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Abstract. Microstructure and mechanical properties of ultrafine-grained (UFG) samples of the Al-
Cu-Mg-Si aluminum alloy processed by high pressure torsion have been investigated.
Transmission electron microscopy and electron back scattering diffraction were used for structural
investigations. The ultimate tensile strength and ductility were evaluated using tensile tests of
small samples. Dynamic dissolution and precipitation in UFG samples has been observed.
Special attention was paid to influence of precipitates on thermal stability of UFG samples.

1. INTRODUCTION

It is known that application of high pressure torsion
(HPT) [1] contributes to formation of ultrafine-grained
structure and achievement of a high strength in vari-
ous  metals and alloys [1-4].

At the same time a coarsening of the grains is
observed in many HPT metals even at low homo-
logical temperatures [5].

The reasons for grain growth in UFG materials
are the enhanced grain boundary energy and high
grain boundary mobility [6].

It is known that stabilization of UFG structure
can be achieved by two basic ways.

The first is the reduction of the grain boundaries
mobility by second phase drag and solute drag.
For example in the work [7] it has been shown that
the presence of scandium-bearing particles in model

aluminum alloys of the Al-Mg-Sc system allow for
retaining the enhanced microhardness up to the tem-
]eratures of 300-350 °С. Alongside with that the in-
vestigation of mechanical properties on tension has
not been carried out in this work, which would be
important, as it is known that the linear relation be-
tween the yield strength and microhardness is vio-
lated after annealing of nanomaterials at elevated
temperatures [8].

The second is the lowering of the specific grain
boundary energy by solute segregation to the grain
boundaries. It can be achieved by segregation of
the alloying elements on the grain boundaries [2],
thereby reducing the elastic strain energy. To in-
duce the lowering of the grain boundary energy and
stabilize the grain size against coarsening the atomic
radius of the alloying elements should be much larger
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or smaller than the atomic radius of aluminum, and
the enhanced content of alloying elements will con-
tribute to the decrease of the grain boundary en-
ergy to the minimum. For example, the use of the
second approach allowed for increasing the stabil-
ity of nanostructures in the Pd-Zr, Fe-Zr, Cu-Nb al-
loys up to 0.8 Тm [6], where Тm – is the melting tem-
perature.

Alongside with that it has not been reported about
a stabilization of UFG structure in HPT samples of
commercial aluminum alloys at temperatures over
150 °С.

The aim of this work was to investigate the sta-
bility of UFG structure in HPT samples by the ex-
ample of the commercial aluminum alloy of the AL-
Cu-Mg-Si-Fe-Ni system, which contains the alloy-
ing Mg and Cu elements, the atomic radius of which
differs from the atomic radius of aluminum by 0.017
nm, and 0.015 nm, correspondingly. In addition this
alloy contains fine Al9FeNi particles, which are stable
up to the temperature of 450 °С [9].

2. EXPERIMENTAL

The commercial aluminum AK4-1 alloy has been
chosen as a material for investigations, its chemi-
cal composition in accordance with the energy-dis-
persive analysis (EDS) and literature data is repre-
sented in Table 1.

To produce the UFG samples the high pressure
torsion technique on the original die-set, allowing
for manufacturing samples under the force of 200
tons, was used [10]. Before the deformation the ini-
tial billets were subjected to solid solution treatment
at the temperature of 530 °С for 1 hour with a follow-
ing water quenching.

The HPT treatment of the samples with a diam-
eter of 20 mm and a thickness of 1 mm was carried
out under the pressure of 6 GPa at a temperature of
20 °С. The annealing of HPT sam]les was carried
out at the temperatures of 50, 100, 150, 175, 200,
225, 250, 275, and 300 °С for 30 min.

Structural investigations were performed on the
JEM-100В and JEM-2100 transmission electron
microscopes. The average grain size D was calcu-

Table 1. Chemical com]osition of the АК4-1 aluminum alloy, %.

Cu Mg Fe Ni Si Ti Mn Zn
EDS 2.46 1.48 0.89 0.92 0.22 0.04 0.04 -
Literature data [11] 1.9-2.7 1.2-1.8 0.8-1.4 0.8-1.4 0.35 0.02-0.1 0.2 0.3

lated by the results of diameter measurements of
over 100 grains. Selected area diffraction patterns
were taken from the area of 2 m2

.

