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Abstract Multilayered bulk AI-Cu—Al metal-matrix composite was fabricated by means of high-pressure
torsion and subsequent annealing. The resulting composite had a heterogeneous structure consisting of ductile
aluminum matrix and hard intermetallic inclusions with a gradient decrease in grain size and layer thickness
when moving from the center to the periphery of the sample. Precipitation of Al,Cu intermetallic phase
was revealed at the edge of the sample in the as-deformed state. Post-deformation annealing initiated the
emergence of AICu and Al4Cug intermetallic precipitates with increased hardness compared to strain-induced
Al;Cu particles. The growth kinetics of intermetallic compounds was obtained using precise X-ray phase
analysis. It was found that the initial growth of intermetallic phases at temperatures 150-210°C depends on
time ¢!/2, indicating the bulk diffusion-controlled growth. The growth activation energy of Al,Cu and AlCu
phases was calculated to be 0.48 and 0.33 eV, respectively. The results obtained contribute to an understanding
of the kinetics of annealing-induced growth of intermetallic phases and the corresponding evolution of strength
characteristics in AI-Cu—Al composites. It was revealed that thermal treatment regimes resulting in enhanced
mechanical properties are associated with moderate time and temperature of annealing, which allows avoiding
partial dissolution of strengthening phases. The applied approach of phase kinetics analysis can become the
basis for the development of new energy-efficient heat treatment modes of in situ Al-based composites allowing
to govern their heterogeneity type and tailoring the mechanical properties of the material.

1 Introduction

Inrecent years, the attention of many researchers has been attracted to aluminum-based metal matrix composites
(MMC), due to their high specific strength, hardness, wear resistance and fatigue strength [1-5]. One can
distinguish two types of composites. Namely, those that are ex situ composites, where the reinforcing particles
are incorporated into the matrix, and in situ composites, where hardening is realized via phase transition-induced
emergence of precipitates [6,7]. Both approaches allow obtaining composites with unusual combinations of
strength-to-weight ratio stiffness, high-temperature performance and hardness.

Composites fabricated by the ex situ method suffer from limitations originaing from the weak bond between
the particles and the matrix and inhomogeneous distribution of reinforcing particles [4,8], meanwhile having
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low cost and manufacturing simplicity [9] that provides a wide range of applications for these materials
[7,10,11]. In sitt MMC are more exigent in terms of technology and production expenses nevertheless being
in high demand due to several advantages such as thermodynamical stability, strong interfacial bonding and
uniform reinforcing particles distribution [8]. A wide range of approaches of MMC production are being
developed due to their high relevance in frames of potential applications. Among existing MMC synthesis
techniques, one can recall powder metallurgy [12], stir casting [13], reactive slag process [14], squeeze casting
[15], spray deposition techniques [16], flux assisted synthesis [17], cold rolling [18] and diffusion bonding
[2]. However, processing features of composites are not always well established, and associated physical
mechanisms are not deeply understood [6]. Filling this gap is a prerequisite for improving the performance of
in situ MMC in frames of commercial applications.

Numerous investigations of Al-based in situ composites have been performed up to date addressing features
of their synthesis and operation performance [9-12,14-16,18]. It is widely recognized that the properties of
MMCs are controlled by the size, morphology and volume fraction of the reinforcements as well as the
nature of the matrix—reinforcement interfaces. Severe plastic deformation was found to be an effective tool
for managing the above-mentioned parameters. This method has been successfully used for formation of
homogeneous composite structures in Al-Mg [2,19], Al-Cu [20], Al-Ti [21], Zn—-Mg [22] Cu-steel [23],
bronze-Nb [24], Cu-graphene [25] and many other systems [3]. Among all considered systems, the Al-Cu
combination is the most ductile one due to high symmetry fcc lattice of both components meanwhile having
several intermetallic compounds on the mutual solubility diagram [26] that allows to reach high values of
both ductility and hardness by appropriate choice of thermo-mechanical treatment. The possibility of structure
management is of particular importance because the maximum use temperature of the composite is defined by
the temperature of the strengthening precipitates coarsening.

