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Anisotropy of structural and mechanical properties
in CuCrZr alloy following hydrostatic
extrusion process
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Abstract. The methods of severe plastic deformation (SPD) of metals and metal alloys are very attractive due to the possibility of refinement
of the grains to nanometric sizes, which facilitates obtaining high mechanical properties. This study investigated the influence of SPD in the
process of hydrostatic extrusion (HE) on the anisotropy of the mechanical properties of the CuCrZr copper alloy. The method of HE leads to
the formation of a characteristic microstructure in deformed materials, which can determine their potential applications. On the longitudinal
sections of the extruded bars, a strong morphological texture is observed, manifested by elongated grains in the direction of extrusion. In the
transverse direction, these grains are visible as equiaxed. The anisotropy of properties was mainly determined based on the analysis of the static
mini-sample static tensile test and the dynamic impact test. The obtained results were correlated with microstructural observations. In the study,
three different degrees of deformation were applied at the level necessary to refine the grain size to the ultrafine-grained level. Regardless of
the applied degree of deformation, the effect of the formation of a strong morphological texture was demonstrated, as a result of which there
is a clear difference between the mechanical properties depending on the test direction, both by the static and dynamic method. The obtained
results allow for the identification of the characteristic structure formed during the HE process and the more effective use of the CuCrZr copper

alloy in applications.
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1. INTRODUCTION

Many current engineering applications require a combination of
appropriate physical and mechanical properties [1]. The appli-
cation of the severe plastic deformation (SPD) method in metals
and metal alloys that have specific microstructural and design
features may lead to high mechanical properties [2, 3]. It is re-
lated to the strong refinement of the microstructure to the ultra-
fine-grained (UFG) or nanocrystalline (NC) level [4-6].

The literature describes many SPD methods, thanks to which
we can obtain the refinement of grains to nanometric or ultra-
fine grain size. Most of the literature data showing the influence
of severe plastic deformations on the microstructure and prop-
erties of materials concern the following methods:

e Equal channel angular pressing (ECAP) [7, 8].

e High-pressure torsion (HPT) [9, 10].

e Accumulative roll Bonding (ARB) [11-13].

e Cyclic extrusion compression (CEC) [14].

e Hydrostatic extrusion (HE) [15-17].
The use of these methods allows us to increase the density of
network defects, vacancies, and grain boundaries, and to obtain
grain sizes of < 100 nm [5].

Pure copper has excellent electrical properties, making it im-
portant for many areas of industry. However, its low mechani-
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cal strength limits its use considerably. In order to improve the
mechanical strength of pure metals, many methods are used, for
example, strain hardening, grain refinement, or solution harden-
ing, which facilitates the formation of alloys by adding particles
of the second phase. Unfortunately, each of these approaches
negatively affects electrical conductivity. As a result, the Cu-
CrZr copper alloy, which is an example of a combination of
mechanical strength, and electrical and thermal conductivity,
started to attract attention [18,19]. The mechanical properties of
this alloy are much higher compared to pure copper due to the
addition of alloying elements enabling precipitation hardening.
High electrical conductivity is ensured by the low solu-
bility of Cr and Zr in copper at room temperature [20-23].
Chromium and zirconium form an efficient alloying system
for copper-based composition, which allows us to achieve the
optimal combination of performance properties (mechanical
strength and thermal conductivity). High electrical conductiv-
ity is achieved due to the low solubility of Cr and Zr in copper,
while the high strength results from the precipitates and the pre-
cipitate enhancement mechanism. The combination of Cr and
Zr in the copper matrix leads to the creation of a stable struc-
ture and the strengthening of copper with precipitates [24].
CuCrZr alloys are used, among others as spot welding elec-
trodes and electric cables. Due to the combination of me-
chanical strength and good thermal conductivity, this alloy is
considered a very good material for fusion reactor applica-
tions, e.g. the international thermonuclear experimental reac-
tor (ITER) [25, 26]. These materials have the added benefit of
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being able to customize their properties through a variety of
heat treatment and manufacturing processes to cover almost any
known strengthening mechanism. The mechanical strength of
CuCrZr while maintaining high electrical conductivity without
changing the chemical composition can be obtained utilizing
severe plastic deformation (SPD) techniques, e.g. hydrostatic
extrusion (HE).