The misorientation spectra and the chemical
composition of the samples were examined in the
JSM-6390 scanning election microscope, which is
equipped by electron back scattering diffraction
(EBSD) and energy-dispersive analysis.

The X-ray analysis has been performed on the
Rigaku diffractometer with the use of CuK -radia-
tion at 50 kW and 40 mA. The dimensions of the
coherent-scattering domains (D) and the values of
root-mean square strains (‹2›1/2) were calculated
with the a]]lication of the Williаmsоn-HaIl method.
In order to determine the crystal lattice parameter a
of the alloy before and after HPT the extrapolation
procedure by Nelson-Reilly was used [9].

The temperatures of precipitation and dissolu-
tion of precipitates were determined by the differen-
tial scanning calorimeter Netzsch STA 409 PC in
the air atmosphere at a heating rate of 10 K/min.

The microhardness measurements were per-
formed with the load of 100 g for 10 sec, on the
Micromet-5101 device, equipped with a digital cam-
era and computer software for pattern analysis.

The tensile tests at room temperature were per-
formed on the die-set, equipped with a horizontal
measuring-power device [10], with a strain rate of
10-3 s-1. The mechanical properties were evaluated
on the samples with the dimension of the gage sec-
tion of 2х1х0.4 mm3 which had been cut by the
electrospark machine.

All investigations of microstructure and mechani-
cal properties were performed on the areas, posi-
tioned on the distance of a half a radius of HPT
samples.

3. RESULTS AND DISCUSSION

According to the results of the investigations in the
optical microscope the average grain size in the ini-
tial coarse-grained samples after water quenching
was about 40 m.
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Fig. 1. Dependence of heat release on the tem-
perature in the Al-Cu-Mg-Si alloy, observed in the
differential scanning calorimeter at heating rate of
10 K/min: dashed line – after quenching; solid line
– after HPT.

Fig. 2. Structure of the АК4-1 alloy after HPT: (а 
bright-field image; (b) dark-field image.

An explicit exothermic peak within the tempera-
ture range of 270-290 °C (Fig. 1) has been observed
on the dependence of heat release from the tem-
perature, which is connected, obviously, with pre-
cipitation of particles contributing to strengthening
of the material.

In the HPT sample of the Al-Cu-Mg-Si alloy a
wide exothermic peak in the temperature range of
200-270 °С (Fig. 1  consisting of two ]eaks, has
been recorded. In order to analyze the origin of these
peaks the structural investigations of HPT samples
using transmission electron microscopy (TEM) were
carried out.

It has been established that HPT resulted in the
grain refinement to the average grain size of 200 nm
(Fig. 2). A complex diffraction contrast on the bright-
field and dark-field images testified to the presence
of high internal stresses in the structure of the
samples.

After annealing at a temperature of 175 °С no
visible changes in the structure of HPT samples
have been observed.

Annealing at a higher temperature of 200 °С was
accompanied by relaxation of internal stresses and
a beginning of grain growth to 300 nm with precipi-
tation of globular particles with an average size of
50 nm (Fig. 3).

The following annealing of HPT samples at a tem-
perature of 225 °С led to an additional grain growth
to 570 nm and the increase of the size of particles
to 100 nm (Fig. 4а . The analysis of the electron-
diffraction pattern from these particles showed that
they are the Al9FeNi phase particles (Fig. 4b). Along-

Fig. 3. Structure of the АК4-1 alloy after HPT and
annealing at the temperature of  200 °С for 30 min:
(а  bright-field image; (b  dark-field image.

a)

a)

b)

b)
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Fig. 4. Structure of the АК4-1 alloy after HPT and
annealing at a temperature of: (a, b, c) 225 °С; (d 
250 °С for 30 min; (b  electron-diffraction ]attern
from the globular Al9FeNi particles indicated by ar-
rows in the ]attern (а ; (c  arrows illustrated the elon-
gated Al2CuMg particles.

side with that in the structure there were also par-
ticles of an elongated shape, belonging to the
Al2CuMg phase (Fig. 4c).

