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Abstract—The influence of various schemes of thermomechanical treatment (TMT) on the structure and
properties of two sintered nickel-rich binary TiNi powder alloys is shown. TMT is found to decrease the aver-
age grain size and to increase the strength characteristics, the alloy density, and the plasticity relative to the
initial sintered state. The influence of TMT on the phase composition of the alloy is detected by X-ray dif-
fraction. TMT is shown to promote the formation of the triclinic R-martensite or strain aging with the pre-
cipitation of the Ti2Ni3 phase.
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INTRODUCTION
The alloys based on the TiNi intermetallic com-

pound (titanium nickelide) demonstrate excellent
functional properties (superelasticity, shape memory
effect, damping ability) in combination with a good
structural strength and corrosion resistance [1, 2].
Therefore, TiNi-based alloys are used in medicine and
engineering for the manufacture of control or load-
bearing elements of structures [3–9]. The functional
properties of TiNi alloys are based on a reversible mar-
tensitic transformation (MT), the temperatures of
which are extremely sensitive to changes in the chem-
ical composition of the B2-phase and an alloy as a
whole.

The main methods for producing titanium inter-
metallics and titanium nickelide are foundry methods,
namely, vacuum-arc and vacuum-induction melting
[10]. The properties of ingots, especially ingots of dif-
ferent heats, can differ significantly in composition
and, hence, the critical MT temperatures. Therefore,
it is necessary to study each piece of an ingot, which is
practically impossible in mass production [11].

An analysis of the structure of as-cast ingots
showed that, in addition to the main phase (high-tem-
perature B2-phase or B2-phase + martensite), the
ingots always contain foreign parasitic phases (Ti2Ni,
TiNi3, Ti4Ni2O, etc.), the total content of which is
variable, as a rule 5–20 wt % [11–13]. The formation
of these phases is associated with segregation during
ingot solidification and the interaction of a melt with

oxygen in casting, which cannot be suppressed in large
ingots.

A negative influence of the foreign phases, espe-
cially Ti2Ni and Ti4Ni2O, on the plasticity and func-
tional properties of TiNi-based alloys was detected
[13, 14]. Therefore, the problem of developing new
technologies to produce TiNi alloys of given chemical
and phase compositions is challenging. The absence of
foreign phases in a TiNi alloy is thought to eliminate
the scatter of functional properties over the billet vol-
ume and to increase the mechanical characteristics.

This problem can be solved using powder metal-
lurgy methods. As compared with the processes of tra-
ditional casting metallurgy (melting, solidification),
powder metallurgy (synthesis of alloy powder + solid-
phase sintering) has a number of advantages. The
properties of cast metals and alloys are substantially
determined by the peculiarities of their solidification,
during which defects such as segregation (chemical)
heterogeneity of the ingot composition, coarse grains
with different sizes, contrast phase composition, and
diffused interdendritic microporosity can form. A cast
structure does not provide the expected functional and
mechanical properties of the TiNi intermetallic com-
pound. The correction of the structure requires long
and multistage treatment of an as-cast material
(homogenizing annealing, deformation, thermome-
chanical treatment (TMT)).

In turn, the compacted materials produced by
powder metallurgy methods from fine powders are
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Fig. 1. SEM images of the TiNi intermetallic powder: (a) general view, (b) martensite relief on the powder surface (A, B2-phase;
M, martensite) [20].
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always subjected to consolidation, which is usually
performed in a solid phase, i.e., at the temperatures
not exceeding (0.9–0.95)Tm. In the powder metallurgy
technology, it is possible to avoid all negative phenom-
ena associated with ingot solidification. The advan-
tages of powder metallurgy also include the possibility
of forming workpieces with the shapes and sizes as
close as possible to the requirements of the final prod-
uct. There are other works devoted to the fabrication
of titanium nickelide by powder metallurgy methods,
such as SHS synthesis and reaction sintering (see, e.g.,
[15, 16]). However, in practice, these methods cannot
always produce TiNi with homogeneous phase and
chemical compositions.

