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Abstract. The study attempts to investigate the influence of severe plastic deformation (SPD in the hydrostatic extrusion (HE) process on the
anisotropy of the structure and mechanical properties of the AA 6060 alloy. Material in isotropic condition was subjected to a single round of
hydrostatic extrusion with three different degrees of deformation (ε = 1.23, 1.57, 2.28). They allowed the grain size to be fragmented to the
nanocrystalline level. Mechanical properties of the AA 6060 alloy, examined on mini-samples, showed an increase in ultimate tensile strength
(UTS) and yield strength (YS) as compared to the initial material. Significant strengthening of the material results from high grain refinement in
transverse section, from »220 μm in the initial material to »300 nm following the HE process. The material was characterized by the occurrence
of structure anisotropy, which may determine the potential use of the material. Static tensile tests of mini-samples showed »10% anisotropy
of properties between longitudinal and transverse cross-sections. In the AA6060 alloy, impact anisotropy was found depending on the direction
of its testing. Higher impact toughness was observed in the cross-section parallel to the HE direction. The results obtained allow to analyze the
characteristic structure created during the HE process and result in more efficient use of the AA 6060 alloy in applications.
Key words: hydrostatic extrusion, anisotropy, mechanical properties, grain refinement.

1. Introduction
Aluminum alloys of the 6XXX series (Al-Mg-Si) are among the
most popular alloys to be applied in light industrial constructions. They are characterized by a good strength-to-density ratio
as well as high formability. The alloys have sound corrosion
resistance, weldability and good susceptibility to plastic processing. With their properties, they can be used in construction
as well as the automotive and aerospace industry, and wherever
the material requires high strength while maintaining relatively
low weight. Among others, supporting elements for buses, ships
and bridges are made of them [1, 2].
Aluminum alloys are often plastic-processed using SPD
methods due to their high plasticity to improve mechanical
properties and increase the strength-to-weight ratio. Severe
plastic deformation can be generated using a number of methods described in the literature, for example: equal-channel angular extrusion (ECAP) [3, 4], high pressure torsion (HPT) [5, 6],
accumulative roll-bonding (ARB) [7, 8], cyclic extrusion compression (CEC) [9, 10] or hydrostatic extrusion (HE) [11, 12].
Material properties after such processes depend strongly on the
degree of microstructure refinement. According to the HallPetch equation [13, 14] grain refinement leads to the increase of
material strength according to the mechanism of strengthening
by grain boundaries [15].
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The efficiency of breaking the grain using the HE method
has been demonstrated for many metals and alloys. Ultra-fine
grain (UFG) or nanocrystalline (NC) structures were obtained,
among others in aluminum and its alloys [16, 17], copper and
its alloys [18‒20], titanium [21, 22], austenitic steel [23, 24],
nickel [25, 26] and many other materials. The use of the HE
method leads to creating a characteristic microstructure in the
deformed material. In materials such as titanium CP Ti grade
2 [21], CP Ti grade 3 [27], austenitic steel 316L [23, 24] or
the CuCrZr copper alloy [28], after HE the texture with grains
elongated in the direction of extrusion was observed in the longitudinal cross-section, whereas in the transverse direction these
grains are visible as equiaxial ones. This results in anisotropy of
mechanical properties of the material after the deformation process in mutually perpendicular directions. A detailed description of this phenomenon is presented in [27] for CP Ti grade 3
after HE. The yield strength in accordance with the extrusion
direction was YS = 915 MPa, and in the perpendicular direction
YS = 560 MPa. Such anisotropy has a significant impact on
the use of the material, e.g. for titanium, this excludes the use
for long orthopedic implants operating under complex stress
conditions [22]. A positive effect of structure anisotropy was
demonstrated in the CuCrZr alloy, where electrodes for the spot
welding process made of the material with strong anisotropy
after HE showed a significantly higher lifetime as compared to
the material obtained from the combination of ECAP and HE
processes and characterized by similar mechanical properties
and a structure close to the isotropic one [28].
Plastic anisotropy of materials can be calculated from the
tensile test data by two methods: by analyzing the strain ratio
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vs elongation relationship, or by relating partial strains due to
width and thickness strains to the total elongation. It has been
shown that the first method makes it possible to determine precisely the value which constitutes the anisotropy coefficient
with well-defined physical meaning [29].
The effect of structural anisotropy, apart from its influence
on static mechanical properties, also exerts a strong influence
on dynamic properties. The loads applied to mechanical systems
(machines and their components, construction structures, etc.)
are often dynamic in nature. Different materials exhibiting similar strength properties under a static load may exhibit a different
ability to carry dynamic loads under a dynamic load.
Surveys of anisotropy following SPD processes, especially
the HE process, are rarely found in professional literature.
Literature includes data e.g. for the AA 7075 aluminum alloy
following the cold rolling process for which the impact toughness and its anisotropy were tested, higher for the direction of
rolling [30]. In contrast to materials reinforced by means of
conventional methods, materials subjected to SPD processes
with a finely divided microstructure sometimes exhibit an
abnormal increase in impact toughness along with increased
strength. For the AA 7075 alloy, after cryo-rolling, the increase
in impact toughness with increasing the deformation was found.
After a 70% plastic deformation, the impact energy increased
by »60% [31]. A similar effect was observed in the Al-Cu alloy
following the ECAP process, in which, with the increase of
plastic deformation, the increase in impact toughness occurred
with the simultaneous increase in mechanical properties [32].
The study presents the influence of the plastic deformation
level generated by the HE method on the anisotropic character
of structural and mechanical changes in the AA 6060 alloy.
The influence of structural anisotropy on mechanical properties
and impact toughness measured depending on the test direction
was described. Studies will allow for better understanding of
the characteristic microstructure created in the HE process and
its impact on mechanical properties of rods extruded from the
AA 6060 alloy.