High-pressure torsion (HPT) is a method associated with a high energy impact on the material where part
of the strain energy can be dissipated via nonequilibrium phase transition emergence [27,28]. This feature
was successfully used for the synthesis of Cu—Al [20] bulk composites with extreme hardness at the disk
peripheries and with low hardness at the disk centers. Increase in hardness can be explained by the HPT-
induced promotion of the solid-state reaction [29] in constrained metals where the mutual dissolution of Al
and Cu is accompanied by the formation of Al,Cu, AlCu and AlsCug intermetallic phases [3]. One should keep
in mind that final mechanical properties of the MMC are defined by the chemical composition and distribution
of intermetallic precipitates which in turn is the result of enhanced strain-induced diffusion due to the presence
of numerous lattice defects. Among possible ways to increase the homogeneity of the MMC, one can recall
post-deformational thermal treatment associated with phase composition evolution.

Establishing thermal treatment regimes allowing to reach some definite level of mechanical properties is not
possible without knowledge of the kinetics of phase transformations in the studied systems in nonequilibrium
conditions. This feature has been poorly addressed in the literature [3,29]. Thus, it was shown that estimated
diffusion coefficients during HPT are 10'>-10% times higher than for conventional lattice diffusion and
are comparable to surface diffusion [3]. In [30], the activation energy of intermetallic phases was analyzed,
however, without any correlation with mechanical properties evolution during the phase composition change.
Apparently, this factor can be of particular importance for revealing the parameters defining the strength of
the material.

In order to establish the connection between the kinetics of intermetallic phase growth and evolution of
mechanical properties, we have performed a pioneering detailed investigation of phase composition evolution
upon annealing and analyzed the correlation of the latter with mechanical properties of AI-Cu—Al hybrid
composite. The proposed approach—the detailed analysis of contribution of intermetallic phases to the total
strength of the material—allows to provide new fundamental insights for possible ways of structure optimiza-
tion.

2 Experimental details

The experiments for synthesis of Al-Cu composite was performed using conventional metal rods of 99.3—
99.5 wt% purity Al and 99.90 wt% purity Cu. The initial rods were subjected to preliminary annealing at 400
and 900°C for Al and Cu, respectively. The annealed rods had a diameter of 12 mm and were sliced to 0.25 mm
thickness discs. Mechanical bonding was performed using a constrained high-pressure torsion machine [27].
Three disks in material sequence Al-Cu—Al (see Fig. 1a) were placed together in a circular groove of the
lower HPT anvil. MMC samples were obtained by shear deformation under pressure on Bridgman anvils



Annealing-induced phase transformations and hardness evolution 1817

Al

(u

Al

pam—

(a) (b)

Fig. 1 Scheme of stacking Al and Cu layers (a) and general view of the Al-Cu—Al composite sample obtained by constrained
high-pressure torsion (b)

with 12mm diameter and 0.25 mm depth grooves, at a pressure of 5GPa, 10 revolutions and a speed of 1
revolution per minute at room temperature. Preliminary experiments revealed that solely compression impact
not accompanied by torsion does not lead to the bonding of contacting layers and shear deformation is required
for bulk composite formation. The minimum number of revolutions required to obtain the bulk in situ composite
at the pressure of 5 GPa was found to be 10. The typical appearance of the composite samples obtained in the
above described conditions in the as-processed state is shown in Fig. 1b.

Samples were isothermally annealed at temperatures of 150, 170, 190 and 210 °C in a time interval from 1
to 120 min. The annealing time intervals were a subject of subsequent increase in order to follow the nonlinear
kinetics of intermetallic phase growth.

The kinetics of phase transformations in the obtained composite was studied on the entire surface of
the cross section of the sample by means of the X-ray phase method using Cu-Ku radiation. For accurate
quantitative phase analysis, the diffraction patterns were recorded on a Rigaku Ultima IV using a narrow
parallel high-intensity X-ray beam, and the volume fraction of phase precipitates was calculated using the
Rietveld method, which made it possible to determine the phase fraction with an accuracy of not worse than
0.2%. The microstructure after microhardness measurements was studied on a Carl Zeiss ISM-5 laser scanning
microscope in optical mode.

To analyze the microstructure and phase composition after HPT and annealing, a scanning electron
microscope (SEM) TESCAN VEGA 3SBH equipped with energy-dispersive spectrometry (EDS) was used.
Microstructure investigations were performed by means of a phase contrast-based backscattering electron
detector for local phase identification. The energy-dispersive analysis was conducted along the sample thick-
ness and radius in order to estimate the overall degree of uniformity.