In this work, we summarize the results of our works
performed in recent years to fabricate high-quality
semifinished products of powder titanium nickelide.
The experimental powder technology developed for
producing TiNi alloys [17, 18] includes the following
main stages: calcium hydride synthesis of a powder
TiNi alloy → powder consolidation by pressing and
sintering → hot deformation for producing compact
workpieces of specified sizes and shape.
RUS

Table 1. Chemical composition of the intermetallic TiNi calc

Powder

E

main

Ni Ti C Fe

TN1 alloy
(TU 1-809-394–84) 53.5–56.5 Base <0.1 <0.3

TiNi: batch 1 55.5 '' 0.067 0.1

batch 2 55.4 '' 0.061 0.075
CALCIUM HYDRIDE SYNTHESIS
The fabrication of metal and alloy powders by the

joint reduction of oxide–metal mixtures by calcium
hydride refers to metallothermic methods, in which
calcium hydride is used as a reducing agent [19]. Sche-
matically, the calcium hydride reaction of TiNi alloy
powder synthesis can be represented as follows:

(1)

As a result of reaction (1), a sinter, namely, the
reaction products in the form of intermetallic TiNi
and CaO particles, forms. Evolved gaseous hydrogen
burns during isothermal holding. Calcium oxide is
removed by standard hydrometallurgical treatment
operations (quenching, leaching).

TiNi powders were fabricated under experimen-
tal–industrial conditions [20]. Figure 1 shows the typ-
ical morphology of the calcium hydride TiNi powders.
The chemical compositions of the powders of the two
experimental batches are given in Table 1. Their phase
compositions are as follows: batch 1, 100 vol %
B2-phase; batch 2, 80% B2-phase + 10% R-marten-
site + 10% B19'-martensite. X-ray diffraction (XRD)
analysis did not detect other (foreign) phases.

2 2 2TiO Ni 2CaH TiNi 2CaO 2H .+ + → + + ↑
SIAN METALLURGY (METALLY)  Vol. 2020  No. 11

ium hydride powders

lement content, wt %

impurity

Si Со N O H Σ others

<0.15 <0.2 <0.05 <0.2 <0.013 <0.3

0.02 – 0.015 0.1 0.30 Са 0.13

0.02 – 0.025 0.074 0.25 Са 0.11
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Fig. 2. Optical images of the structures of the bars fabricated by sintering of the powders of batch (a) 1 and (b–d) 2.
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The content of the main elements (Ti, Ni) in the
calcium hydride powders fully meet the requirements
of TU 1-809-394–84 for the chemical composition of
the TN1 cast alloy. Note that the powders of both
batches were fabricated under the same technological
conditions; in general, the hydride calcium technol-
ogy makes it possible to produce similar TiNi interme-
tallic powder compositions.

The impurity composition is also important, since
the mechanical, physical, and functional properties of
the TiNi intermetallic compound depend substantially
on impurity elements such as oxygen, carbon, nitro-
gen, and hydrogen, the content of which, with the
exception of hydrogen, in TiNi powder alloys does not
exceed the limits established by TU 1-809-394–84 on
a cast ТN1 alloy. The hydrogen content is adjusted to
the required values   at the subsequent stages of powder
alloy consolidation. In addition, the powder produc-
tion process can be improved to decrease the impurity
content.

POWDER CONSOLIDATION

The authors of [20, 21] showed that hydrostatic form-
ing (cold isostatic pressing) of a powder followed by vac-
uum sintering (vacuum of 0.013 Pa (10–4 mm Hg)) is the
most preferred consolidation scheme, which is mainly
due to the fact that gaseous impurities are partly
removed from the material during vacuum sintering.
RUSSIAN METALLURGY (METALLY)  Vol. 2020  No.
The carbon and nitrogen content decreases by 15–
30% in comparison with their content in the initial
powder, the hydrogen content decreases by two orders
of magnitude and does not exceed 0.003–0.004 wt %
in the compacted sintered workpiece, and the decrease
in the oxygen content is insignificant.

