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ABSTRACT

In the present study, the disc-shaped samples of TC4-0.55Fe-0.080 alloy were severely deformed by
high-pressure torsion (HPT) under pressure of 6 GPa for 0.5, 1, 2 and 5 revolutions. The experimental
results showed that the microhardness of TC4-0.55Fe-0.080 alloy treated with HPT was significantly
increased by about 30% to 402 HV. The microhardness values were extremely heterogeneous along
the diameter of the discs in the early stages of HPT and increased with the increase of the distance
from the center to edges of the discs. Increasing the number of revolutions resulted in higher values
and more uniform distribution of microhardness. The tensile properties of the HPT processed TC4-
0.55Fe-0.080 alloy were investigated by unidirectional tensile testing at room temperature. It was
found that the ultimate tensile strength of TC4-0.55Fe-0.080 alloy increased significantly with the
increase in the number of HPT revolutions, from the initial 936 MPa to 1423 MPa after 2 revolutions,
and then decreased slightly when the number of revolutions was increased to 5 revolutions. The
elongation increased from the initial 11% to 13% after 1 revolution but then decreased sharply with
the increase in the number of HPT revolutions. However, the ductility did not drop below 7%. The
observations in this study indicated that the mechanical properties of TC4-0.55Fe-0.080 alloy can
be improved as a result of HPT processing, which is of great significance for the practical production
and application of TC4-0.55Fe-0.080 alloy.
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BJUSTHUE KBJI HA MEXAHUYECKHWE CBOHCTBA
CIIJTABA TC4-0,55FE-0,080
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AHHOTAIIUA

B Hacrosiiem uccnenoBanuu oopasisl B popme aucko u3 crutasa TC4-0,55Fe-0,080 6butn cHIIbHO
nepopMHUpOBaHbl KpyueHueM 1o BeicokuM nasienueM (KB/I). Kpyuenue npoBonunocs noa aasie-
HueMm 6 ['Tla ¢ pazueiM ynciom 060opotoB (n = 0,5, 1, 2 u 5). DkcriepuMeHTaIbHbIE PE3YNIBTATHI 110-
Kazaj, 4To MUKpoTBepaocTh crutasa TC4-0,55Fe-0,080, oopaborannoro KB/I, yBenuunnacs npu-
MepHO Ha 30% 110 402 HV. 3HaueHust MUKPOTBEPAOCTH ObUIH KpaliHE HEOAHOPOIHBI BJIOJb JHAMETPa
JUCKOB Ha paHHMX cTaausx KB/l n yBennuuBanuch ¢ yBEIMUEHUEM PACCTOSHUS OT LIEHTPA K KpasM
JIMCKOB. YBEJIMYEHHUE Ynciia 000pOTOB MPUBOIMIIO K O0Jiee BBICOKMM 3HaUE€HUSIM U Oosiee paBHOMEp-
HOMY pacnpeiefieHuI0 MUKpOTBepAocTU. Mexanuueckue cBoiictpa criasa TC4-0,55Fe-0,080, obOpa-
6orannoro KB/I, Taxske ObliIM UCCIEIOBAHbI TyTEM OIHOHAIPABICHHOTO HCIIBITAHUS HA PACTSKEHHUE
IIpU KOMHATHOW Temrieparype. beuio oOHapykeHo, YTo mpenen MPOYHOCTH Ha PacTsKEHHUE CIUIaBa
TC4-0,55Fe-0,080 3HaunTeNnbHO yBENUUMWICS C yBeludeHueM uyucia o6opotoB HPT, ¢ HauanbHbIX
936 Mlla no 1423 MIla nocne 2 060poTOB, a 3aT€M HEMHOTO YMEHBUIMJICS IPU YBEIHMUEHUH YUCIIa
000poToB 710 5. OTHOCUTENTBHOE YAJIMHEHNE YBETUUMIOCH ¢ HadanbHbIX 11% 1mo 13% nocne 1 o6o-
poTa, HO 3aTeM, C YBEJIIMYEHUEM YHciia 000POTOB, PE3KO YMEHBIIMIOCh. OHAKO TUIACTUYHOCTh HE
ynaiua Hxke 7%. HaOnoneHus B 3TOM HCCiIe0BaHUM TOKA3aJIM, YTO MEXaHUYECKHE CBOICTBA CIlIaBa
TC4-0,55Fe-0,080 moryT ObITh yiyulieHsl B pe3ynbrare 00padotku HPT, uro nmeet Gombioe 3Ha-
YeHHe JUIsl IPAKTUUYECKOTo MPOou3BOJCTBA U npumeHeHus crasa TC4-0,55Fe-0,080.