Transmission electron microscopy (TEM) studies were performed on a JEM 2100 Plus microscope at
accelerating voltage of 200kV. The electron diffraction pattern was taken from a area of 2 jLm?.

Microhardness was measured by an Vickers method on an AFFRI DM8A microhardness tester with an
indentation load of 10 g.

3 Results and discussion
3.1 Microstructure in as-deformed state

As was shown previously in [20] by means of an SEM analysis of the cross section of the deformed Al-Cu—
Al composite, the sample has bulk porousless structure with inhomogeneous component mixture along the
sample radius. White region on the micrographs represents a Cu-rich phase, and the gray region represents the
Al-based phase (Fig. 2). In the central part highlighted with a square 1, the sample has three layers. A more
uniform cross-sectional structure is observed in the area near the middle of the radius highlighted with a square
2 (Fig. 2c¢), and the highest mixing degree accompanied by formation of nanolaminated structure is observed
in the vicinity of the sample edge, where the thickness of the nanolayers does not exceed 100 nm (Fig. 2d). In
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general, this gradient of mixing degree corresponds well to the strain distribution in sample after HPT which
grows monotonically upon the radius increase [27]. This is obviously due to the fact that nonequilibrium
mechanical alloying is an effective channel of strain-induced energy dissipation whose effectiveness should
increase with deformation degree growth.

Energy-dispersive analysis allows to quantify the mixing degree of the components in different sections of
the composite sample. The contrast of the images and the components distribution curves reveal the presence
of solely Al and Cu without any intermetallic phases (Figs. 3a—c).

A detailed study of the composite structure in as-deformed state at high magnifications was carried out by
means of TEM. An ultrafine-grained single-phase structure with equiaxed defect-free grains of about 0.8pum
in size was revealed in the Al layers at mid-radius (Fig. 3a). The grain boundaries in the Al phase are straight
and have relaxed structure and banded contrast, which indicates that dynamic recrystallization occurred in
the aluminum component of the composite during HPT. No precipitations were observed in the mid-radius
area. Near the disc edge in the areas of the active mixing of the components (Fig. 3b), individual nanoscale
nucleation of the Al,Cu intermetallic phase appears in the nanolayer structure, which is clearly distinguishable
in the cross section (Fig. 2). Due to the small grain size, the electron diffraction pattern (SAED pattern) has
an almost circular appearance. On the electron diffraction pattern, along with reflections from Al and Cu,
reflections with large interplanar spacings corresponding to the Al,Cu phase are visible.

3.2 Phase transformations upon annealing

Annealing treatment was performed in order to obtain composites with inclusions of additional intermetallic
phases. The Al-Cu phase diagram is characterized by many intermetallic phases with complex mutual rela-
tionships occurring in all regions of the phase diagram [26]. Thus, several intermetallic phases may appear in
the temperature range below 500 °C: Al,Cu (9), AlCu (12), Al3Cuy (£2), Al,Cu3 (8) and Al4Cug (y1). The
most common phases are Al,Cu, AlCu, and AlsCug. It also follows from the Al-Cu binary phase diagram
that a very small proportion of Cu can be dissolved in Al, while 18% of Al can be dissolved in Cu, i.e., phase
transformations in the system are ensured mainly due to the diffusion of Al atoms in Cu.

Annealing temperatures were selected based on DSC measurements, which showed the presence of a
wide peak in the temperature range 150-450°C. An X-ray phase analysis of the composite immediately
after deformation, along with Al and Cu, revealed 0.5% of the Al,Cu phase. As expected, the formation of
the maximum fraction of intermetallic compounds occurred after annealing at a maximum of the DSC peak
temperature—450 °C (Fig. 4). The total proportion of intermetallic phases in the composite after annealing
at 450° for 30min was 49.5%. In this case, the Al,Cu, AICu, Al4Cug intermetallics were detected in the
composite, which, on the whole, agrees with the observations of other authors studying Al and Cu bonded
with different deformation methods [3,31,32].

