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The effect of temperature was investigated on the consolidation of blended elemental powders of 
aluminum and copper by equal channel angular pressing (ECAP). Aluminum and Copper powders 
(1:1% vol.) were blended and consolidated in a 90° ECAP die at room (RT) and cryogenic temperatures 
(CT - ~77 K). ECAP samples were pressed until 4 passes at room temperature in route Bc. As a 
reference, a sample was obtained by conventional uniaxial pressing. The obtained results indicated a 
much denser (>99.5%) and harder structure by cryogenic ECAP. The hardness after one pass at CT was 
comparable with 4 passes at room temperature. Tensile tests performed at CT for materials with similar 
chemical composition showed a simultaneous increase in strength and ductility at CT, corroborating 
the results obtained by ECAP. The partial suppression of dynamic recovery and the activation and 
the transition between deformation mechanisms at CT, as well as stacking fault energies (SFE) of 
such metals, played an important role in these results. Copper presented a much higher capability 
of strain hardening than aluminum, due to its lower SFE and much lower homologous temperature. 
X-ray diffraction indicated a strong correlation between the variation of average microstrain and the 
variation of hardness on both metals. The results of this study demonstrated the great potential of 
the application of very low temperatures for the obtaining of deformation metal-metal composites.

Keywords: Cryogenic deformation, equal channel angular pressing, powder consolidation, 
deformation processed metal-metal composite.

1. Introduction
The obtaining of bulk materials from powders is being 

used for a long time. The advantage of avoiding solidification 
issues, such as casting defects and segregation, has motivated 
the development of this technique for processing metals, 
especially the ones with high melting temperatures. Besides the 
great improvements on these techniques, the residual porosities 
are still an issue for conventional powder metallurgy (PM).

With the objective of avoiding conventional PM 
problems, Severe Plastic Deformation (SPD) techniques that 
were previously designed for processing of bulk materials, 
started to be used for powder consolidation. Among these 
techniques, Equal Channel Angular Pressing (ECAP)1-4 and 
High Pressure Torsion (HPT)5 are the most relevant for 
powder consolidation.

According to Xia6, particles consolidation by SPD has 
the advantage that the surface oxide layer of particles is 
shattered during plastic deformation, leading to the exposal 
of and direct contact between metal–metal surfaces. The SPD 
would also be responsible for filling gaps between particles, 

i.e., diminishing drastically the amount of porosities almost 
instantly. When compared to conventional PM, the densification 
obtained by SPD consolidation would be higher and would 
be achieved promptly, whereas conventional PM would need 
several minutes of sintering and higher energy expenditure6.

ECAP consolidation of particles have been widely 
discussed in literature for many different materials, as 
aluminum7,8, copper9, titanium10,11, metal matrix composites12-14, 
pre-alloyed powders15-17, and more recently, a mixture of 
dissimilar metallic powders are being studied18,19. The ECAP 
consolidation of dissimilar elemental powders can be 
considered a process for obtaining Deformation Processed 
Metal-Metal Composites (DMMCs)20.

DMMCs can be considered a subdivision of hybrid 
materials21-25 that were firstly designed for achieving great 
mechanical and electrical properties. Both matrix and dispersed 
phase are ductile metals that were heavily deformed by 
swaging, drawing, extrusion or rolling, which reduces the 
size of the phases, as well as the billet being processed20. 
Tailoring the microstructure of a composite by controlling 
the shape, size, distribution, and amount of the dispersed 
phase is crucial for achieving the desired properties26.*e-mail: ricardonamur@hotmail.com
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Obtaining DMCCs by ECAP comes up as a great 
advantage, as extremely high strains can be applied without 
any substantial changes in the overall dimensions of the 
samples. Also, SPD by ECAP may produce ultrafine-grained 
(UFG) materials27,28.

Studies regarding the cryogenic (~77 K) deformation 
of FCC metals have been developed to understand the 
microstructural evolution and its mechanisms29-34. The cryogenic 
deformation of metals rose as an effective route for partial 
suppression of dynamic recovery, thus, increasing the density 
of crystallographic defects. Furthermore, simultaneous 
improvement of strength and ductility was observed by 
cryogenic deformation. In this context, the cryogenic 
deformation of metals appears as a promising method for 
obtaining of DMMCs with an extremely refined microstructure.

Thus, this work focus on the obtaining of DMMCs by 
ECAP of blended elemental powders of commercially pure 
(cp) aluminum and copper at room (RT) and cryogenic 
temperatures (CT - ~77 K).