KJIFOYEBBIE CJIIOBA

WNuTeHcuBHAS T1acTudeckas jaedopmarusi; KpydeHUE IOl BHICOKMM JIaBJICHHUEM; MEXaHUYECKHe
cBoiicTBa; cruias TC4-0,55Fe-0,080.

Introduction grain refinement strengthening [9]. Fe as a
powerful eutectic [-stabilizing element is
inexpensive and processable, and is therefore
often added to titanium alloys to improve the
strength and hardness of the material [10, 11]. It
is well known that the high hydrostatic pressure
generated by severe plastic deformation (SPD)
is conducive to the refinement of grain structure,
and grain refinement can greatly improve the
mechanical properties of materials. There are
many different techniques for severe plastic
deformation, but two deformation methods that
received the most attention are equal channel
angular pressing (ECAP) [12, 13] and high
pressure torsion (HPT) [14, 15]. For titanium

Titanium alloys are widely wused in
aerospace, marine engineering, energy and
chemical, and biomedical applications due
to their excellent specific strength, corrosion
resistance, and  biocompatibility  [1-5].
However, such properties of titanium alloys as
strength, plasticity, and fatigue life are often
required to be enhanced further to meet the
demands of extreme service environments.
Traditional strengthening methods, such as
heat treatment, cold deformation processing
and surface strengthening, can improve the
material properties, but it is usually difficult to
improve simultaneously strength and plasticity.

Treatment by these methods even may lead to
material embrittlement [6, 7]. Therefore, more
and more attention has been paid to the research
and development of high-performance titanium
alloys to further expand their applications in
various fields.

The two most common methods to improve
the strength of materials are alloying [8] and
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alloys, HPT process can be carried out directly
at room temperature, and the grain size of the
material is smaller after HPT treatment than
after ECAP [16].

HPT is a typical SPD technique, which is
capable of introducing very high strains in the
material, thus significantly refining the grains
to the submicrometer or even nanometer scale



and introducing a large number of crystal lattice
defects such as dislocations and twins [17, 18].
This microstructural evolution can significantly
increase the strength and hardness of the material,
and at the same time, through appropriate
process regulation, it can also make the material
maintain a certain degree of plasticity, which
can break through the problem of inverse ratio
of strength and plasticity in the traditional
reinforcement methods. HPT process can be
used to avoid macroscopic cracks by applying
a torsional shear strain to the disc sample under
high pressure (usually several GPa), so as to
make the material deform in a large extent in
the constraints of quasi-hydrostatic pressure.
HPT process is suitable for the preparation of
nanostructured states of a wide range of metals
and alloys [19, 20].

In recent years, important progress has been
made in the study of HPT of titanium alloys. For
example, Zhang and colleagues [21] produced
a fully lamellar microstructure of cold-rolled
Ti-6Al-4V alloy after appropriate heat treatment,
and then processed it by HPT with different
numbers of revolutions at room temperature.
It was found that HPT processing up to 20 and
30 revolutions produced significant grain
refinement of the material, with grain sizes of
70 nm and 50 nm, respectively. Vaclavova and
colleagues [22] treated the metastable B-Ti alloy
Ti-15Mowithsolid solution, subjecteditto severe
plastic deformation through HPT processing,
and studied the changes in the microhardness
and elastic constants of the samples. The study
found that the microhardness of the samples
after HPT treatment increased significantly, and
the Young’s modulus first increased in the initial
stage of HPT deformation, and then decreased
with further strain. Barjaktarevi¢ and colleagues
[23] obtained ultrafine grained Ti-13Nb-13Zr
alloy by HPT processing under applied pressure
of 4.1 GPa, a rotational speed of 0.2 rpm,
Srevolutions at room temperature. Investigations
of the changes in the microhardness and tensile
properties of the samples revealed that HPT
processing led to an increase in the microhardness
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of the alloy. After tensile testing, it was found
that HPT processing led to an increase in the
tensile strength along with a decrease in the
ductility of the alloy.