The photographs of the structures of the specimens
after vacuum sintering were taken using a standard
metallographic technique and an optical microscope
(Fig. 2). This structure is represented by equiaxed
straightened grains of the high-temperature B2-phase.
There is a large number of junctions with a misorien-
tation angle of 120°, which indicates recrystallization
of the sintered material (Figs. 2a, 2b). However, a
more detailed study of the structure showed that, in
addition to B2-phase grains, a small number of sec-
ondary-phase needle inclusions (Fig. 2c) and stan-
dard-morphology inclusions (Figs. 2c, 2d) are pres-
ent. As follows from the results of electron-probe
microanalysis, the needle inclusions consist of the
Ti3Ni4 phase and are uniformly distributed in the grain
volume. The standard-morphology inclusions are
represented by the Ti2Ni phase, the presence of which
is undesirable. In general, the parasitic Ti2Ni phase
content is so low that its presence is not determined by
XRD. According to the results of metallographic stud-
ies, the parasitic-phase standard-morphology content
varies in the range 0.5–1 vol % depending on the field
of view. In Fig. 2c, the Ti2Ni phase is located near a
 11
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grain boundary (GB). However, it should be noted
that ~50% of the total Ti2Ni phase content forms on
the surface of isolated pores (see Fig. 2d). The forma-
tion of Ti2Ni in the contact zone of the matrix material
with pore boundaries is likely to be related to the for-
mation of the η phase (Ti4Ni2O), which is the solid
solution of oxygen in the Ti2Ni lattice. The η phase in
powdered titanium nickelide is thought to form in sin-
tering due to the interaction of the matrix material
with air in the pore volume. Oxygen was shown to sta-
bilize the Ti2Ni phase and its formation is possible in
nickel-rich TiNi alloys [22].

EFFECT OF TMT ON THE STRUCTURE, 
DENSITY, AND MECHANICAL PROPERTIES 

OF TITANIUM NICKELIDE
Thermomechanical processing of the sintered TiNi

powder alloy billets was carried out by rotary forging
(RF), radial-shear rolling (RSR), and extrusion (Ex).
For RF, the sintered workpieces had the following
dimensions: the diameter was 15 mm, the length was
200–220 mm, and the density was 95–98% of the the-
oretical density (ρt = 6.443 g/cm3). The RF tempera-
tures were different (600, 900, 1000°C) and the true
strain was e = 0.628 (bar diameter after deformation
was 8 mm). We used an upgraded double-die rotary
forging RKM2 B2129.02 machine.

For RSR, the dimensions of the sintered work-
pieces were as follows: the diameter was 33 mm and
the length was 200 mm. RSR is a special case of screw
rolling specially developed for the deformation of solid
billets [23]. Due to high feed angles (18°–21°) and a
specific roll pass design, this method can effectively
deform solid billets with intensive grain refinement
and compaction of the structure of various metals and
alloys [24, 25]. For rolling bars of medium and small
sections (10–50 mm), special minimills were designed
and fabricated in MISiS [23]. In this work, rolling was
carried out on two such three-high minimills (20–40
and 10–30) in two stages.

At the first stage, four passes were performed on
mill 20–40 with a true strain e = 0.095, 0.318, 0.606,
and 0.788 (bar diameters were 30, 24, 18, and 15 mm,
respectively) per pass. The bar heating temperature for
deformation was 1000°C. At the second stage, five
passes with a true strain e = 0.931, 1.011, 1.098, 1.193,
and 1.417 on a 10–30 mill were used to reach rod
diameters of 13, 12, 11, 10, and 8 mm, respectively.
The bar heating temperature for deformation was
900°C.

Extrusion was carried out on a P8041 horizontal
hydraulic press with a maximum force of 12.5 MN
(1250 tf). A container 80 mm in diameter and a die
with a conical entry funnel (cone angle of 120°) and a
hole diameter of 35 mm were used. The sintered billet
sizes were as follows: the diameter was 78 mm and the
length was 174 mm. Extrusion from an initial diameter
RUS
of 80 mm into a rod 35 mm in diameter was carried out
in one pass with a true strain e = 0.801 (reduction
of 5.2). The heating temperature for deformation was
900°C and rods were cooled in air after all types of
deformation. True strain e in all cases was estimated as
the natural logarithm of the ratio of the initial bar
diameter to the final diameter.

Depending on the type of TMT, we use the follow-
ing abbreviations to describe the properties of speci-
mens. For example, specimens RF900, RSR900,
Ex900 are subjected to RF, RSR, and extrusion,
respectively, at a temperature of 900°C.

The microstructures of the TiNi alloy subjected to
TMT under various conditions were revealed by
chemical etching of polished microsections with a
reagent 1 part HF + 2 parts HNO3 + 17 parts H2O (see
Fig. 3). An optical microscope with a built-in digital
camera was used to take photographs. The structure of
the RSR900 specimen could not be revealed by stan-
dard metallographic techniques; therefore, Electron
Backscatter Diffraction technique (EBSD analysis) was
used. Figure 3e shows the map of the crystallographic
orientation distribution in the lattice.