2. Experimental
Elemental powders of aluminum (Alcoa® - Al 99.2%, 

Si 0.4%, K 0.2%, Fe 0.2%) and copper (GA® - Cu 99.63%, 
Ca 0.23%, S 0.14%) were blended (without grinding) in a 
1:1 volume ratio. This ratio was chosen to maximize the 
number of interfaces of the material after consolidation, thus, 
maximizing the areas of interest for analysis. Aluminum and 
Copper were chosen due to their high ductility, favoring 
the deformation process. Such powders were analyzed by 
scanning electron microscopy (SEM) for the shape and size 
characterization. Size characterization was performed by 
measuring the maximum Feret’s diameter of 200 particles. 
The maximum Feret’s diameter is defined as the longest 
dimension from edge to edge of a particle.

Consolidation was performed in an ECAP die with a 
channel angle of 90° and with a constant back pressure of 
75 MPa. Pressing was performed by a manually operated 
hydraulic press and back pressure was applied by a previously 
calibrated pneumatic cylinder. Samples were obtained by 
a single pass at RT and at CT. The deformation at CT was 
performed with the submersion of the die in liquid nitrogen 
on an adapted styrofoam box. A picture of the system is 
displayed in Figure 1. Samples were also obtained with 
4 passes by route Bc, i.e., rotated 90° in the same direction 
after each pass, at RT. The estimated equivalent strain (ε) 
per ECAP pass in 90° dies is about 1, and minor changes are 
associated to the curvature angle (ψ) of the die3.

For comparison purposes, a reference sample (cylindrical 
tablet with 8 mm diameter) was obtained by conventional 
uniaxial pressing, with a maximum pressure of 1.5 GPa, at RT

After consolidation, samples were slowly cut along its 
longitudinal section by a water-cooled cut off machine to 
avoid substantial heating, which could bring misleading 
information on subsequent analysis. The obtained surfaces 
were prepared for metallography with sandpaper (600, 800, 
1200, 1500, 2000, 2500 grit) and mechanically polished 
with diamond paste (1 µm, 0,3 µm). Samples were not hot 
mounted to avoid substantial heating.

The polished surfaces were analyzed by optical microscopy 
(OM), which allowed the performing of automated image 

analysis, according to the ASTM E1245-03 standard35, for 
the volumetric fraction of porosities measurement.

For mechanical behavior characterization, the same 
polished surfaces were subjected to Vickers hardness 
tests. Indentations were obtained on individual particles 
of aluminum and copper before and after ECAP. Very low 
loads (10 gf for Al and 15 gf for Cu) were used to ensure 
that single particles were analyzed. Bulk measurements 
(500 gf) were also performed to analyze the composite itself. 
Twenty-five indentations were performed on each analysis, 
with 12 seconds each.

For a better understanding of the mechanical behavior of 
aluminum and copper under cryogenic deformation, tensile 
tests were performed at RT and CT, on annealed samples of 
commercially pure aluminum and copper. A strain rate of 
1.2x10-3 s-1 was used. CT tests were performed in an apparatus 
developed for the immersion of the sample underneath liquid 
nitrogen during the whole test. The tests were performed 
after temperature stabilization.

A SEM coupled with energy-dispersive X-ray spectroscopy 
(EDX) was used for the interface analysis of the consolidated 
samples. Compositional maps and line scans were obtained 
for all samples for the identification of possible interdiffusion 
along the dissimilar interfaces.

Chemical etching of the samples for grain boundary analysis 
has proven to be quite difficult, due to the dissimilarity of 
the particles. Thus, X-ray diffraction (XRD) was performed 
as a support technique for understanding the microstructural 
evolution of the different metals during ECAP. As well, 
XRD diffraction was used for the detection of intermetallics 
due to interdiffusion along dissimilar interfaces. Diffraction 
profiles were obtained in a conventional Cu target (Kα = 
1.5406 Å) diffractometer.

2.1. Initial powder characterization
SEM images of the initial powders of aluminum and copper 

are displayed in Figure 2A and B, respectively. Aluminum 
and Copper powders presented particles with similar sizes. 
Aluminum particles presented a rounded shape, with some 
moderately elongated particles and aggregates, with a 
measured maximum Feret’s diameter of 27.4 ± 4.8 µm. Copper 
particles, on the other hand, presented a mixture of spherical 
particles and larger irregular aggregates. Copper particles 
presented a maximum Feret’s diameter of 25.6 ± 5.2 µm. 