Currently, there are fewer studies on HPT
processing of Fe and O microalloyed TC4
(Ti-6Al1-4V) alloy. The Fe element in TC4-
0.55Fe-0.080 alloy is conducive to grain
refinement and microstructural  changes
during HPT, and the addition of Fe also leads
to an increase in the ductility and toughness
of titanium alloys [24, 25]. O is one of the
stabilizing elements of the a-phase, and the
mechanical properties of titanium alloys can
be strongly affected by the addition of oxygen.
In addition to this, the O element in TC4 alloy
also has a strong solid solution strengthening
[26-29]. Carrying out HPT research, in-
depth study of the change rule of mechanical
properties of the alloy in HPT process is of
great significance to the practical application of
TC4-0.55Fe-0.080 alloy.

This study takes TC4-0.55Fe-0.080 alloy as
the object, treats it through HPT processing, and
systematically analyzes the influence of HPT
processing on the microhardness distribution
and room temperature tensile properties of
the alloy to provide theoretical basis and
process reference for the development of high-
performance titanium alloy, and to provide new
ideas for the design of toughening titanium alloy.

1. Experimental material and methods

1.1. Material and HPT processing.

The material used in this study was forged
TC4-0.55Fe-0.080 alloy. Thin disc samples
having diameter of 20 mm and thickness
of 1.3 mm were cut from a bar by using wire
cutting equipment. Solid solution and aging
treatments were carried out on these disc
samples in a vacuum arc melting furnace. The
solid solution treatment was carried out at
900 °C for 1.5 hours. Then after air cooling the
aging treatment was carried out at 530 °C for
4 hours with final air cooling. The solid solution
and aging treatments were conducted with the
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aim to fully eliminate the internal stresses of the
samples and improve the strength and ductility
of the materials, thus ensuring the normal
conduct of HPT experiments [30, 31]. The solid
solution and aged samples were ground to a final
thickness of about 1 mm and then deformed by
the HPT processing. The lower anvil seat rotated
clockwise at a constant speed of 1 revolution
per minute (rpm) at room temperature for 0.5,
I, 2, or 5 revolutions. The HPT processed
disc samples were denoted as 0.5R-, 1R-, 2R-,
and 5R-TC4-0.55Fe-0.080 alloy samples,
respectively, corresponding to the to the number
of HPT revolutions.

1.2. Vickers microhardness test.

The disc samples before and after the HPT
processing were polished to make the sample
surface mirror-like. The hardness value of
the sample was measured using an HV-1000
hardness tester under the applied load of 500g.
Holding time was set as 15 s. The measurements
were completed in the center of the discs and
then in 12 adjacent areas with equal spacing
of 1.5 mm along the diameter of the samples.
In order to reduce the error of the results of
the experiments the measurements were also
conducted at 4 points in each of 13 areas
(including the central area) along the diameter.
The average value of the measurement in five
points was considered as the final result of the
test point. A total of 65 points were tested for
each specimen.

1.3. Room temperature tensile test.

Tensile specimens were cut from the disc
samples before and after HPT processing. The
total length of each specimen was 10 mm, the
total width was 5 mm, the gauge length was
4 mm, the gauge width was 1 mm, and the
thickness was 1 mm, as shown in Fig. 1
[32]. The gauge length section of the tensile
specimens was sanded with 800 grit sandpaper.
The specimens were stretched using INSTRON
equipment at room temperature with a strain
rate of . The corresponding tensile stresses of the
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specimens were recorded by the experimental
equipment until fracture of the specimens
occurred. The engineering stress-strain curves
of the specimens were obtained from these data
[33].

Fig. 1. The dimensions of tensile specimen
(unit: mm) [30]

Puc. 1. Paszmepsr o6pasma s pacTsHKeHHUs
(en. m3mepenus: Mm) [30]

1.4. Fracture morphology analysis.

The scanning electron microscopy method
was used to observe the fracture morphology
of the specimens after stretching at room
temperature. The samples were cleaned using
anhydrous ethanol and ultrasonic cleaner
before the observation was carried out, and the
specimens were blown dry with a high-pressure
air gun and vacuum-encapsulated after the
specimens were cleaned to avoid the influence
of the specimen impurities on the observation
results. As the TC4-0.55Fe-0.080 alloy has
good electrical conductivity, the conductive
adhesive was used to fixate the specimens before
observation.