Figure 5 shows the microstructure and EDS data in different parts of the sample after annealing at 450 °C
for 30min. As can be seen in the SEM images, in addition to dark areas corresponding to Al and white
areas corresponding to Cu, layers of dark gray, gray and light gray color with clear boundaries are revealed.
Energy-dispersive analysis showed that the dark and white areas consist of Al and Cu, respectively, and when
passing from dark gray to gray and light gray layers, the ratio of Al and Cu changes stepwise and the EDS
for individual points showed that the observed gray zones correspond to Al,Cu compounds, AlCu, Al4Cuy,
with Al4Cug layers adjacent to Cu layers, and Al,Cu layers to Al. The maximum proportion of intermetallic
phases is observed near the edge of the disk sample, which is associated with maximum shear deformation at
the edge and, consequently, with the formation of a highly defective ultrafine-grained structure, providing the
best conditions for mechanical alloying of components.

3.3 Microhardness evaluation

The microhardness (HV) measurements along the radius line of the sample from the center to the edge of the
composite are shown in Fig. 6. The intervals of HV values corresponding to the intermetallic phases Al,Cu,
Al4Cug, AlCu, Al3Cuy are highlighted and shaded [17], obtained by statistically reliable measurements on
the longitudinal section of the sample on large grains of intermetallic phases Al,Cu, Al4Cug, AlCu, Al3Cuy
identified by EDS analysis [32]. It is seen that before annealing, the microhardness generally increases with
distance from the center and reaches maximum values near the sample periphery, which is apparently associated
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Fig. 2 BSE image of the Al-Cu—Al sample in the as-processed state at a small magnification (a) microstructure details in the
center (1), at mid-radius (2), at the peripheral area (3). Elemental distribution along the line in the form of a graph of relative
intensities with relation to the scanning distance for Cu and Al, in the center (b), at mid-radius (c) and in the peripheral area (d)
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Fig. 3 Microstructure (TEM) of an Al-Cu—Al composite: a at mid-radius, b in the peripheral area, ¢ electron diffraction pattern
(SAED pattern) from the peripheral area
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Fig. 4 XRD of the Al-Cu—Al samples before (red line) and after annealing at 450° for 15 min (blue line) (color figure online)

with a greater degree of strain and greater hardening at the sample edge. However, microhardness values vary
nonmonotonically. In the center, where the fraction of interphase boundaries is small, the microhardness
values do not differ much. With increasing distance from the center, the spread in HV values increases, which
is obviously associated with different microhardness of the components, inhomogeneous sizes of structural
components and hardening at the Al/Cu interfaces.

A certain decrease in the HV of the aluminum matrix, which is especially clearly seen in the center of
the sample, is obviously the consequence of annealing-driven recrystallization. The appearance of points with
high HV values at the distance of 2 mm or more from the center is due to the formation of intermetallic phases
during annealing. A comparison of the obtained microhardness values with measurements on the identified
intermetallic phases indicates that the main phase after annealing is AlCu. Overall, the structure obtained
in the composite can be characterized as heterogeneous, consisting of a ductile aluminum matrix and hard
inclusions of intermetallic compounds with a gradient increase in microhardness from the center to the edge
of the sample.

In order to estimate the distribution of intermetallic phases in the composite after annealing and analyze
their contribution in the structure of the sample, the analysis of microhardness values with subsequent chemical
analysis of different phases was performed. Figure 7 shows the measurement scheme on the area located in
the middle sample radius where microhardness prints are sequentially numbered and the obtained values are
provided in Table 1.

Analysis of microhardness measurement of composite components reveals that most of intermetallic phases
are formed along the initial Al-Cu boundaries formed during the HPT process. The copper enriched phase
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Fig. 5 BSE image of the Al-Cu—Al sample after annealing at 450 °C for 30 min at small magnification (a) the area in white square
represents the typical microstructure type in the center (1), at mid-radius (2), at the peripheral area (3). Elemental distribution
along the line in the form of a graph of relative intensities with relation to the scanning distance for Cu and Al, in the center (b),

at mid-radius (c¢) and in the peripheral area (d)
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Fig. 6 Microhardness of Al-Cu—Al composite in as-processed state and after annealing at 450 °C during 30 min and comparison
with microhardness values for Al,Cu, Al4Cug, AlCu, Al3Cuy [32]

Fig. 7 Scheme of cross section microhardness measurement of AI-Cu—Al composites after annealing at 450 °C during 30 min.
Reddish color corresponds to Cu phase, light grey goes for Al, and darker shades of gray correspond to annealing-induced

intermetallic phases. The values of microhardness and chemical composition of numbered prints are given in Table 1 (color figure
online)