Figure 1. Picture of the ECAP system used for CT pressing.
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The average grain size measured from electron backscattered 
diffraction mappings (not shown here) was 3.2 ± 0.4 μm 
and 1.8 ± 0.4 μm for aluminum and copper, respectively.

3. Results and Discussion

3.1. Microstructure characterization
The consolidation of blended Al-Cu powders was 

successfully performed at RT with 1 and 4 passes, as well as 

1 pass at CT. The microstructure of the longitudinal sections 
of these samples can be observed in Figure 3A, B and C, 
respectively. The microstructure of the reference sample 
(uniaxially pressed) can be observed in (D).

In all samples, it can be observed that aluminum 
and copper behave differently, where aluminum formed 
a continuous matrix (blue matrix) and cooper particles 
(orange) formed isles. In Figure 3A and C, the shape of 
copper particles was extremely elongated due to the shear 
strain imposed by ECAP.

Figure 2. SEM images of the aluminum (A) and copper (B) powders.

Figure 3. Optical microscopy micrographs for the samples obtained with 1 pass at RT (A), 4 passes at RT (B), 1 pass at CT (C) and by 
uniaxial pressing (D).



Namur et al.4 Materials Research

Although the accumulated strain was higher after 4 passes, 
it can be observed that the elongated shape of particles is 
less pronounced than after 1 pass. This behavior can be 
associated to the use of Bc route, since it is expected the 
restoration of the distortion on an element after 4 passes by 
this route36. Moreover, some resemblance can be noticed 
between Figure 3B and D, once again indicating that the 
restoration of the distortion was achieved to some degree.

Automated image analysis was performed for volumetric 
porosity quantification and results are displayed in Table 1. 
The values obtained indicate that ECAP is an effective 
method for obtaining instantaneous highly dense bulk solids, 
however, some considerations need to be included for a better 
understanding of the mechanisms involved.

Initially, it can be observed that additional passes at 
RT led to higher densification. It is possible that the use 
of multiple ECAP passes led to an efficient closure of the 
remnant pores of the first consolidation process. As well 
described by Lapovok37,38, the ECAP shear strain along a 
high hydrostatic pressure (obtained using backpressure) 
lead to the elliptization of the defects and its closure. 
The structural homogeneity observed in Figure 3 indicates 
that 75 MPa of backpressure was sufficient for achieving 
such hydrostatic pressure.

When the sample consolidated with 1 pass at RT is 
compared to the uniaxially pressed reference sample, in 
Figure 3A and D, respectively, the second one achieved 
higher densification. Such difference can be explained by the 
processing pressure of both samples. The ECAPed sample 
was subjected to a maximum pressure of 400 MPa while was 
pressed through the channels, while the reference sample 
was uniaxially pressed until 1,5 GPa, which is much higher. 
An improvement of the densification of the ECAPed sample 
could be achieved with higher back pressure, however, it 
would demand a much more robust system.

On the other hand, when the densification obtained by 
1 pass at RT and CT are compared, a difference of about one 
order of magnitude is observed. In the sample of 1 pass at CT, 
only a few small porosities were observed, which indicates 
that the shear deformation at this temperature was more 
efficient for consolidation and pore closure. Such behavior 
will be further discussed in this paper.

3.2. Mechanical behavior of pure metals at 
different temperatures – Tensile tests

For comparison purposes and for a better understanding 
of the deformation behavior at CT, tensile tests were 
performed in commercially pure aluminum and copper 
samples. The engineering strain-stress curves are displayed 
in Figure 4 and the true stress-strain and the work hardening 
rate (first derivative of the true stress) are shown in Figure 5. 

Also, the main results are summarized in Table 2. Each metal 
is further discussed in sequence.

Cp aluminum tensile tests results indicate a great increase in 
yield (100%) and tensile strength (88%), as well as elongation 
for cryogenic condition (96%). At CT, yield strength rose, due 
to the partial restriction to conventional plastic deformation 
mechanisms of aluminum at low temperatures39. After yield 
point, aluminum underwent plastic deformation with a fast-
decreasing strain hardening rate, especially at RT. Aluminum 
is an example of a high-Stacking Fault Energy (SFE) fcc 
metal (SFE ≅ 165 mJ.m−2 at RT), facilitating the cross slip 
of screw dislocations and dynamic recovery, especially 
at higher homologous temperatures (Th = 0.32 at RT)40. 
The less abrupt decrease in the strain hardening rate at CT 
indicates that dynamic recovery was partially inhibited due 
to the lower homologous temperature (Th = 0.08 at 77 K).