2. Results and discussion

2.1. Effect of HPT process on microhardness.

Fig. 2 shows the variation of microhardness
of TC4-0.55Fe-0.080 alloy with the distance
from the center of the sample. The experimental
results show that microhardness of the samples
before HPT processing is relatively uniform,
with an average microhardness value of
308 HV. As a result of 0.5 revolutions of torsion,
the microhardness increases rapidly, with



the hardness at the edge of the samples being
376 HV and the hardness at the center being
345 HV. The hardness values of the centers and
edges increase slightly being measured after 1
and 2 revolutions of torsion. 5 revolutions of
HPT resulted in a significant increase of the
hardness at the center and edge of the sample.
The hardness value at the center is about
393 HV, and the hardness at the edge reaches
402 HV. The hardness in the center of the HPT
dics is lower than at the edges, but with the
increase of the number of HPT revolutions,
the microhardness along the diameter becomes
more uniform.

Davidian and colleagues [34] showed that
as the amount of high-pressure torsional stress
increases, the content of ® phase also increases
until saturation. Based on that the following
conclusions can be drawn. When the samples
were subjected to HPT at pressure of 6 GPa,
the phase transition from a-phase to ®-phase
occurs, and the microhardness increases with
the increase of the content of w-phase until the
w-phase reaches saturation. After 5 revolutions
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of HPT treatment, the @ phase of the sample
tends to be saturated, and the hardness value is
shown to be uniform.

From Fig. 2, it can be clearly seen that
compared with the sample without HPT
treatment, the microhardness of the sample after
HPT treatment increases with the increase of
the number of HPT revolutions. The increase in
the number of revolutions results in the increase
of the accumulated strain. The increase in
accumulated strain results in the grain refinement
and dislocation density increase during the HPT
treatment of the alloy. The accumulated strain is
higher near the edges of the samples. It results
in smaller grain size and more high dislocation
density near the edges of the samples. That
is why the microhardness of the samples in
early stages of HPT processing is extremely
heterogeneous in the diameter direction, with
the curve as a whole showing a V-shape. The
increase in the number of revolutions results
in the vortex nature of material flow. So, the
microstructure and microhardness of the disks
become more uniform.
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Fig. 2. The microhardness distribution along the diameter of the discs
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2.2. Effect of HPT processing on room
temperature tensile property.

Fig. 3 shows the true stress-strain curves at
room temperature for TC4-0.55Fe-0.080 alloy
with different numbers of HPT revolutions. The
specific room temperature tensile experimental
data are statistically presented in Table 1, which
shows that the ultimate tensile strength of the
initial sample is 936 MPa and the elongation
is about 11%. After HPT processing, the
ultimate tensile strength of the sample increases
significantly, and itis 1368 MPa when the number
of HPT revolutions is 0.5. It reaches the highest
value, which is 1423 MPa, when the number
of HPT revolutions is 2. The ultimate tensile
strength of the sample decreases slightly to
1308 MPa when the number of HPT revolutions
continues to increase to 5 revolutions. It is
easy to find that the strength of the sample was
increased by 52% by HPT processing at room
temperature. The elongation of the samples also
slightly increases after HPT processing, which is
about 12% at 0.5 revolutions of deformation and
reaches a maximum of 13% at 1 revolution of
torsional deformation. However, the elongation
decreases sharply when the number of HPT
revolutions continues to increase to 2 and 5
revolutions.

Itwas found that when the TC4-0.55Fe-0.080
alloy is subjected to HPT processing, the tensile
strength of the material increases significantly.
This can be explained by the evolution of the

1600

phase composition, grain size refinement, and
the dislocation density increase of the sample
due to the HPT process. Increase in the number
of HPT revolutions results in the higher content
of the w-phase, the higher grain refinement, and
the higher dislocation density. As a result, the
strength increases. The strength and plasticity
of the sample decreases after 5 revolutions of
deformation treatment, which can be explained
by the change of ® phase content [34]. After
5 revolutions of HPT treatment, the relative
content of the ® phase increases and tends to
saturate, and the saturation of the ® phase leads
to a drastic increase in the density of the phase
interface. The difference in the elastic modulus
of the hard and brittle ® phase and the B matrix
triggers a localized stress concentration under
tensile loading, which induces the microcracks
to nucleate preferentially at the interface,
triggering brittle fracture, which results in the
reduction of the strength and plasticity of the
samples [35]. Nevertheless, the tensile strength
of the samples does not decrease significantly,
which is due to the fact that the grain size
at 5 revolutions of HPT treatment is smaller
than that at 2 revolutions of the treatment. In
general, the smaller the grain size, the higher
the strength. The situation indicated by the
experimental results is in general agreement
with that shown for several other different
titanium alloys after high pressure torsion
[36, 37].
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Fig. 3. True stress-strain curve for TC4-0.55Fe-0.080 alloy at room temperature
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Table 1. Mechanical properties and related parameters of TC4-0.55Fe-0.080 alloy

