 60GPa,RT, 1rpm

Fig. 1 The vertical cross-section of the Al-Cu system after HPT processing at room temperature under
pressure of 6.0 GPa for 20, 50, 150 and 200 turns.

Disk Centre

Disk Edge

E S

Fig. 2 SEM BSE images of Al-Cu-Al sample after 20 turns. (a) an overall image of central region, with
enlarged images of the microstructure in (b) Al and (c) Cu regions. Microstructure images in the edge
region (d) and (e).



Fig. 3 SEM BSE cross-section images of Al-Cu-Al sample after 200 turns. (a) an overall image of central
region, showing misalignment between the upper and lower anvils (marked centres of each anvil)
with enlarged images of the microstructure (b). An overall microstructure image in the edge region

(c) and high magnification images showing the formation of nano-lamellar structure (d) and
intermetallic phases (e).
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Fig. 4 STEM bright-field images of the microstructure taken at the disk edge after HPT for 20 turns (a)
low magnification and (b) high magnification. (c) HAADF image of the microstructure with marked
place of the line EDX scan with a corresponding scanning results (d) as a plot of atomic percentage
with respect to the scanning distance for Cu and Al elements.



Fig. 5 STEM images taken at the disk edge after HPT for 200 turns showing (a) an overall image of
lamellar structure, (b) HAADF image showing the distribution of Al and Cu elements in this lamellar
structure, (c) high magnification image of a bimodal structure and (d) HAADF image and a

corresponding composition maps of Al and Cu.
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Fig.6 (a) SAED patterns taken at the disk edge after HPT for 200 turns and (b) a dark field image from
Al>Cu (110) ring.
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Fig. 7 XRD patterns from Al-Cu-Al system in a initial state and after HPT for 20, 50, 150 and 200 turns.
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Fig. 8 Microhardness distributions maps for Al-Cu-Al system after HPT for 20, 50, 150 and 200 turns.
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Fig. 9 Tensile test curves for AI1050 and Cu99.95 alloys in initial states and after HPT processing
together with curves for Al-Cu-Al system after HPR for 20, 50, 150 and 200 turns.