The research aimed to analyze the anisotropy of the mi-
crostructure of the CuCrZr alloy and the resulting anisotropy
of mechanical properties, depending on the direction of the re-
search, after severe plastic deformation generated in the HE
method. Earlier studies of this issue were conducted for the
6060-aluminum alloy, where higher strength values were ob-
served in the direction longitudinal to the bar axis [27], or for
grade 3 titanium, for which there was a difference in the crack
character during small punch testing [28]. The occurrence of
anisotropy in the CuCrZr alloy after the HE process has already
been found in previous studies, but no microstructural and me-
chanical analyses depending on the direction of the study were
performed [29]. However, its strong influence on the improve-
ment of the service life of the produced electrodes for the spot-
welding process from this material has been demonstrated.

2. MATERIALS AND METHODS

The tested material was the CuCrZr copper alloy with the chem-
ical composition given in Table 1. From the point of view of
the character of the research, the structure of the material in
its initial state (before hydrostatic extrusion) needed to have an
isotropic structure. The alloy was thus heat treated to obtain an
isotropic structure on a transverse direction (TD) and longitu-
dinal (LD) to the rod axis. The material was supersaturated at
1000°C for 1 hour and then cooled with water. This facilitated
obtaining a single-phase, coarse-grained material (CG). Thanks
to this, the research was conducted on an isotropic material,
which is a reference to the changes taking place resulting from
the anisotropy of the microstructure and properties as a function
of deformation.

Table 1
Chemical composition of the CuCrZr alloy (in %)
Cr Zr Sb Zn Fe P Cu
0.7 0.08 0.01 0.01 0.03 0.01 balance

After the heat treatment process, the material was deformed
according to the following procedure:

(a) The material in the form of bars with a diameter of 50 mm
was subjected to a hydrostatic extrusion process with two dif-
ferent degrees of single deformation, with a reduction ratio of
R =3.42 and R = 9.77, where R is the ratio of the material
sections before and after the extrusion process.

(b) The material in the form of a rod with a diameter of
35 mm was subjected to a single extrusion process with a re-
duction ratio of R = 4.79.

The parameters of the hydrostatic extrusion are given in
Table 2.

Table 2
Size of plastic deformation in the process of hydrostatic extrusion
of copper alloy CuCrZr
Reduction Actual Percentage
State degree deformation | deformation
R € r %
Initial 1 0 0
¢50 — ¢27 mm 343 1.25 71
¢35 — ¢16 mm 4.79 1.57 79
¢50 — ¢16 mm 9.77 2.28 90

Hydrostatic extrusion was conducted on presses operating in
the working pressure range up to 1.4 GPa, through a die with
an apex angle of 2o0 = 45° in one extrusion operation at room
temperature. In order to minimize the adiabatic heating effect
during severe plastic deformation, the bars leaving the die were
intensively cooled with cold running water. This allows us to
minimize the grain growth process in the obtained material. The
adiabatic heating effect is significant, especially in the HE pro-
cess, which is characterized by high deformation rates under
high-pressure conditions. The size of the adiabatic heating ef-
fect AT during HE is proportional to the extrusion pressure p
and can be determined according to dependency (1) [30,31]:

AT = B(p/pc). )

The methodology of the HE process has been described, inter
alia, in [32, 33].

The structure of the material in its initial state and after plas-
tic deformation was characterized on the basis of the following
parameters:

e Average grain equivalent diameter d.q (diameter is defined
as the diameter of a circle with an area equal to the surface
area of a given grain).

e Coefficient of variation CV (deq) defined as the ratio of the
standard deviation to deq.

e Grain elongation coefficient o defined as the ratio of the
mean maximum grain diameter to deq.