Copper, analogously to aluminum, presented great increases 
in tensile strength (59.7%) and elongation (96%) for CT tests. 
The ductility improvement in CT may be associated with 
the large storage of defects and strain energy simultaneously 
with dynamic recovery inhibition at such low homologous 
temperature (Th = 0.06 at 77 K, while Th = 0.22 at RT)41,42. 
In addition, cryodeformation of copper induces mechanical 
twinning, besides dislocation glide, as observed in previous 
works, due to its low SFE (SFE ≅ 70 mJ.m-2 at RT)40,42. 
The occurrence of twinning and dislocation movement in 
CT is, possibly, the main reason for the high work hardening 
rate obtained and the ductility increase in this material, as 
seen in Figure 542,43. Once again, a higher work hardening 
rate was obtained at CT (Figure 5), indicating that dynamic 
recovery was efficiently inhibited and more microstructural 
defects were stored. Compared to cp aluminum, cp copper 
presents a higher strain hardening rate, thus, it can be strain 
hardened more efficiently according to the lower SFE.

Especially for copper, slip and twinning are considered 
competitive deformation mechanisms, and constitutive 
approaches were developed to predict the critical stress for 
twinning, as a function of external (temperature, strain rate) 
and internal (grain size, SFE) parameters44. It is known that 
lowering the SFE and deformation temperatures promotes 

Figure 4. Stress-strain behavior at RT and CT for cp aluminum 
and cp copper.

Table 1. Calculated volumetric fraction of porosities for different 
samples.

Volumetric fraction of porosities (%)
1 pass RT 2.86 ± 0.46

4 passes RT 0.40 ± 0.12
1 pass CT 0.37 ± 0.08

Uniaxial Pressing 1.89 ± 0.31
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twinning over dislocation slip, and slip is highly sensitive to 
external parameters, while twinning is much less sensitive 
to these parameters45. According to the constitutive model 
of Meyers et al.44, the critical stress for twinning in a 10 µm 
grain-sized copper is roughly 500 MPa at a large range of 
temperatures encompassing the ones used in the present 
work. From Figure 5, one can observe that the true stress 
surpassed such value for the cp copper tested at CT, but it 

did not surpass it in the test carried out at RT. Based on this 
fact, is reasonable to assume that twinning plays a major 
role in the deformation of the cp copper at CT but not at RT.

Deformation twins can be a pragmatic approach to reach 
significant grain refinement and homogeneous microstructures 
and, consequently, improved plastic strain behavior46.

SEM images of the fracture surfaces for both metals and 
both temperatures were obtained, as displayed in Figure 6. 

Table 2. Comparison between tensile tests at RT and CT for aluminum and copper.

Cp Aluminum 
(RT)

Cp Aluminum 
(CT) Cp copper (RT) Cp copper (CT)

Yield strength (MPa) 85 170 105 105
Ultimate tensile strength (MPa) 123.5 233 240.7 384.5

Elongation to failure (%) 17.6 34.5 47.6 78.5
Yield strength increase at CT (%) - 100 - 0

Ultimate tensile strength increase at CT (%) - 88 - 59.7
Elongation increase at CT (%) - 96 - 64.9

Uniform elongation (%) 5.1 24.2 38.6 71.7
True strain at the onset of plastic instability (Considerè 

criterion) 0.06 0.2 0.31 0.53

Figure 5. Engineering Stress-strain behavior at RT and CT for cp aluminum and cp copper (left column) and True stress and work hardening 
rate as a function of true strain (Considerè criterion) (right column).
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tends to stabilize the plastic deformation and increase the 
uniform elongation. The same tendency was observed for 
copper, where the calculated Considerè criterion was 0.31 at 
RT and 0.53 at CT. Finally, the tensile tests have proven useful 
for a better understanding of the substantial improvement 
on the densification of blended elemental powders of Al-Cu.

3.3. Mechanical behavior of the DMMC - 
Hardness tests

Vickers hardness was performed in the initial powders 
and in the ECAPed samples. Results are displayed in Table 3.