Table 1
Chemical composition of AA 6060 alloy in wt%
Content of elements, wt%
Mg
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Fe

Zn

0.35–0.6 0.3–0.6 0.1–0.3 0.15

Cu

Mn

Ti

0.1

0.1

0.1

Cr

Al

0.05 rest

of the diameter to deq, and the coefficient of grain elongation
α, determined as the ratio of the average maximum grain diameter to deq. Sizes and shapes of grains before and after the HE
process were determined using the image analysis method with
MicroMeter software [35]. These parameters were determined
in over 100 randomly selected grains in the transverse (perpendicular to the rod axis, TD) and longitudinal (parallel to
the rod axis, LD) cross-sections. Microstructural observations
for the initial material were carried out using the Nikon Eclipse
LV150 optical microscope and after plastic deformation these
were carried out using the FEI TECNAI G2 F20 transmission
electron microscope. In both cases, TD and LD rod cross-sections were studied.
The microstructure of the AA 6060 alloy in the initial condition is shown in Fig. 1. Both in the TD and LD cross-sections,

a

1000 μm

2. Experimental phase
The aluminum AA 6060 alloy, supplied in the form of bars with
the diameter of 50 mm, in T4 condition (supersaturated and
naturally aged), was used for tests. T4 condition corresponds to
heating the material up to 540°C in a salt bath for 15 minutes,
then tempering in water and storing at room temperature for
a long time. This procedure ensures that the main Mg and Si
alloy elements are present in the alloy in the form of a solid
solution and separation particles of Mg 2 Si and Mg 5 Si 6 are not
formed as a result of natural aging [33, 34]. The chemical composition of the alloy based on the PN-EN 573‒3 standard is presented in Table 1. The material structure in the initial condition
and following plastic deformation was characterized based on
the following parameters: the average equivalent diameter of
the grain deq (defined as the diameter of the circle which has the
surface equal to the surface of the given grain), the coefficient
of variation CV(deq), defined as the ratio of standard deviation