AlyCug layer located near the Cu phase has the highest microhardness values among all measured components.
Another intermetallic phase Al,Cu is adjacent to the pure Al part. Particles of the equiatomic composition
phase AICu were discovered at the interface between the two previously mentioned phases. The problem with
the mismatch of microhardness values for points 4 and 12 in Table 1 is the results of the features of the EDS
analysis. Results of phase identification in EDS depend on the interphase boundary tilt angle and the analyzed
volume of the material that cannot be smaller than some critical value. It should be mentioned that the minimal
critical volume required for EDS analysis is in some cases larger than the microhardness print size. According
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Table 1 Microhardness values and local chemical composition of prints shown in Fig. 7

Measurement no. Al, wt% Cu, wt% Phase HV
1 97 3 Al 48
2 70 30 Al,Cu 337
3 64 36 AlL,Cu 578
4 N/D N/D N/D 541
5 98 2 Al 26
6 0 100 Cu 82
7 0 100 Cu 93
8 18 82 Cu 421
9 26 74 AlyCug 778
10 32 68 AlyCug 865
11 50 50 AlCu 655
12 N/D N/D N/D 381

to these reasons, it was concluded that the precise measurement of the local chemical composition in points 4

and 12 was not possible, which is reflected in Table 1 accordingly as not definable (N/D).
An analysis of the evolution of the chemical composition of the phases upon distancing from the pure metal

indicates that their formation is highly likely the result of annealing-induced lattice diffusion. However, this
statement can be confirmed after analyzing the kinetics of phase formation during annealing.

3.4 Growth kinetics of intermetallic phases

To analyze the kinetics of phase transformations, annealing was carried out at low temperatures: 150, 170, 190
and 210 °C. The phase transformation rate was estimated according to X-ray phase analysis during isothermal
annealing after selected time intervals. Figure 8 shows the evolution of the volume fractions of the Al,Cu,
AlCu, and AlsCug phases as a function of square root of the annealing time for isothermal annealing at
temperatures of 150, 170, 190 and 210 ° C. The fraction of intermetallic phases grows upon the annealing time
increase for all analyzed temperatures, but the growth turned out to be nonmonotonic. It is clearly seen that
in all the graphs, two growth periods can be distinguished—in the first period, the most intensive growth of
the volume fraction of all phases occurs followed by stabilization, and then, in the second stage, the volume
fraction of phases slowly increases.

Such a double step character of the curves indicates that the process of growth of intermetallic phases in
the Al-Cu—Al composite obtained by severe deformation develops in two stages. The first one corresponds to
nucleation of Al,Cu intermetallides at the boundaries of the Al/Cu layer joint at room temperature. Supersatu-
ration of Al and Cu solid solutions and high density of defects can promote the formation of Al,Cu phase even
before the annealing. The second stage takes place during annealing when the AlCu phase is formed at the
boundaries of the Al,Cu and Cu components, followed by Al4Cug phase nucleation and growth as shown in
Fig. 5. Such a sequence of intermetallics was also observed in [31]. The high defect density accumulated during
deformation, specifically point defects [33], contributes significantly to mass transfer in crystals and promotes
diffusion and formation of solid solutions at the Al/Cu boundaries, which in turn results in the formation of a
small fraction (about 0.5%, see Fig. 8) of the Al,Cu phase already at room temperature and the growth of all
three intermetallic phases at the initial step of annealing.

At the first stage, the growth of intermetallic phases is limited by solid solutions depletion. Depletion
of the adjacent layers and annealing-induced decrease in defects density result in temporary stabilization of
intermetallic compounds fraction. Another reason for growth retardation is the fact that the newly formed
layers of Al,Cu, AICu, Al4Cug compounds become an obstacle to the diffusion of Cu and Al atoms from
one layer to another. Therefore, in the second stage, the growth rate is significantly reduced. The first stage
of growth turned out to be much longer at lower annealing temperatures of 150 and 170 °C; here, the volume
fraction of intermetallic phases increased sharply during the first 5 min. With an increase in temperature to 190
and 210 °C, depletion of the solid solution occurs faster and the steps on the curve shift to shorter times.