At RT, aluminum particles presented a Vickers hardness 
(HV) increase of 50.1% after the first ECAP pass and 61.1% 
after four passes. This behavior corroborates the results 
obtained during the tensile tests for cp aluminum, where 
its high SFE and moderately high homologous temperature 
may have led to poor strain hardenability. Nevertheless, the 
particles consolidated at CT presented a hardness increase 

Figure 6. SEM fractographies for cp Al and cp Cu samples tested at RT and CT.

Both at RT and CT, fracture surfaces are mainly composed 
of dimples. At CT, the fracture surface dimples are smaller 
for both metals.

The ductility and uniform elongation improvement 
at CT may be explained by the achievement of a stable 
deformation state of the sample prior to fracture as described 
by Glazer et al.47, and Gregson and Flower48. To quantify it, 
a mathematical approach can be used for defining the onset 
of the plastic instability on metals, which is the Considerè 
criterion49. This criterion was calculated using the true 
stress-strain curves of the tensile tests (Figure 5), and the 
values displayed in Table 2 represent the true strain at the 
onset of plastic instability.

The results for the Considerè criterion indicate that 
plastic instability begins at low true strains of 0.06 for the 
cp aluminum tested at RT. On the other hand, at CT, plastic 
instability started at a true strain of 0.2. This increase is caused 
by the higher strain hardening rate, since work hardening 
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of 62.1% after 1 pass, which is higher than 4 passes at RT. 
This result indicates that the CT pressing of aluminum was 
effective in partially inhibiting the dynamic recovery and 
leading to a harder structure. At the same time, the harder 
structure obtained at CT was also more ductile, which allowed 
a more efficient pore closure during ECAP.

At RT, copper, similarly, presented a higher hardness 
increase during the first pass (129%), however, it was 
much higher than aluminum. After 4 passes, the hardness 
increased 153.7%, indicating a higher strain hardenability 
when compared to aluminum. As well as aluminum, the 
copper particles pressed at CT presented a hardness increase 
similar to 4 passes at RT, with the advantage of producing a 
much more ductile and uniform deformation.

An unusual behavior was observed for the uniaxially 
pressed powders, where aluminum hardness was increased by 
8.8%, whereas copper hardness was increased by 95.9%. Such 
difference was probably motivated by the difference between the 
elastic modulus of copper (128 GPa) and aluminum (62 GPa), 
creating a stress shielding phenomenon50. Using simulations, 
Martin and Bouvard have already demonstrated that the uniaxial 
compression of blended powders with a great difference of 
hardness may lead to a retardation of the deformation of the 
softer particles. Simulation results indicate that a network of 
hard particles is capable of bearing most of the applied load, 
obstructing the deformation of the softer particles51.

Bulk measurements indicate that the hardness of the 
composite itself is lower than the average hardness between 
aluminum and copper particles. Many factors may have 
influenced this result, as the detachment of aluminum/copper 
interfaces and remnant pores. Thus, in this experimental 
condition, the rule of mixtures for the hardness of composites 
was not satisfied.

3.4. SEM/EDX analysis
The compositional maps obtained are shown in Figure 7 and 

line scans are displayed in Figure 8.
The analysis of compositional maps and line scans 

indicates that interdiffusion does not happened extensively 
along the interfaces.

Although SPD processed powders are prone to an improved 
diffusivity, due to the shattering of the superficial oxide of the 
particles6 and the amorphization of such oxides when they 
are not completely withdraw52, it was not observed in these 
experimental conditions. In recent works by Namur et al.18,19, 
the same behavior was observed for blended powders of 
Fe-Cr-Ni / Fe-Mn-Al and substantial mass transfer was only 
obtained by the heat treatment of the samples, which led to 
a much more complex microstructure.

As a comparison, Castro and collaborators53 used room 
temperature HPT to consolidate metallic particles of Mg 
and Zn. The authors produced nanostructured metal-matrix 
composites with a wide range of compositions (from 20 wt% to 
95% Zn) using 3.8 GPa, 10 and 20 HPT turns at 1 rpm. One of 
the findings of the authors is that mechanical deformation is 
fundamental for mixing the phases and diffusion contributes 
to the formation of intermetallics, especially MgZn2 at 
Zn segregations along Mg grain boundaries. It should be 
highlighted that the equivalent strain in Castro’s experiment 
is considerably higher than what was applied by ECAP in 
this work.

