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The analysis of experimental data obtained during quasi-static tension, compression and bending of anisotropic and
structurally inhomogeneous porous titanium nickelide alloys obtained by the method of self-propagating high-temper-
ature synthesis (SHS) is carried out. It is shown that the studied porous titanium nickelide alloy near room temperature
is in a pre-martensitic state and experiences a reversible martensitic transformation (MT) under the action of an
external load. The influence of geometric anisotropy on the deformation behavior under tension and bending is shown.
By means of quasi-static tension and three-point bending to failure of lamellar samples of porous titanium nickelide
with a porosity of 60-70%, it was shown for the first time that all obtained strain curves are qualitatively self-similar and
contain a basic block of two linear hardening sections and a yield section between them. It is shown for the first time
that a decrease in the effective cross section and a decrease in the degree of geometric anisotropy of the deformation
zone lead to the appearance of an additional yield region on the deformation curves of quasi-static tension. This indicates
a significant dependence of the contribution of reversible martensitic deformation to the total deformation on the geo-
metric anisotropy of porous titanium nickelide. An analysis of fracture surfaces showed the effect of the type and rate
of loading on the ratio of brittle martensitic and ductile austenite phases in a multiphase matrix of a porous titanium
nickelide alloy.
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Introduction

mong a large number of methods for studying the
deformation behavior of structurally inhomoge-
eous alloys, the several effective methods can be
identified, that are suitable for studying porous alloys with
polymorphic phase transformation. Of these, the simplest,
but quite effective method for studying the superelastic
state of an alloy is uniaxial stretching [1—3]. The condi-
tion of this technique is the uniformity of the sample de-
formation, which is achieved by reducing its cross-section
to a minimum size.

Since the precision grips are not used on most stretch-
ing machines, the experimental results obtained for
stretching porous samples usually differ in the values of
the maximum accumulated deformation and the destruc-
tion nature. When stretching porous titanium nickelide
samples using precision grips, it is possible to achieve a
relative elongation of 1-2%. In this case, the stretching
curves are more informative and contain the accumula-
tion areas of shear martensitic deformation. Besides, the

uniformity of the stress state under uniaxial tension sig-
nificantly depends on the geometric anisotropy of porous
sample. The degree of geometric anisotropy increases with
an increase of the sample’s cross-section and the number
of connections between the nodes of porous frame.

Due to the methodological difficulties of tensile test-
ing, the deformation behavior of porous samples is more
often investigated by the compression or torsion methods
[4—11]. At that, it is easier to prepare samples for testing,
and the requirements for the isotropy of equiaxial sam-
ples are not as high as at stretching plates. Therefore, the
compression tests are much easier to carry out. However,
in an equiaxially porous sample, the number of connec-
tions between the nodes is significantly greater than in
a flat porous plate, and this feature imposes the signifi-
cant restrictions on the manifestation of the superelastic
properties of porous alloy. Due to such restrictions, the
compression curves are significantly less informative for
studying the superelastic behavior than the stretching
curves.
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Materials and methods

The deformation behavior of the SHS—TiNi was stud-
ied by single compression, stretching and bending to the
destruction at room temperature on an testing machine
INSTRON 3369. For compression testing by the elec-
troerosion cutting methods, the samples with the dimen-
sions of 3x3x6 mm were obtained. To study the influence
of the dimensional factor on the features of the deforma-
tion behavior of SHS—TiNi alloys, the tests were carried
out by uniaxial stretching of plates to rupture on a testing
machine with a stretching speed of 1 mm/min. For the
tensile tests, the samples were cut out in sizes 20x12x0.5;
20x12x3 and 20x12x6 mm. For bending tests up the frac-
ture, the samples were obtained with dimensions 30x10x35;
30x10x3 and 30x10x0.5 mm, which were tested by the
three-point bending method up the destruction. The sam-
ples were loaded at a rate of 0.3 mm/min.

Results and discussion

The stressed state analysis of the porous titanium nick-
elide samples should be carried out taking into account
the geometric anisotropy of porous frame. Estimating
the load distribution in the samples with an open poros-
ity of 60—70%, they should be considered as a variety of
rod structure in which the nodes’ mobility is limited by
the bridges’ connections. The internal stresses in the volu-
metric undeformed porous frame are balanced, and the
nodes and rods are in a tied state. The stresses developed
in the frame’s walls can lead to the destruction of the indi-
vidual walls, but cannot lead to deformation of the entire
volumetric frame. Therefore, the further mechanical tests
were carried out on the samples from the porous alloys of
different sizes.

At the quasi-static uniaxial com-
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At single compression up to the destruction of massive
samples of 12x6x6 mm, an elastic section with an elas-
tic limit of about 90 MPa was found on the deformation
curve, under a relative narrowing of 2.2 %. The maximum
compression stress was 197 MPa at the deformation of
7.1 % (Table 1).

At decreasing the cross-sectional dimensions of the
samples from 6x6 to 3x3 mm, the number of bridges and
the effective cross-sectional area of the sample decrease,
at that the ultimate strength also decreases, and the curve’s
character saves (Fig. 1, b).

Based on a series of experimental data, the assump-
tion has been assumed that a high degree of geometric
anisotropy of the porous framework in massive samples
limits the inelastic martensitic deformation of titanium
nickelide. Besides that, the irreversible plastic crumpling
of porous frame occurs at compression. The obtained de-
pendences make it possible to obtain only a macroscopic
characteristic of a massive sample, not allowing to evalu-
ate the inelastic martensitic behavior of the porous tita-
nium nickelide alloy.

The dependences obtained by stretching thinner
plates (thickness 3 and 0.5 mm) are more informative
and have more characteristic areas of yield, associated
with MT B2 — B19’, than the dependences obtained at
destruction of plates with a thickness of 6 mm (Fig. 2).
At decreasing the plates’ thickness, the degree of geomet-
ric anisotropy decreases, at that the yield areas and areas
of deformation hardening appear on the deformation
curves (Table 2).