The relationship between the volume fraction of intermetallic compounds and the annealing time at a
certain temperature can be described by the formula

V =W+ K",
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Fig. 8 The volume fraction of the Al,Cu, AlCu and Al4Cug phases as a function of time during annealing at 150, 170, 190 and
210°C

where V is the volume of the phase, V) is the initial volume, K is the temperature-dependent growth rate
constant, ¢ is the annealing time, and r is the exponent. If the phase growth process is controlled by volume
diffusion, n is equal to 1/2, and when controlled by grain-boundary diffusion, # is 1/3 [34]. The experimen-
tal data for all analyzed annealing temperatures showed better agreement with the approximation of '/ (see
Fig. 8), which indicates that the growth of intermetallic compounds AICu and Al,Cu in the composite obtained
by the SPD of the initial plates of pure components is controlled by volume diffusion. Similar dependences
were obtained by other authors for the formation of Al,Cu intermetallic compounds on deposited [14] and
electrodeposited Al-Cu layered samples [35]. One should also mention that for the Al4Cug phase the depen-
dence of the phase volume on the annealing time was nonmonotonous. Partial dissolution of this phase was
observed at 150 °C and 170 °C in the annealing time interval 5—15 min. This fact did not allow us to perform
the activation energy estimation for this case. To calculate the activation energy at the initial stage of growth,
we used measurements of the volume fraction of the Al,Cu and AlCu phases at all annealing temperatures in
the time interval of 1-20 min (Fig. 8).

The activation energy of phase growth can be obtained from the Arrhenius equation for the temperature
dependence of the growth rate s:

s = spxe (—Ea/RT)

where Ky is the pre-exponential factor, E, is the activation energy, R is the universal gas constant, and 7 is
the absolute temperature (K ). Representing this equation in a logarithmic form, we obtain

Ins = Insg — E3/RT,

which allows us to calculate the activation energy of intermetallic phases from the plotIn (s) = f(1/) (Fig.9).



Annealing-induced phase transformations and hardness evolution 1825

0-6 L) L] L) L) L) L)
] 1.0
0.4r Al Cu 1 "
02l P sl AlCu ]
0.0} . - .
"L ] 1.4F ' |
v -0.2F LIS ] _ s
~ -0.4} . E ¥ 1.6} . E
= .. = .
< .06} . = 48l - i
-0.8} y =-5258.8x + 11.58 T. - y =-3871.3x + 6.9342 . . .
A.0f o] 2.0t . ]
121 (a) LIS 2.2} (b) R
14—

21x10°  2.2x10°  2.3x10°  2.4x10° 2.0x10°  2.1x10° 2.2x10° 2.3x10° 2.4x10°
Ins Ins
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Thus, for the Al,Cu phase calculations were performed as follows:

E, = R x tga;
tgoe = 5528,8; R = 8314]/(K mol),
E, =45966]/mol = 0.4764041eV.

Similar calculations for the activation energy of AICu gave values:

tga = 3871.3,
E, = 32170.5J/mol = 0.33eV.

According to these calculations, the growth of intermetallic compounds in the composite upon annealing
occurs due to the predominant diffusion of Cu atoms in Al. The experimental activation energy obtained in this
work turned out to be significantly lower than the activation energy of bulk diffusion of Cu in polycrystalline
Al, which is 1.4eV [36]. In [32], in the Cu/Al composite obtained by cold rolling, the activation energies for
CuAlp were 97.5kJ/mol (1.01eV) and for Al4Cug 107.85 kJ/mol (1.12eV), and in the electrodeposit layered the
Cu/Al composite (electroplated Cu/Al laminar composites), the activation energy for Al,Cu was 25.47 kJ/mol
(0.26eV) and 34.16kJ/mol (0.35eV) for Al4Cug [35], which the authors attributed to pores and defects in
the crystal structure. Different values of the activation energy of the intermetallic compounds growth are
associated, obviously, with differences of their processing route. The activation energy values closest to those
calculated by us were obtained in [37]. The activation energy obtained in an Al—3 wt% Cu alloy subjected to
HPT for Al,Cu was 47.9kJ/mol (0.49¢eV) and 50.2kJ/mol (0.52eV) when calculated by models for bulk and
grain boundary diffusion, respectively [38].