The results of our study of the change in the struc-
ture and properties of powder TiNi during RF were
published earlier [26]. The structure of the RF1000
and RF900 specimens is represented by polyhedral
B2-phase grains with a large number of triple junctions
with a misorientation angle of about 120° (Figs. 3a, 3b).
A decrease in the RF temperature at the same strain
(e = 0.628) promotes grain refinement (Table 2, dav =
92 ± 7 μm for the sintered specimen and 4 ± 1 μm for
the RF600 specimen).

The formation of a fine-grained structure in the
RF600 specimen (Fig. 3c) is likely to be related to the
beginning of dynamic recrystallization [27, 28]. At
deformation temperatures above 600°C, dynamic
recrystallization proceeds actively and grain coarsen-
ing occurs more intensely. In the specimens after RF,
a pronounced deformation structure with elongated
grains is not observed.

The effect of RSR on the structure of powder TiNi
was studied in detail in [29, 30]. Note that, in those
works, we use the term helical rolling (HR); however,
when screw rolling is used to form dense (pore-free)
bars, it is correct to use the term RSR. When a signif-
icant strain (e = 0.788) is reached, the structure in the
RSR1000 specimen is similar to that formed after RF
at 900 and 1000°C (Fig. 3d). The grain boundaries are
straightened, there are triple junctions with a misori-
entation angle of about 120°, and the grain shape is
close to equilibrium. In comparison with the
RSR1000 specimen, the RSR900 specimen (e = 1.417)
has a small number of triple junctions (Fig. 3e), and
the grains are slightly extended along the deformation
direction. Moreover, the EBSD recrystallization maps
showed that the total fraction of polygonized and
SIAN METALLURGY (METALLY)  Vol. 2020  No. 11
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Fig. 3. Structure of the TiNi alloy after TMT along deformation: (a) RF1000, (b) RF900, (c) RF600, (d) RSR1000, (e) RSR900,
and (f) Ex900.
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recrystallized grains in the RSR900 specimen is only
7%, and the rest is the fraction of deformed grains.

RSR leads to grain refinement of the B2-phase.
The average grain size begins to decrease only at e =
0.606 (see Table 2). The grain size in the RSR1000
specimen (e = 0.788) is dav = 64 ± 2 μm and that in the
RSR900 specimen is 34 ± 2 μm. After RSR at 900°C
(e = 1.417), the cross section of the deformed bar is
characterized by different grain sizes, as is evidenced
by a bimodal grain size distribution (Fig. 4). For the
rest of the specimens, the type of grain size distribu-
tion corresponds to a lognormal distribution.

The fractions of polygonized (P), recrystallized
(R), and deformed (D) grains at the periphery and the
RUSSIAN METALLURGY (METALLY)  Vol. 2020  No.
center of the bar are also different. We have P + R =
6% at the periphery and P + R ≈ 1% at the center.
Therefore, the surface and central layers of the bar
during RSR are deformed at different intensities.
Hence, dynamic recrystallization develops nonuni-
formly over the cross section of the bar (more at the
surface, less in the center), which leads to different
fractions of recrystallized and polygonized grains and,
hence, to a different grain sizes.

The extrusion of powder TiNi was studied in [31].
The structure formed in the Ex900 specimen after
TMT during dynamic recrystallization consists of
polyhedral B2-phase grains. The average grain size
after extrusion (32 ± 2 μm) is almost 5 times smaller
than in the initial sintered bar (150 ± 5 μm). In con-
 11
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Table 2. Mechanical properties and the grain sizes in the as-cast and powder TiNi alloys after sintering and TMT

t is the deformation temperature; HV, the microhardness; and dav, the average grain size.