The grain sizes and shapes before and after the HE process
were determined with the image analysis method using Mi-
croMeter software [34]. These parameters were determined in
over 100 randomly selected grains on the cross-section (perpen-
dicular to the bar axis, TD) and longitudinal direction (parallel
to the bar axis, LD). Microstructural observations for the initial
material were conducted on the Nikon Eclipse LV150 optical
microscope, and after plastic deformation on the FEI TECNAI
G2 F20 transmission electron microscope. In both cases, the
TD and LD sections of the bar were examined.

The microhardness measurements were conducted using an
automated Zwick-Roell ZHV1-A hardness tester, with a load of
200 g during 15 s. The tests of mechanical properties were con-
ducted on a Zwick/Roell Z250kN static testing machine with
a constant speed of 0.008 s~! on standardized fivefold macro-
specimens with a diameter of § mm measuring part taken in the
direction of extrusion. Mechanical measurements in both TD
and LD sections of the bar extrusion were measured in a static
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tensile test of mini samples with a width of 0.8 mm, a thickness
of 0.6 mm, and a measuring part length of 5 mm on the ZWICK
780 machine. The dynamic impact tensile tests were carried
out on an Instron Dynatup 9250HV drop hammer high-speed
impact tester. On the TD section, the test was conducted ac-
cording to the Charpy method in compliance with PN-EN ISO
148-1: 2010 standard on 10 x 10 mm samples with a U-shaped
notch with a depth of 5 mm and a bottom rounding radius of
1 mm with an impact energy of 300 J. In the LD section, the
impact tensile was conducted with an impact energy of 500 J
on fivefold samples with geometry and a diameter of 8§ mm.
Both tests were conducted at room temperature with an impact
speed of 4.7 ms~!. The samples for impact tests were selected
so that their active sections, taking an active part in cracking,
were similar and amounted to 50 mm? (see Fig. 1).

b)

75
—

Fig. 1. Scheme and dimensions of samples for impact testing:
a) by the Charpy method; b) by the impact tensile method

The impact strength tests conducted in the perpendicular di-
rection by the Charpy method were determined as Kcy, and in
the longitudinal direction by the impact tensile method, Kt was
determined. The percentage change in impact strength after the
HE process from the isotropic value for the initial material was
calculated according to the formula:

Kinrr(cH,Im)

AKcyr = [1 - ] 100%, )

CH,IT

where Kcy and Kir — material impact strength measured by the
Charpy method or the impact tensile method, Kinit — impact
strength of the initial material.

The calculated values allowed for the quantitative compar-
ison of changes in impact strength on the cross-section and
longitudinal section of the material after HE in relation to the
isotropic initial material.

3. RESULTS AND DISCUSSION

3.1. Hydrostatic extrusion

The pressure characteristics of the HE process for the CuCrZr
alloy for the three degrees of deformation € used are shown in
Fig. 2. The initial pressure increases show the compressibility
of the pressure medium in the working chamber to a value that
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allows the extrusion process to be started. The pressure peaks
are related to the onset of material extrusion and the associated
change from static to kinetic friction. The subsequent flattening
of the graphs indicates the stabilization of HE processes and
the occurrence of plastic deformation at a constant extrusion
speed. Final pressure drops correspond to the depressurization
process of the working chamber. A constant and stable extru-
sion speed is important for uniform physical and mechanical
properties over the entire length of the extruded product. The
extrusion pressure of the copper alloy increased with the in-
crease of the degree of deformation in the range between 500—
700 MPa, Fig. 2. Higher extrusion pressure means greater me-
chanical work of plastic deformation, which is related to the
higher temperature in the deformation zone of the material in
the die (higher adiabatic heating).
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Fig. 2. Pressure characteristics of hydrostatic extrusion of CuCrZr
copper alloy for three degrees of deformation

Assuming the density values for CuCrZr p = 8.9 gcm > and
the specific heat ¢ = 0.386 Jg~! K~! and assuming the value
B0.95 in equation (1), the adiabatic heating effect AT in the
range ~ 132 —258°C, i.e. in the range of the homologous tem-
perature 7, = T /T,, = 0.12 — 0.24 is obtained, where T is the
estimated temperature and 7;, is the melting point of the Cu-
CrZr alloy, both in K degrees (see Table 3).