Si

b

1000 μm
Fig. 1. Microstructure of the AA 6060 initial material: a) TD cross
section, b) LD cross-section
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the value of the average equivalent diameter deq was »220 μm,
and of standard deviation SD (deq) »90 μm. The average coefficient of grain elongation for both cross-sections was α » 1.5.
Similar α coefficients and the deq value for both cross-sections
evidence a structure similar in nature to the isotropic condition.
The structural isotropy of the material in the initial condition is
important for the analysis of the influence of deformations on
structural changes in the direction parallel and on those perpendicular to the extrusion direction.
AA 6060 alloy rods with diameters of 50 mm and 35 mm
were subjected to a single round of hydrostatic extrusion with
deformations presented in Table 2. The methodology of the
HE process has been described, among others in [36–37]. The
amount of the deformation in the HE process is described by
the reduction ratio R or true deformation ε . The reduction ratio
R is the ratio of transverse cross-sections before and after the
extrusion. The true strain ε expresses the natural logarithm
of the reduction ratio, ε = lnR, and the percentage deformation is calculated according to the following relationship:
r% = (1 ¡ R –1) 100%.
Table 2
Amount of plastic deformations in hydrostatic extrusion process
of AA 6060 alloy
Condition

Reduction
grade
R

True
deformation
ε

Percentage
deformation
r%

1

0

0

φ50 → φ 27 mm

3.43

1.23

71

φ35 → φ16 mm

4.79

1.57

79

φ50 → φ16 mm

9.77

2.28

90

Initial

Hydrostatic extrusion was carried out as a single operation
on UNIPRESS presses designed and made at the Institute of
High Pressure Physics of the Polish Academy of Sciences working in the working pressure range of up to 1.4 GPa, through
the die with top angle 2α = 45o at room temperature, for final
diameters of 16 mm or 27 mm, as listed in Table 2. To minimize
the adiabatic heating effect during the severe plastic deformation, rods at the exit from the die were cooled intensively with
running cold water. The adiabatic heating effect is significant
especially in the HE process characterized by high deformation
speeds under high pressure conditions. The amount of the adiabatic heating effect ΔT during the HE process is proportional
to the extrusion pressure p and can be estimated according to
the following relationship [38, 39]:

∆T = β

µ

¶

p
(1)
ρc

where p is the extrusion pressure, ρ and c stand for the density
and specific heat of the material, and β marks what part of
the extrusion mechanical work is converted into heat. For the
HE process, it can be assumed that the β parameter is »0.95,
Bull. Pol. Ac.: Tech. 67(4) 2019

which results from high extrusion speed and good insulating
conditions of the lubricating layer [24].
The microhardness measurements were carried out using the
automated Zwick-Roell ZHV1-A hardness tester with a load of
200 g for 15 s. Static tensile tests in both TD and LD cross-sections of extruded rods were measured on the five mini-samples
with the width of 0.8 mm, the thickness of 0.6 mm and the
length of the measuring part of 5 mm using the ZWICK 780
machine. Dynamic impact tensile tests were carried out using
the Instron Dynatup 9250HV High Speed Impact Tester. In the
TD cross-section, the test was carried out using the Charpy
method according to PN-EN ISO 148‒1: 2010 with impact
energy of 300 J on samples of 10£10 mm with an U-shaped
notch having the depth of 5 mm and the bottom rounding radius
of 1 mm. In the LD cross-section, the impact tensile test was
carried out with impact energy of 500 J on five-fold samples
with the geometry and diameter of 8 mm. Both tests were carried out at room temperature with impact speed of 4.7 m s– 1.
Samples were selected so that their active cross-sections taking active part in the cracking were the same and amounted to
50 mm2, as presented in Fig. 2.

a)

b)

Fig. 2. Diagram and dimensions of samples used in impact toughness
test: a) using the Charpy method, b) using the impact tensile method

Tests in the perpendicular direction were marked K CH while
tests in the parallel direction were marked K IT .
The deviation of impact toughness after the HE process
from the isotropic value for the initial material was calculated
according to the following formula:

∆K CH, IT = 1 ¡

KINIT (CH, IT )
KCH, IT

100%(2)

where:
KCH and KIT – impact toughness measured by the Charpy
or impact tensile method,
KINIT – impact toughness of the initial material.
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Calculated values allowed for the quantitative comparison
of impact toughness changes in the transverse and longitudinal
cross-sections of the material after the HE process in relation
to the isotropic initial material.
Results of mechanical properties measures of the AA 6060
alloy in the initial condition are shown in Table 3.
Table 3
Mechanical properties of initial AA 6060 material
UTS
(MPa)