After annealing at 250 °С coarsening of both the
grains up to 900 nm and precipitates up to 200 nm
has been observed (Fig. 4d).

According to EBSD analysis there is a number
low-angle grain boundaries in coarse-grained billets
of the AK4-1 alloy, subjected to a solid solution treat-
ment at the temperature of 530 °С, for 1 hour with
the following water quenching and ageing at the tem-
perature of 180 °С for 12 hours (Fig. 5 .

After high pressure torsion and additional anneal-
ing at 250 °С for 30 min the structure of sam]les
was characterized not only by the ultrafine grains

Fig. 5. The АК4-1 alloy after the after the solid solu-
tion treatment: (а  orientation ma]; (b  distribution
of misorientation angles.

a)

b)

c)

d)

a)

b)
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Fig. 6. The АК4-1 alloy after HPT and annealing at the tem]erature of 250 °С for 30 min: (а  orientation ma];
(b) distribution of misorientation angles.

Fig. 7. X-ray diffraction ]atterns of the aluminum АК4-1 alloy after quenching (blue color  and additional
annealing at 220 °С for 5 hours (red color .

with the average size of about 900 nm, but also by
predominantly high-angle grain boundaries, the
share of which exceeded 95 % (Fig. 6).

X-ray analysis showed that after quenching there
are additional peaks (Fig. 7), the location of which
coincided with the location of peaks for intermetal-
lics containing aluminum, magnesium and copper
(Al2CuMg, Mg2Cu6Al15, AlCu3, AlCu4, Mg25Cu27Al23).

The annealing of the quenched samples at 220
°С did not lead to changes of quantity and location
of X-ray peaks, but only to a slight redistribution of
their intensity (Fig. 7).

No visible X-ray peaks of intermetallic phases
has been revealed in the HPT samples which had
been observed in the quenched sample, that testi-
fied to a complete dynamic dissolution of particles
as a result of HPT processing (Fig. 8). Their disso-
lution was also confirmed by a significant increase
of the lattice parameter from 4.0540 Å after quench-
ing to the value of 4.0561 Å after HPT (Table 2).

Alongside with that the appearance of new X-ray
peaks of a low intensity has been revealed in HPT
samples, the location of which coincided with the
location of peaks for the Al9FeNi phase, which play

a) b)
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Table 2. Lattice parameter, size of coherent-scattering domains and mean-root square strains in the AK4-1
alloy after various treatments.

Sample Treatment Lattice Size of coherent- Mean-root
parameter, Å scattering square

domains, nm  strains, %

Coarse- quenching 4.0540
grained quenching + annealing 200 °C 4.0536
Ultrafine- HPT 4.0561 62 ± 4 0.183 ± 0.012
grained HPT + annealing 140 °C 4.0536 68 ± 5 0.169 ± 0.013

HPT + annealing 180 °C 4.0519 102 ± 3 0.068 ± 0.005
HPT + annealing 200 °C 4.0515 178 ± 8 0.038 ± 0.003

Fig. 8. X-ray diffraction ]atterns of the aluminum АК4-1 alloy after HPT (blue color  and additional annealing
at a temperatures of 140 °С (red color , 180 °С (green color , 200 °С (brown color  for 5 hours.

an important role in formation of high strength in
this alloy in the process of ageing at elevated tem-
peratures [11]. This phase is represented in the form
of globular particles with the size of about 50 nm in
the corres]onding TEM microgra]hs (Figs. 4а and
4b). Appearance of these peaks testified to the dy-
namic precipitation of these particles during HPT at
room temperature, because these precipitates were
absent in coarse-grained samples annealed at 200
°С (Fig. 8 .

Annealing of HPT samples at the temperatures
of 140, 180, and 200 °С for 5 hours revealed that
location and intensity of peaks of Al9FeNi phase
particles remain stable up to a temperature of 200
°С, though there was a considerable decrease of

the lattice parameter from the value of 4.0561 Å in
HPT sample to the value of 4.0515 Å after addi-
tional annealing at 200 °С. This decrease of the lat-
tice parameter could be connected with appearance
of additional peaks of the Al2CuMg phase particles
(Fig. 8), which are observed in the form of elongated
]articles in TEM microgra]hs (Fig. 4с .