Table 3
Temperature of adiabatic heating during extrusion of the hydrostatic
CuCrZr alloy. (a) The melting point of the CuCrZr alloy

e AT (°C) T, =T/T\"
1.25 132 0.12
1.57 172 0.16
2.8 258 0.24

(@ Melting temperature of CuCrZr T,, = 1084°C

3.2. Microstructure

From the point of view of the research objective, which was the
analysis of structural anisotropy and mechanical properties af-
ter the hydrostatic extrusion process, it was important to obtain
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the initial material with an isotropic structure. For this purpose,
a heat treatment involving the supersaturation process was con-
ducted. Figure 3 shows the microstructure of the CuCrZr alloy
after supersaturation at 1000°C for one hour with cooling in wa-
ter, on a section parallel (Fig. 3a) and perpendicular (Fig. 3b) to
the bar axis.

Fig. 3. Microstructure of the CuCrZr initial material after heattreat-
ment (1000°C/1h/water): a) transverse section (TD);(b) longitudinal
section (LD)

Both sections show a coarse-grained microstructure with
multiple annealing twins. Based on the obtained values of the
standard deviation SD (deq) ~ 30 wm in both directions, it can
be stated that the same grain sizes of ~ 75 pum were obtained.
The average coefficient of grain shape elongation for both sec-
tions was & ~ 1.4. The similar & coefficients and the deq value
for both sections prove that the structure is close to the isotropic
state.

Hydrostatic extrusion causes a significant refinement of the
structure, as shown in the images made with the TEM tech-
nique in Fig. 4. These observations revealed a characteris-
tic microstructure with elongated grain bands on the LD sec-
tion, which is particularly visible at the deformation € = 1.25,
€ = 1.57. At the highest degree of deformation, it can be no-
ticed that this phenomenon begins to disappear and clear grains
are observed Fig. 4e. This is also evidenced by the change in the
character of the diffraction images (diffraction pattern SAED)
shown for the TD direction, Fig. 4(a,c,e). For the actual defor-
mation values € = 1.25 and € = 1.57, a clear structure of sub-
grains is observed in the areas of primary grains (single orien-
tations), and at the highest deformation grains begin to form, as

evidenced by a greater number of orientations in the SAED im-
age. For all deformation degrees €, a similar grain size/subgrain
deq is observed on the cross-section in Table 4. The structure
after hydrostatic extrusion is characterized by a high density of
dislocations. The structure with high dislocation density is typ-
ical for copper alloys after SPD processes are subjected to rel-
atively little deformation [35]. CuCrZr alloys are characterized
by low stacking fault energy (SFE), as a result of which dur-
ing plastic deformation dislocations are separated, which causes
their greater camulation. The dislocations overlap which, with
further deformation, makes them behave like new dislocation
sources.

Table 4
Sizes of the CuCrZr alloy grains after the hydrostatic extrusion process
True deformation € deq (PD) nm deq (LD) nm
1.24 209 -
1.57 142 185
2.28 186 260

Figure 5 shows the grain size distributions of the CuCrZr
alloy after successive extrusion stages and in the initial state.
The measured sizes of the grains/subgrains ranged from 100 to
800 nm. The largest number of grains of ~ 200 nm size was
observed for all three degrees of deformation, at the level of ap-
prox. 40%. With the greatest degree of deformation € = 2.28,
a clear shift of their size towards larger grain sizes was ob-
served. It can be caused by the strongest adiabatic heating
effect, influencing the regrouping of microstructural defects
and the formation of grains with higher disorientation angles
through dynamic thermal processes occurring in the deforma-
tion zone. This is also evidenced by the previously discussed
change in the character of diffraction images. More detailed in-
formation on the transformation of the microstructure with an
increase in the degree of deformation was obtained by analyz-
ing the measurements of the mean angles of material disorien-
tation before and after HE (see Fig. 6). The classification pro-
posed in [36] was adopted as a division criterion of the degree
of grain boundary disorientation for the CuCrZr alloy, bound-
aries with a low disorientation angle are defined as having dis-
orientation below 15°, low high-angle ranges from 15°-30°,
medium-high ones within the range of 30°~45° and boundaries
with a very high angle of disorientation between the grains of
more than 45°. The initial material was characterized by mainly
medium-high and very high disorientation angles. The greatest
number was found in the range from 45° to 60°, but also grains
with a small disorientation angle (< 15°), at the level of approx.
20%, could be observed.