YS
(MPa)

εf
(%)

K INIT(CH)
(J cm– 2)

(J/cm– 2)

HV0.2
LD

HV0.2
TD

AA
6060

153

86

26

74

20

54

52

3. Results and discussion

HE

Extrusion
Extrusionpressure,
pressure,pHE
p (MPa)
(MPa)

3.1. Hydrostatic extrusion. Pressure characteristics of the HE
process for the AA 6060 alloy for the three deformation grades
ε used are shown in Fig. 3. Initial pressure rises represent
compressibility of the pressure medium, and flattened plateau
means stabilizing the HE processes in which the deformation
occurs at constant extrusion speed, while pressure drops correspond to the process of expansion of the working chamber.
The extrusion pressure of the AA 6060 alloy increases with the
increase in the degree of the deformation in the range between
300 and 550 MPa, as presented in Fig. 3. Higher extrusion pressure means more mechanical work of the plastic deformation,
which attains higher temperature in the deformation zone of
the material in the die (higher adiabatic heating). Assuming
for equation (1) values of density ρ = 2.7 g cm–3 and specific
heat c = 0.898 J g –1 K –1 and assuming the value of β = 0.95
for registered extrusion pressures, for the AA 6060 alloy, the
adiabatic heating effect ΔT is in the range of »115–205°C.
This corresponds to the homologous temperature range of
Th = T/Tm = 0.44–0.54, where T is the estimated temperature,

600

ε ==
2.28
1.57
ε ==
1.23
ε ==

500

Th = T/Tm(a)

1.23

116

0.44

1.57

150

0.48

2.28

203

0.54

Melting temperature of AA 6060 Tm = 610°C

and Tm is the melting temperature, both in K degrees, as presented in Table 4.
Estimated temperatures indicate that temperature in the
deformation zone during the HE process reaches values characteristic for the dynamic recovery processes of the AA 6060
alloy, which weaken the effects of deformation strengthening.
3.2. Structure following hydrostatic extrusion. The effect
of the HE process on the structure morphology in the AA
6060 alloy is shown on the example of the highest deformation ε = 2.28, as presented in Fig. 4. There is clear structural

a

1000 μm

b

400
300
200
100
0
0

5

10

15

20

25

30

35

40

45

50

Time
(s)
Time (s)
Fig. 3. Pressure characteristics of hydrostatic extrusion for the AA 6060
alloy in three deformation grades
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∆T (°C)

ε

(a)

Alloy

K INIT(IT)

Table 4
Adiabatic heating temperature during hydrostatic extrusion
of AA 6060 alloy

1000 μm
Fig. 4. AA 6060 alloy microstructure after hydrostatic extrusion process
with true strain ε = 2.28: a) transverse TD cross-section, b) longitudinal
LD cross-section. The arrow indicates the extrusion direction
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anisotropy after the HE process. It is characterized by an equiaxed structure in the transverse TD cross-section (Fig. 4a) and
the structure with elongated grains, arranged in characteristic
bands on the parallel LD cross-section (Fig. 4b). Structure
changes for the two remaining deformation grades are similar to those shown in Fig. 4. Meanwhile, Fig. 5 shows TEM

images illustrating the effect of plastic deformation on the
grain size following the HE process. In the LD cross-sections
of bars( Fig. 5b, 5d, 5f), regardless of the deformation grade,
a strong morphological texture appears with grains elongated
in the extrusion direction. In the TD direction (Fig. 5a, 5c, 5e),
these grains are in the majority close to equiaxial. The average

a

b

c

d

e

f

Fig. 5. TEM photos of the AA 6060 alloy after HE process for different values of strain: a, b) ε = 1.23, c, d) ε = 1.57 and e, f) ε = 2.28. Photos
(a, c, e) – transverse TD cross-section, photos (b, d, f) – longitudinal LD cross-section. Note: arrows indicate the extrusion direction (a)
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Table 5
Average equivalent grain diameter deq , coefficient of variation
CV(deq) and elongation coefficient α in AA 6060 alloy in
the initial condition and after the hydrostatic extrusion process
initial