Ta6auua 1. Mexanuueckue CBONCTBAa U COOTBETCTBYIoMME NapameTpsl cruiaBa TC4-0,55Fe-0,080

Number of HPT revolutions / Strength (MPa) / Elongation (%) /
Yucno oboporos KB/ IIpounocts (MIla) Y anunenne (%)
0 936 11
0.5 1368 12
1 1381 13
2 1423 10
5 1308 7

Fig. 4. Tensile fracture morphology of TC4-0.55Fe-0.080 alloy deformed at room temperature by HPT with:
a—0.5R; b—1IR; c—2R; d—5R

Puc. 4. Mopdosorus paspyrienus npu pactskenuu ciuiasa TC4-0,55Fe-0,080, nedhopmupoBaHHOTO
MpU KOMHaTHOH Temmeparype metoaom KB/ c:
a—05R; b—1IR; c—2R; d—5R
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2.3. Fracture morphology analysis.

The plasticity of the sample affects the
morphology of the tensile fracture. High-
plasticity materials experience significant plastic
deformation before fracture, and the fracture
surface usually has a dimple morphology. Low-
plasticity materials show almost no plastic
deformation before fracture, and the fracture
surface shows cleavage or fracture along the
grain [38]. The morphologies of the fracture
surfaces of TC4-0.55Fe-0.080 alloy are shown
in Fig. 4. The samples were subjected to tensile
deformation at room temperature at the rate of
1 x 102 s, HPT process was completed with
0.5, 1, 2, and 5 revolutions. The corresponding
fracture surfaces are presented in Fig. 4, a, b, c,
and d, respectively. Fracture surfaces presented
in Fig. 4, a and b basically consist of dimples and
tear ridges, which show a brittle fracture due to
the relatively flat morphology and small, shallow
dimples. This is because the initial samples were
subjected to solid solution and aging treatment.
At high temperature, with the prolongation
of the holding time and the reduction of the
cooling rate, the grains of the samples gradually
grow, and the larger the size of the grains, the
cracks are more likely to expand, resulting in the
samples being susceptible to brittle fracture. In
addition, when the samples are heat treated at
high temperature, the samples absorb hydrogen,
oxygen, nitrogen and other gases to form brittle
compounds, which can also lead to material
embrittlement [39]. As the number of HPT
revolutions increases, dimples become larger
and deeper. Fig. 4, ¢ and d show more cleavage
steps, dimples and some microvoids, and dimples
tend to become smaller and shallower with the
increase of the number of HPT revolutions. The
fracture morphology shows that the plasticity of
the samples firstly increases and then decreases,
which is also consistent with the change rule of
the stress-strain curve at room temperature.

Conclusions

In this study, TC4-0.55Fe-0.080 alloy was
severely deformed by HPT process at room
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temperature under a pressure of 6GPa at a
constant speed of 1 rpm. The corresponding
mechanical properties of the deformed
TC4-0.55Fe-0.080 samples were systematically
investigated. Based on the experimental
investigations, the following conclusions were
drawn.

(1) The microhardness was significantly
increased by HPT processing, reaching about
402 HV after 5 revolutions, with a corresponding
increase of about 30% compared to the initial
sample.

(2) Thetensilestrengthincreasedsignificantly
after HPT processing, reaching 1423 MPa after
2 revolutions, with a corresponding increase of
about 52% compared to the initial sample. Then
it slightly decreased.

(3) Tensile plasticity at the room temperature
increased and then decreased sharply with the
number of HPT revolutions.

(4) The evolution of the morphology of the
fracture surfaces corresponds to an increase and
then a decrease in plasticity with increasing
number of revolutions.

(5) Based on the known literature data, the
effect of HPT on the mechanical properties of
the alloy can be explained by the competition
between the phase transition, refinement of
the grains, and the change in the dislocation
density.
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