TiNi alloy t, °С e
σu σ0.2

δ, % E, GPa HV dav, μm
MPa

As-cast deformed
TU 1-809-253–80

– – 539 294 >10 – >140 –

Powder sintered:
batch 1 (RF and RSR) – – 980 480 3.6 45 420 ± 15 92 ± 7
batch 2 (Ex) – – 1078 422 4.1 57 399 ± 4 150 ± 5

Powder, RF 1000 0.628 1120 890 5.4 62 391 ± 5 71 ± 7
900 0.628 1390 600 14.5 53 398 ± 5 38 ± 4
600 0.628 820 480 17.8 69 295 ± 4 4 ± 1

Powder, RSR 1000 0.095 – – – – 365 ± 6 92 ± 3
1000 0.318 – – – – 386 ± 10 98 ± 3
1000 0.606 – – – – 400 ± 8 72 ± 4
1000 0.788 1140 820 5.1 77 384 ± 8 64 ± 2
900 1.417 1160 808 11.3 89 419 ± 7 34 ± 2

Powder, Ex 900 0.801 1250 780 13.1 68 419 ± 10 32 ± 2
trast to RSR, extrusion and RF do not lead to different
grain sizes over the cross section of the deformed bar.

As was found in [20, 21], sintered TiNi powder bars
have residual porosity. Porosity is known to exert a sig-
nificant effect on the inelastic behavior of titanium
nickelide and, as a rule, to degrade the shape memory
effect and superelasticity (SME, SE) [32]. Therefore,
the maximum level of functional properties can be
achieved in a nonporous material. The maximum
SME and SE parameters can be used to apply titanium
nickelide as a structural material with functional prop-
erties (actuators, dampers, etc.).

In this paper, TMT operations are considered to
improve the functional and mechanical properties of
RUS

Fig. 4. Frequency diagram of the grain size distribution in
the PVP900 specimen (N is the frequency).
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powder TiNi by both refining the grain structure and
reducing the residual porosity. The density after vari-
ous TMT schemes was estimated by hydrostatic
weighing according to GOST 18898–89 [33], and the
results are presented in Fig. 5.

All TMT conditions used in this work were experi-
mental and, in general, led to an increase in the den-
sity of the sintered powder bars. An exception is the
RSR schedule during which tensile stresses were cre-
ated in the central part of the bar at certain strains due
to nonoptimal tool and deformation conditions for
powder titanium nickelide; these stresses led to loos-
ening of the metal in the core of the bar [29, 30].
SIAN METALLURGY (METALLY)  Vol. 2020  No. 11

Fig. 5. Influence of TMT on the TiNi powder bar density ρ.
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Table 3. Phase composition of the TiNi alloy fabricated by powder metallurgy

TiNi alloy, state
Fraction of phase, vol %

В2 R В19 Ti2Ni3

Sintered state: Batch 1 (RF and RSR) 100 – – –

Batch 2 (Ex) 80 20 – –

RSR1000, е = 0.095–0.788 100 – – –

RSR1000, е = 0.788 90 10 – –

RSR900, е = 1.417 95 5 – –

RF1000, е = 0.628 100 – – –

RF900, е = 0.628 80 – 20 –

RF600, е = 0.628 85 – – 15

Ex900, е = 0.801 100 – – –
An increase in the strain during RSR to e = 1.417
and a decrease in the rolling temperature to 900°C in
the last stage led to an increase in the alloy density to
6.40 g/cm3.

The mechanical properties were tested on an
Instron 5581 tensile testing machine. Standard speci-
mens were subjected to tensile tests in accordance with
GOST 1497–84 at room temperature [34]. The sin-
tered state of the alloy does not provide the required
level of its plastic properties, which is required by TU
1-809-253–80 for hot-rolled bars of the TN1 cast
alloy (see Table 2) because of the formation of a
coarse-grained structure and porosity.

All types of TMT promote an increase in the
strength and plasticity characteristics of powder TiNi
not only to the required level, but also significantly
higher. The maximum strength is provided by RF and
Ex at 900°C, and the maximum plasticity is provided
by RF at 600 and 900°C. The best complex of strength
and ductility is reached after RF at 900°C (e = 0.628).

INFLUENCE OF TMT ON THE PHASE 
COMPOSITION OF THE TiNi ALLOY 

FORMED BY POWDER METALLURGY

The phase compositions of the alloy specimens
were determined on a DRON-3 automated diffrac-
tometer using monochromatic CuKα and CoKα radi-
ation. X-ray diffraction patterns were recorded in the
step scanning mode in the angle range 2θ = 10°–110°
for CuKα radiation and 10°–145° for CoKα radiation
at a step of 0.1° and a counting time of 4 s.