ε = 1.23

ε = 1.57

ε = 2.28

deq

217 μm

292 nm

314 nm

291 nm

CV(deq) = SD/deq

0.42

0.54

0.31

0.51

α TD

1.49

1.56

1.66

1.34

α LD

1.42

1.74

2.07

1.82

α LD/α TD

0.95

1.12

1.25

1.36

The transformation process of the microstructure is better
illustrated by measurements of mean angles of grains disorientation before and after the HE process, as presented in Fig. 6. In
the non-deformed initial material, the occurrence of high-angle
boundaries at the level of nearly 80% is observed. At the lowest
deformation grade (ε = 1.23), the dominance of subgrains with
an angle of low disorientation below 5° is observed at the level
of nearly 60%. For true strain values ε = 1.57 and ε = 2.28, the
percentage share of low angle boundaries (deq < 5°) decreases
with respect to the smallest deformation. For the disorientation angle between 5–15°, the maximum percentage of »50%
is observed for average deformation ε = 1.57. At the highest

deformation ratio, the share in particular ranges of disorientation angles has similar values and is between 30 and 40%. This
is the effect of the competitive impact of high plastic deformation and thermally activated dynamic healing processes,
as a result of which the structural defects are regrouped and
thus a more-developed equiaxial microstructure is formed, as
seen in Fig. 5e. In the transverse cross-section, the grains have
remained close to equiaxed in nature, especially at the highest
deformation ratio, α TD = 1.34, as presented in Table 5. In the
longitudinal cross-section, the extended structure α LD = 1.82
is still visible, as presented in Fig. 5f.
Figure 7 shows the ratio of grain elongation in the LD
cross-section in relation to grains in the TD cross-section,
α LD/α TD. In the initial material, which is characterized by
similar grain size in both cross-sections, the ratio is »1. With
increasing deformation, the difference in grain morphology
increases and at the highest deformation α LD/α TD is »1.36. The
most elongated grains in longitudinal cross-section α LD = 2.07
are observed with medium deformation ε = 1.57 (Table 5) for
which the share of boundaries with average angles of 5–15° is
the highest, at »50%, as presented in Fig. 6. For this deformation, adiabatic heating is not effective enough to compensate
for grain elongation.
1.40
1.35
1.30
1.25

αLD
/TDTD
LD/α

grain size in the cross-section decreased from 220 μm in the
initial material (Fig. 1a) to »300 nm after the HE process, as
presented in Table 5. For all strain values ε a similar grain size
deq is observed with differences below 8%. Lack of significant
differences in grain size is associated with the presence of the
significant, adiabatic heating effect observed during the HE process and growing with the deformation, as presented in Table 4.
Adiabatic heating counteracts fragmentation of the structure and
inhibits and mitigates the effects of strengthening.

1.20
1.15
1.10
1.05

Isotropic material

1.00

Fraction
grainboundaries
boundaries (%)
(%)
Fraction
of of
grain

90
80
70

0.95

Initial
Initial
1.23
ε ==1.23
1.57
ε ==1.57
2.28
ε ==2.28

0.5

1.0

1.5

2.0

2.5

True
True strain,
strain, ε
Fig. 7. Grain elongation in longitudinal LD cross-section in relation
to grains from transverse TD cross-section for AA 6060 alloy after the
hydrostatic extrusion process

60
50
40
30
20
10
0

<5

5-15

>15

Misorientation
angle(deg)
(deg)
Misorientation angle
Fig. 6. Grain disorientation angles in AA 6060 alloy in the initial
condition and after the hydrostatic extrusion process
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3.3. Mechanical properties. The anisotropy of mechanical
properties for the AA 6060 alloy is illustrated by the results of
strength measurements made on mini-samples in two perpendicular directions, as seen in Fig. 8. The nature of changes in
ultimate tensile strength (UTS) and yield strength (YS) properties is similar, and higher values are obtained for the longitudinal direction. Taking account of the results in Fig. 8, it can be
seen that the anisotropy of mechanical properties is considerably more strongly influenced by the grain elongation ratio in
the direction longitudinal to the transverse α LD/α TD than the
absolute grain elongation in the deformation (extrusion) direcBull. Pol. Ac.: Tech. 67(4) 2019