After hydrostatic extrusion, this tendency was reversed and
the boundaries with small disorientation angle had the great-
est share in the material, regardless of the degree of deforma-
tion used. The share of such boundaries was between 70% and
75%. The decrease in the number of boundaries with a large
disorientation angle at the deformation of € = 1.57 compared to
€ = 1.25 was related to the disappearance of the primary bound-
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Fig. 4. TEM photos of the CuCrZr alloy after HE for different degrees of plastic deformation of the cross-section TD (a, ¢, e) and longitudinal
LD (b, d, f). Deformations for (a, b), (c, d) and (e, f) respectively € = 1.25, € = 1.57, € = 2.28. The arrows indicate the extrusion direction

aries in the material with increasing deformation. Growth at
the maximum deformation € = 2.28 is associated with the oc-
currence of heat-activated processes, healing, and dynamic re-
crystallization, as evidenced by the microstructural observation
showing a clearly different character of the grains (Fig. 4).
A similar dependence of the presence of a large number of
grains with low angles in the CuCrZr alloy was also observed
after plastic processing using the ECAP method [37].
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The estimation of the anisotropic character of the microstruc-
ture was possible thanks to the analysis of the grain shape coef-
ficient of the CuCrZr alloy, which showed that after the plastic
deformation process, the greatest difference in grain character
in both sections was observed at the lowest degree of deforma-
tion (gp = 2.09 vs. erp = 1.47) ~ 0.62, while for the initial
material it was ~ 0.11 (Fig. 7). This difference resulted from
the strongest effect of grain elongation on the longitudinal sec-
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30 30
2,5 425
209 212
A
2,04 \ 420
a 1,54 1,58 A% a
A 147 _ H— —
é_ e — = = = = = = = = = —mi48{15
< 43 et T -~ .. 3
- 1,42 -.. -
9 _____ 1,34 ~---0 a
3 10—'1,08 1,14 410 5_1
—®=0qp
05 105
—A—op
—@— o pldrp
0,0 T T T T 0,0
00 05 1,0 15 20 25

True strain, €

Fig. 7. Elongation of the grain shape and the ratio of the grain shape
on the LD section to grains from the TD section in the CuCrZr alloy
before and after plastic deformation using the HE method

tion. The ratio of the elongation of the grains on the LD section
to the grains on the TD section, &z p/0rp in the initial material
~ 1 proves the similar character of the grain shape on both sec-
tions. The smallest differences in both sections, after the plastic
deformation process, were observed with the application of the

highest deformation degree € = 2.28, where the grain shape co-
efficient was the lowest on the longitudinal section oz p = 1.69.
Smaller differences in the character of the microstructure on
both sections, for the highest degree of deformation, may be
related to the specificity of plastic processing, for which the
aforementioned strongest effects of adiabatic heating were ob-
served under these conditions.