3.5. X-ray diffraction
Figure 9A displays the diffractograms obtained for the 

initial powders and Figure 9B shows the diffractograms for 
all the ECAPed samples. By comparing Figure 9A and B, 
it can be observed that all peaks associated with the source 
powders remained and additional peaks were not detected. 
This result corroborates with the SEM-EDX analysis, where 
interdiffusion was not substantially observed, thus, not 
leading to any phase transformation.

The same diffratograms were analyzed by using the 
PANalitycal High Score Plus software. Figure 10A and B 
shows the variation of average microstrain, compared to 
hardness variation, of the initial powders and after ECAP 
for aluminum and copper, respectively. The microstrain 
<ε> calculation was performed based on the Stokes-Wilson 
approximation54:

( )

( )
  

4 tan

hklβ
ε

θ
=

Where β is the FWHM (full width at half maximum) of the 
sample for a given peak and θ is the Bragg angle. Instrumental 
contribution for peak broadening was removed by previous fit 
of a CeO2 standard and by considering Gaussian-shaped peaks.

The analysis of Figure 10 indicates a close agreement 
between the hardness and the lattice average microstrain, 
especially for 1 and 4 passes at RT. On the other hand, the 
variation of the average microstrain after 1 pass at CT is 
similar to the average microstrain after 1 pass at RT, and 
the same trend was not observed for the hardness, whose 
variation was more substantial.

This result may indicate that the sum of the deformation 
mechanisms that are active at CT, helps the increase on 
hardness, nevertheless, are similar on what concerns the 
average microstrain of the lattice. This hypothesis is especially 
reasonable for copper, with a lower SFE than aluminum and 
known as a metal prone for mechanical twinning at low 
temperatures31,43,55.

Table 3. Vickers hardness (HV) for initial powders and for the 
respective elements after ECAP passes at RT and CT. Bulk 
measurements of the composite is also displayed.

Aluminum (HV) Copper (HV)
Initial powder 49.9 ± 2.9 71.33 ± 3.3

Uniaxial pressing
54.3 ± 2.2 139.7± 7.2
(↑ 8.8%) (↑ 95.9%)

1 pass RT
74.9 ± 3.9 163.3 ± 12.6
(↑ 50.1%) (↑ 129%)

4 passes RT
80.4 ± 3.7 181 ± 5.6
(↑ 61.1%) (↑ 153.7%)

1 pass CT
80.9 ± 2.9 186.1 ± 6.6
(↑ 62.1%) (↑ 160.9%)

Bulk measurements (HV)
Al-Cu 1 pass RT 90.6 ± 3.2

Al-Cu 4 passes RT 104 ± 2.5
Al-Cu 1 pass CT 102.1 ± 3.1
Uniaxial pressing 72.3 ± 7.1



Namur et al.8 Materials Research

Figure 7. SEM-EDX analyzed area and compositional maps on different samples. The red lines in the first column represents where line 
scans were obtained.
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Figure 8. SEM-EDX line scans for the interface between Al and Cu particles on different samples. The location of the line scans is 
displayed by red lines in the first column of Figure 7.

Figure 9. XRD diffractogram for the initial powders of aluminum and copper (A) and for the samples after ECAP (B).

Figure 10. Variation of hardness and microstrain for aluminum (A) and copper (B) on different samples.
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4. Conclusions
Blended elemental powder of aluminum and copper 

were successfully consolidated at room and at cryogenic 
temperatures. Based on the experimental evidences presented, 
the following conclusions may be drawn:

1. The consolidation of Al – Cu powders have proven 
to be more efficient at cryogenic temperature, with 
densification higher than 99.5%. Room temperature 
consolidation produced more porous samples.

2. Additional ECAP passes at room temperature led to 
an improvement in the densification of the samples, 
as well as a recovery of the structural distortion 
after 4 passes by the route Bc.

3. After ECAP, the hardness (HV) of the metals was 
substantially increased, especially copper. The higher 
hardness increase was obtained during the first ECAP 
pass for both metals. The hardness obtained after 1 
pass of cryogenic ECAP was even higher than after 
4 ECAP passes at room temperature.

4. Tensile tests of cp Aluminum and Copper indicated 
that a simultaneous increase in strength and ductility 
can be achieved at cryogenic temperature. This result 
corroborates the findings on the hardness tests and 
on the densification measurements.

5. SEM-EDX and XRD were performed, but extensive 
interdiffusion was not observed, as well as phase 
transformations.

6. XRD measurements indicated a trend on the increase 
of average microstrain with ECAP passes. A similar 
trend was observed with the variation of hardness, 
with a possible correlation.
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