CV (HV0.2)
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CV (HV0.2)

Microhardness, HV0.2

Microhardness,HV0.2
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Microhardness,
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ΔK CH
, ΔK,CH
(%),
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in impact toughness ΔK IT , reaching the maximum value below
10% for the highest true strain ε = 2.28, as seen in Fig. 10. Thus,
it can be seen that for the highest plastic deformation of the AA
6060 alloy using the HE method, the dynamic impact toughness
scale ΔK IT » 8%, as seen in Fig. 10. As noted above, a similar
effect of impact toughness increase along with the strength was
observed in the Al-Cu alloy after the ECAP process [32].
Impact toughness results reflect changes in the structure and
in the static strength of the AA 6060 alloy. The greatest decrease
in transverse impact toughness K CH after an average deformation grade (ε = 1.57) corresponds to the strongest grain elongation in the extrusion direction α LD (Table 5), i.e. the strongest
microstructure texturing after the HE process. The increase in
deformation due to the stronger thermal effect accompanying it
during the deformation and the stronger healing effects associated with it (Fig. 5e, 5f) lead to the formation of a more ordered
and equiaxial microstructure in both cross-sections (lower transverse α TD and longitudinal α LD extensions, Table 5). This in
turn inhibits the decrease in impact toughness while reducing
the hardness and static mechanical properties measured independently of the test direction. The increase in longitudinal
impact toughness KIT at the level of »10% indicates that the
force applied dynamically along the elongated grains interacting with the cross-section with an average size of equiaxis
grains »300 nm (Fig. 5a, 5c, 5e) induces the behavior of the
material as UFG with a large proportion of grain boundaries,
which leads to an increase in impact toughness while at the
same time increasing strength. Otherwise, with the force applied
dynamically transversely to the extrusion direction, it affects
the cross-section with larger surfaces of elongated grains with
micron size and a smaller share of grain boundaries, i.e. a much
coarser grain structure, which results in a marked decrease in
transverse impact toughness K CH and material behavior characteristic for coarse grain materials, i.e. a drop in impact toughness accompanying the increase in strength.

4. Conclusions
As a result of the SPD deformation, by means of the hydrostatic
extrusion process, the fragmentation of the structure to the UFG
level was obtained in the AA 6060 alloy. The smallest mean
grain size deq = 291 nm was obtained for the material with
the highest true strain ε = 2.28. Lack of clear influence of the
deformation ratio on microstructure fragmentation is caused by
heat-induced dynamic healing processes during the HE process,
which weaken the effects of deformation strengthening.
In the AA 6060 alloy as well as in other materials mentioned
above, the HE process generates a strongly anisotropic structure characterized by the presence of equiaxed grains in the
cross-section transverse to the extrusion direction and elongated
grains in the form of bands in the longitudinal cross-section
consistent with the extrusion direction. The structure anisotropy strongly affects the mechanical properties of the aluminum
AA 6060 alloy, measured under static and dynamic conditions.
Regardless of the deformation ratios, the AA 6060 alloy is
characterized by weaker strength, yield strength and impact
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toughness in the cross-section perpendicular to the extrusion
direction. The anisotropy effect of the AA 6060 alloy increases
with the increase of the deformation ratio until the moment
when the thermal-activated thermal softening processes weaken
the strengthening effects. A particularly strong softening effect
occurs at the highest plastic deformation ε = 2.28, in which
the adiabatic temperature generated exceeds the level T/
Tm = 0.5. The observed effect of strong structural anisotropy
in the AA 6060 alloy confirms previous studies carried out on
hydrostatically extruded titanium CP Ti grade 3 [27] and alloy
copper CuCrZr [28], supplementing them simultaneously with
the anisotropy of dynamic properties on the example of impact
toughness. The material structure characteristics after the HE
process and resulting from it, depending on the test direction,
along with specific static and dynamic mechanical properties
allow for a more effective commercial use of the AA 6060 alloy.
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