4 Phase transformation-induced evolution of mechanical properties

Mechanical tests of the metal-matrix composite revealed the average value of the ultimate tensile strength to
reach 485 MPa. This exceeds by several times the ultimate tensile strength of the initial components obtained
under same conditions (~ 80 MPa and ~ 190 MPa for pure Al and Cu, respectively [39]. Thus, the ultimate
strength of heterostructure type AlI-Cu—Al composite is much higher than that predicted by the mixture rule
[37] that can be explained by the so-called hetero-deformation-induced back stress [40] being caused by the
presence of high density of geometrically necessary dislocation in the material subjected to severe strain. This
type of dislocations is emerged in the soft phase (Al) in the vicinity of the phase boundary. The formed pileups
can increase the soft phase strength up to values comparable to that of the hard phase. The overall hardness of
the composite in this case can be higher than the mechanical characteristics of both composite components.
The ultimate condition for this scenario is the presence of high pressure and shear strain or other mechanism
providing the tight bonding of components.

The presence of high defects density and internal strains after high-pressure torsion can promote the bulk
diffusion of components resulting in formation of intermetallic phases precipitates that in turn lead to drop of
dislocation density and formation of weak bonds in the areas of phase boundaries. Such phase transformations
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result in degradation of back stress and an overall decrease in the matrix microhardness and ultimate strength
with a corresponding change of the major deformation mechanisms realized during loading [39].

Another factor leading to the strength decrease is the layered structure of intermetallic phases (see Fig. 7)
accompanied by the poor joint quality that can serve as the hot spot for crack initiation. However, this hypothesis
requires further investigations before being ultimately claimed.

5 Conclusions

In summary, in the present work, we have performed an extended analysis of microstructure, mechanical
properties and phase composition in an Al-Cu—Al composite obtained by HPT in as-deformed and annealed
states.

e The microstructure after HPT has a heterogeneous submicron grained multilayered type with a gradual
decrease in size from the center to the edge. A small amount of Al,Cu precipitations in the as-deformed
state was revealed both by TEM observations and XRD phase analysis.

e Three intermetallic sublayers Al,Cu, AlICu and Al4Cug with an increased microhardness value were grad-
ually formed and developed in the composite during annealing. The volume fraction of these intermetallic
phases increased consistently with increasing annealing time and temperature.

o The growth kinetics of intermetallic compounds was analyzed and found to follow the patterns of a diffusion-
limited process. The activation energy of intermetallic phase growth was estimated and revealed to be
much lower than the bulk diffusion value. The difference may result from extremely high concentration of
defects, e.g., vacancies, pores and grain boundaries in the structure of composite after HPT that drastically
promotes the diffusion of Cu atoms accelerating the formation and growth of the Al,Cu, AlCu and Al4Cug
intermetallics in the studied composite.

e It was shown that maximal microhardness values are revealed in the AlgCuy phase that undergoes a partial
dissolution during long-term annealing. This fact allows to propose that thermomechanical treatment
regime associated with improved mechanical properties should be performed in limited time at moderate
temperature in order to avoid the strengthening phase dissolution.

Summarizing the above-mentioned findings with analysis of mechanical properties [39], one can conclude
that maximal level of tensile strain corresponds to the HPT-induced mixture of initial components with 0.5%
of the Al,Cu phase (according to XRD data, see Fig. 4). However, this structural state is not stable even at
room temperature. After the annealing at 450 °C, nucleation and growth of intermetallic precipitates result in
degradation of both strength and ductility. Thus, for obtaining the structure with both thermal stability and
fair mechanical characteristics, knowledge of kinetics of corresponding to intermetallic phases nucleation and
growth can be an essential factor allowing to control the dynamics of structure evolution upon annealing.

The Arrhenius plot given in Fig. 9 allows to select the regimes corresponding to the maximal intensity
of intermetallic phase nucleation while avoiding their growth (T = 150-170°C, t < 2-3min). This type of
structure is expected to be characterized by enhanced thermal stability together with elevated mechanical
characteristics.

Based on the performed research, one can conclude that the main factors governing the mechanical charac-
teristics of AI-Cu—Al composites are initial (i) structure (in)homogeneity, (ii) presence of hetero-deformation-
induced back stress and (iii) annealing-induced formation of intermetallic phases. This work contributes to the
analysis of the mentioned factors providing the basic insights for thermal treatment regimes aimed at creating
maximal density of intermetallic precipitates of minimal size that, in turn, increase the role of precipitation
strengthening in the complex of mechanical properties in the Al-Cu—Al hybrid composite.
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