The analysis by the Williams-Hall method
showed that there is a relaxation of elastic strains
from the value of 0.183% to the value of 0.038%
after additional annealing at 200 °С. High values of
elastic strains have been observed in HPT samples
of other aluminum alloys [2-4]. Their relaxation with
the increase of annealing temperature can be
caused by decrease of concentration of atoms of
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Fig. 9. De]endence of the АК4-1 alloy microhard-
ness on the annealing temperature for 30 min.

Fig. 10. Structure of the AK4-1 alloy after HPT and
annealing at 180 °С for 5 hours.

Fig. 11. Engineering stress–strain curves of the
AK4-1 alloy after various treatments: (1) quenching
and ageing at a temperature of 180 °С for 12 hours;
(2) HPT and annealing at a temperature of 180 °С
for 5 hours; (3) HPT and annealing at a temperature
of 180 °С for 1 hour.

alloying elements in a solid solution as a conse-
quence of their precipitation in the form of segrega-
tions and particles in the quantity below the sensi-
tivity of X-ray analysis.

In the UFG samples, obtained by HPT technique,
the value of microhardness was equal to 1950 MPa,
which is considerably higher than the microhardness
of 1110 MPa in the initial coarse-grain material (Fig.
9). After annealing at the temperature of 150 °С there
was a considerable increase of microhardness to
2100 MPa, which is probably connected with the
beginning of segregation of alloying elements at grain
boundaries [2].

After annealing at 175 °С the decrease of
microhardness caused by relaxation of elastic
strains (Table 2), which usually proceeds to begin-
ning of grain growth, was observed. The consider-
able grain growth at higher temperatures (Figs. 3
and 4) led to the following lowering of microhardness
(Fig. 9).

Tensile tests showed that there was a very high
ultimate tensile strength, reaching a value of 800
MPa in UFG samples of the AK4-1 alloy, processed
by HPT, but with that the ductility decreased to 1%.
For comparison in the coarse-grained samples,
subjected to conventional treatment T6 (quenching
and ageing at 180 °С, 12 hours  the ultimate tensile
strength was equal to 370 MPa with ductility of 10%.
The enhanced strength in HPT samples can be ex-
plained by formation of UFG structure, while the
decrease of ductility is conditioned obviously by a
high level of internal stresses near grain boundaries
and precipitates, which raise difficulties in genera-
tion of dislocations and development of dislocation
slip. In order to increase ductility the HPT samples

of the AK4-1 alloy were subjected to an additional
annealing at 180 °C for 1 and 5 hours to reduce the
internal stresses without visible changes in the av-
erage grain size (Fig. 10). As a result the UFG
samples have demonstrated the enhanced ultimate
tensile strength of 750 MPa and 550 MPa with duc-
tility of 2 % and 6%, respectively (Fig. 11). It should
be noted that favorable effect from lowering of inter-
nal stresses on ductility of Al alloys processed by
HPT has been observed also in [4].
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4. CONCLUDING REMARKS

The application of high pressure torsion to the alu-
minum AK4-1 alloy leads to a various change in
microstructure: a strong grain refinement from 40

m to 200 nm, increase of the lattice parameter to
4.0561 Å, enhancement of mean-root square strains
to 0.183%, formation of high-angle grain boundaries
on majority of grains and dynamic precipitation of
Al9FeNi particles.

UFG structure has been stable up to 250 °C
though relaxation of elastic strains with subsequent
grain growth and precipitation of Al2CuMg particles
has been observed.
The UFG sam]les of the АК4-1 alloy have dem-

onstrated an enhanced microhardness of 1950 MPa,
which is higher by 70% in comparison with the
microhardness of the initial coarse-grained state.
The enhanced value of microhardness of the HPT
samples retained after annealing at a temperature
of 200 °С.

The application of HPT and subsequent anneal-
ing at 180 °С allowed for ]rocessing of ductile
samples with high ultimate tensile strength of 750
MPa which is more than in two times higher in com-
parison with strength of 370 MPa in the coarse-
grained samples subjected to solid solution treat-
ment.
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