3.3. Mechanical properties

The anisotropy of the mechanical properties of the CuCrZr al-
loy is illustrated by the strength results made on mini samples
in two perpendicular directions (Fig. 8).
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Fig. 8. Mechanical properties as a function of deformation from TD
and LD sections of CuCrZr copper alloy after hydrostatic extrusion:
(a) UTS and (b) YS

The measurement points are connected in the graph to better
visualize the changes taking place. After the hydrostatic extru-
sion process for all deformation degrees in relation to CuCrZr
in the initial state, the material strengthened in both sections. It
is worth noting that changes in mechanical properties after hy-
drostatic extrusion on both sections (LD and TD) behave as in
a typical commercial copper alloy CuCrZr after cold deforma-
tion and aging [38]. After the aging process, there is a signif-
icant increase in mechanical properties compared to the mate-
rial in a supersaturated state. Both in the TD and LD section, the
changes in the mechanical properties of UTS and YS, as a func-
tion of the actual deformation applied, are of a similar charac-
ter, Fig. 8(a,b). In the LD section, both UTS and YS increase
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as a function of the actual deformation, reaching the maximum
values of 465 MPa and 470 MPa, respectively, but for the high-
est value of deformation, the increase is insignificant. In the TD
section, both UTS and YS, with an average deformation value
€ = 1.57, both measured values decrease, and with the great-
est degree of deformation € = 2.28, they slightly increase to
the maximum values of 350 MPa and 360 MPa, respectively.
The decrease in mechanical properties corresponds to the most
strongly developed fibrous structure (Fig. 7). There are, how-
ever, significant differences in the measured values between the
sections, which proves a clear effect of the anisotropy of me-
chanical properties after the extrusion process. In the TD sec-
tion, lower UTS and YS values are observed across the entire
range of deformations. The strongest anisotropy effect of me-
chanical properties depending on the research direction, both
for tensile strength and yield strength, is observed at the defor-
mation of € = 1.57, where the most strongly developed fibrous
structure was observed on the longitudinal section. The max-
imum differences in UTS and YS are 28% and 26%, respec-
tively.

The anisotropy effect of the mechanical properties was also
demonstrated by the hardness tests. For the CuCrZr alloy, the
average value of the microhardness in the initial state in the
cross-section and the longitudinal section was about 100 HV0.2
(Fig. 9). Regardless of the material plastic deformation pro-
cedure used, about a 50% increase in hardness is observed
compared to the supersaturated material to the average value
of 151 HVO0.2 measured at the cross section. There are no
clear changes in hardness depending on the applied degree
of deformation. At the same time, the occurrence of hardness
anisotropy of about 5% was observed, where higher values were
obtained for the section perpendicular to the axis of the obtained
bar. Similar differences between the values measured in both
sections occur for all the applied degrees of deformation.
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Fig. 9. Microhardness and CV in the initial material and after HE
on TD and LD sections

These differences also appear in the coefficient of varia-
tion CV (HVO0.2). With the increase of the actual deformation,
its value decreases in both sections and at the highest degree
of deformation, their values are similar. The reduction of CV
(HV0.2) after the hydrostatic extrusion process indicates a bet-
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ter homogenization of the microstructure after HE. Homoge-
nization after HE is characteristic of this method and was also
observed in other materials, such as titanium and steel [32].

In order to determine the anisotropy of the material resis-
tance to brittle fracture, depending on the direction of load ap-
plication, the CuCrZr alloy was subjected to dynamic tests on
a drop hammer in the Charpy and impact tensile tests. The re-
sults in the form of percentage changes in the impact strength
with respect to the isotropic initial material as a function of the
deformation degree are presented in Fig. 10.

40

30

20 /

AKiT

0+ 1.23] 15 2.28

AKcH, AKp, [%]