The results of quantitative phase analysis are given
in Table 3. According to these data, the structure of the
bar formed by sintering the powder of batch 1 is single-
phase and consists of the high-temperature B2-phase.
Insignificant disturbances are recorded at the angles of
RUSSIAN METALLURGY (METALLY)  Vol. 2020  No.
reflection corresponding to the R-phase; however, the
amount of martensite cannot be reliably determined.

After RF at 1000°C, the structure is characterized
by the presence of only the B2-phase. A decrease in
the RF temperature to 900°C leads to the appearance
of the trigonal martensitic R-phase (R-martensite).
The appearance of this phase at room temperature is a
consequence of an increase in the temperature of the
reverse MT R → B2 above room temperature. After
forging at 600°C, the Ti2Ni3 phase is found in the alloy
structure, and its appearance can be due to aging
caused by plastic deformation, as was noted in the case
of cast titanium nickelide [27].

The results of XRD analysis showed that the alloy
after RSR mainly has the structure of the B2-phase.
After the first three passes, only traces of the trigonal
(R) and orthorhombic (close to B19) martensite
phases are found, and their amount, however, does
not exceed the sensitivity of the method. After the
fourth pass, the martensitic R-phase is reliably identi-
fied, the amount of which is not more than 10%. After
the fifth pass to e = 1.417 at 900°C, the phase state
B2 + R is retained in the structure.

The sintered bar made from the batch of powder 2
containing a lower amount of nickel was subjected to
extrusion. In accordance with the concentration
dependence of the MT points [35], a decrease in the
nickel content causes an increase in the MT tempera-
tures; as a result, the R-phase is detected in the initial
powder in the sintered state. After extrusion, no
reflections of the R and B19 martensite are observed,
which can indirectly indicate a decrease in the MT
temperatures.

Thus, TMT of sintered powder titanium nickelide
leads to a certain change in the phase composition of
the alloy due to a change in the ratio of the high-tem-
perature (B2) to the martensitic (R) phases or in the
chemical composition (change in the nickel content in
 11
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the two alloys under study) or due to a decrease in the
TMT temperature.

CONCLUSIONS

(1) The laws of formation of the structure and
properties of titanium nickelide fabricated by sintering
of calcium hydride powders or by hot plastic deforma-
tion of various types, namely, RF, RSR, and extru-
sion, were studied by optical spectroscopy, XRD, and
mechanical tests.

(2) All types of TMT were shown to change the
structure of the alloy. During hot deformation,
dynamic recrystallization and, hence, grain refining
take place. Rotary forging at 900°C (e = 0.628), RSR
with a final strain e = 1.417, or extrusion (e = 0.801) led
to the formation of a structure with almost the same
grain size (dav = 32–38 μm). Forging at 600°C causes
the formation of a fine-grained structure with a grain
size dav = 4 ± 1 μm, and a structure with a grain size
dav = 71 ± 7 μm forms at 1000°C.

(3) After TMT, the phase composition of the alloy
weakly changed relative to the initial powder and the
sintered state and consisted of either the B2-phase of
the same chemical composition or the B2-phase and
martensite. However, after rotary forging at 600°C, the
Ti2Ni3 phase was found in the alloy structure, the
appearance of which is due to aging caused by plastic
deformation.

(4) As a result of TMT, the density of the powder
sintered workpieces increases to an almost nonporous
state. The maximum increase in the density relative to
the sintered state is provided by extrusion. During
RSR at e > 0.318, the axial zone of the rods undergoes
loosening because of nonoptimal deformation condi-
tions. An increase in the strain to e = 1.417 and a
decrease in the RSR temperature of the TiNi powder
alloy to 900°C in the last stage made it possible to
reduce the porosity to 0.7% as compared to the initial
porosity (~2%).

(5) All TMT technologies increase the relative
elongation and the strength of the initial sintered bars.
An exception is rotary forging at 600°C, which signifi-
cantly increases the plasticity but lowers the ultimate
strength relative to the sintered state. In the case of
TMT at 900°C or below, the relative elongation of the
TiNi powder specimens is ≥10%. The set of mechani-
cal properties of the powder TiNi alloy in this case
exceeds the level of requirements of TU 1-809-253–
80 for hot-deformed cast alloy TN1 rods. The best set
of the mechanical properties of the powder TiNi alloy
was achieved after rotary forging at 900°C: σu =
1390 MPa, σ0.2 = 600 MPa, and δ = 14.5%.
RUS
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