-20 4

-30 4

-40

True strain, ¢

Fig. 10. Impact toughness variations for CuCrZr alloy after the HE

process in transverse KCH and longitudinal Kt cross-section with

respect to the isotropic initial material Kinyr as the function of true
strain €

A clear anisotropy of impact strength was observed between
the directions of load application during the impact tests. In the
Charpy tests, where the force was applied perpendicular to the
direction of the elongated grains, a decrease in impact strength
was observed throughout the entire range of deformations. The
material showed the greatest decrease in impact strength ~ 30%
with the greatest degree of deformation (¢ = 2.28). At two
lower deformations, it showed a similar decrease of ~ 20%.
The obtained results can be commented on in comparison with
the results of mechanical tests performed on mini-samples —
Fig. 9a, where the increase in strength is observed with the high-
est degree of deformation in the cross-section. The dynamic im-
pact strength tests, in which the test force was applied along
the elongated grains, showed an increase in impact strength
over the entire range of the applied strain rates at the level of
~ 25%. The greatest increase in impact strength was observed
for € = 2.28. The increase in impact strength observed in the
impact tensile tests indicates that the material tested under the
load conditions applied along the elongated grains behaves like
ultra-fine material, where an increase in impact strength was
observed with a simultaneous increase in strength. Similar ef-
fects were observed in CuAl alloys after the cold rolling pro-
cess [39,40] and after the ECAP process [41,42]. Under the
conditions of impact load applied transversely to the direction
of grain elongation, with a clear decrease in impact strength,
changes characteristic of coarse-grained materials are observed
and strength is accompanied by a decrease in impact strength.
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4. CONCLUSIONS

The process of hydrostatic extrusion allowed us to obtain an
ultra-fine-grained microstructure in the CuCrZr copper alloy
for the applied plastic deformation degrees (average grain/sub-
grain size between deq ~ 140 nm and 200 nm).

Depending on the direction of the study, the microstructure
showed a strong anisotropic character with elongated grains ar-
ranged parallel to the direction of the extrusion process. On the
cross-section, the grains were similar to equiaxed grains.

With the highest degree of deformation € = 2.28, as a re-
sult of strong thermal effects accompanying the HE process,
the effects of the formation of a clear grain microstructure were
observed, as evidenced by the character of SAED images, an
increase in the average grain size, the share of grain boundaries
with a large disorientation angle and changes in elongation co-
efficients.

After the HE process, the material obtained much higher
mechanical properties compared to the initial material, but the
anisotropy of the microstructure strongly influenced its charac-
ter. Higher values of the yield point and tensile strength were
obtained in the longitudinal section, where the force was ap-
plied parallel to the direction of extrusion and the elongation
of the grains. The greatest differences in tensile strength were
observed for the deformation € = 1.57 at the level of ~ 28%,
for the yield point of ~ 26%. At the same deformation value,
the maximum mechanical properties were obtained, the UTS
= 460 MPa and the YS = 444 MPa. For the highest value of
the applied deformation, due to strong thermal effects and the
decreasing effect of structural anisotropy in both directions of
the research, the mechanical properties, and their differences
were slightly reduced.

Similar relationships for the ultra-fine grained copper alloy
CuCrZr were demonstrated after the ECAP process, where the
material had an anisotropy of mechanical properties depending
on the direction of the research [43]. However, this study did
not analyze this phenomenon.

The anisotropy of properties depending on the research di-
rection was also confirmed by hardness measurements, but the
effect was not so clear. The occurrence of ~ 5% hardness
anisotropy in the material after the HE process, where higher
values were obtained for the section perpendicular to the axis
of the obtained bar.

A clear anisotropy in the CuCrZr material after HE was
demonstrated in the tests of the material resistance to dynamic
loads. In the Charpy tests, where the load was applied perpen-
dicularly to the direction of the elongated grains, a decrease
in impact strength was observed in the entire range of defor-
mations, and it was the highest (~ 30%) with the highest de-
gree of deformation (¢ = 2.28). The impact tests performed
by dynamic tensile showed about a 25% increase in the im-
pact strength, which was at a similar level in the entire range of
the applied deformation degrees, which results from the typical
ultra-fine-grained character of the microstructure in this section.
On the other hand, in the Charpy test, the material behaved in
a manner characteristic of coarse-grained materials.

The process of hydrostatic extrusion, due to its efficiency
in grinding the microstructure and the possibility of producing

large volumes of material, has a strong application potential, as
demonstrated by, for example, previous studies conducted on
the CuCrZr alloy for electrode applications in the spot-welding
process [35]. The phenomenon of the formation of a charac-
teristic microstructure after the HE process may determine the
potential use of plastically processed materials. A detailed de-
scription of the phenomena of anisotropy of structural and me-
chanical properties after this process will allow for the optimal
use of materials shaped by this technology.
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