At stretching a porous plate with a size of 20x12x6 mm,
the deformation curve, typical for the elastic-plastic
materials, is obtained (Fig. 2, a). The destruction surface
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Table 1

Typical deformation diagrams obtained by uniaxial quasi-static compression of
SHS-alloys of porous titanium nickelide:
a— 12x6x6 mm; b — 6x3x3 mm

Mechanical properties of porous titanium nickelide alloys obtained by single compression

Samples’ sizes, mm

12x6x6 88.2+6
6x3x3 61.8+£5

Remarks: 5, — the elastic limit, o,
deformation, &,,; — the total deformation up to destruction.

197 £ 20
153+ 16

4.1+0.3
3.2%0.1
- the compressive strength, E — the elastic modulus, ¢, — the elastic deformation, Ep~ the plastic

22+0.2
1.9+0.1

49+0.4
7.2+0.6

7.1+0.5
9.1+£0.8
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Table 2
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Mechanical properties of porous titanium nickelide alloys obtained by the SHS-method under stretching

Samples’ sizes,

20x12x6 38.2+3 114+£9 17.4+£1.3
20x12x3 30.9+2 167+8 17.1+£1.1
20x12x0.5 30.9+2 101 = 11 14.7+1.5

0.3+0.05 29+0.2 3.2%£0.3
0.2£0.05 1.1£0.1 3.4+£0.3 4.7+0.3
0.2£0.05 1.0+0.1 1.1£0.4 2.3+0.3

Remarks: o, — the stress of martensitic shear; ¢, - the ultimate strength at stretching; E - the elasticity modulus on the section A-B;

&, — the elastic deformation; ¢,

— the martensitic deformation; Ep)— the plastic deformation; ¢,,; — the total deformation up to destruction.
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Fig. 2. Typical deformation diagrams, obtained by uniaxial stretching of porous plates of titanium nickelide:

a— 20x12x6 mm; b — 20x12x3 mm; ¢ — 20x12x0.5 mm

of a porous plate with a thickness of 6 mm contains from
400 to 500 bridges, which are oriented randomly relative
to the load’s direction. Due to this orientation, the bridges
make a chaotic contribution to the general picture of de-
formation [12]. The greater the degree of anisotropy of
porous framework and the more bridges are located in the
destruction zone, the smaller the contribution of marten-
sitic deformation to the additive deformation. Therefore,
on the deformation dependence of massive plate are fewer
peculiarities, associated with the martensitic deformation
of the separate deformation cells.

The deformational dependence, obtained by stretch-
ing a porous plate with a size of 20x12x3 mm, is more
informative, and it contains the elastic, martensitic and
plastic areas of deformation (Fig. 2, b). At the initial
area of loading, all components of a multiphase porous
alloy are deformed elastically. The portion 0-/ corre-
sponds to the initial elastic deformation of the austenitic
phase TiNi(B2). At the point /, corresponding to the
yield strength of the alloy, the martensitic shear’s stress
is reached and begins MT TiNi(B2) — TiNi(B19"). The
yield section on the portion /-2 is caused by the phase
transition TiNi(B2) — TiNi(B19"). The elastic portion
2-3 corresponds to the elastic deformation of the mar-
tensitic phase TiNi(B19"). Then, they are followed the
nonlinear portion 3-4 of deformational hardening of the
plastic deformation of the residual phase of TiNi(B2)
and the porous frame. At the ultimate strength is reached
at the point 4, the brittle destruction of the martensitic
phase TiNi(B19") takes place [12—14]. At the selected
cross-sectional dimensions of 12x3 mm, 300-370 bridges
of the porous frame fell into the destruction zone of the
samples. Thanks to the increase in the mobility of the

porous frame, on the portion /-2 of the deformation
curve, the martensitic deformation features appeared of
against the background of an additive deformation pic-
ture. At the unloading stage, at a relative deformation of
0.8 % the inelastic martensitic deformation is completely
reversible, and the stress hysteresis Ac was 17 MPa, which
is typical for the superelastic alloys. The area of the hys-
teresis loop corresponds to the dissipative losses, con-
nected with an internal friction at the interphase bound-
aries at the reversible MT [15, 16].

At the thickness 0.5 mm of the porous plates, thanks
to the maximum possible increase in the mobility of a
single-layer porous frame, two self-similar blocks with a
yield portion have already appeared on the deformation
curve (Fig. 2, ¢), which reflect the martensitic deforma-
tion’s processes of the individual bridges in the porous
frame. The self-similar sections differ in the magnitude
of the maximum accumulated deformation and devel-
oped forces. The yield sites M correspond to the phase
transition of austenite to martensite and further succes-
sive the brittle destruction of the porous frame’s bridges.
The so-called “yield tooth” is present at the boundaries
of all fragments of the martensitic deformation. The
magnitudes of the developed efforts of all fragments
are comparable. A greater number of peculiarities on the
deformational curve appeared thanks to a smaller number of
ties (20—-100 pcs.) between nodes in the destruction zone of
the porous frame and thanks to an increase in their mobil-
ity (Fig. 2). The search and counting of bridges were car-
ried out visually with the help of optical microscopy using
the “focus stacking” technique and raster electron micro-
scopy. From 30 to 80 images were used to obtain a single
image on OM-microscopy (Fig. 3).
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Fig. 3. Images of the fracture surface’s fragment of the porous plate SHS—TiNi:
a — scanning electron microscopy; b — optical microscopy
Table 3

Mechanical properties of porous titanium nickelide alloys obtained by the SHS method at bending

Samples’sizes, mm 5 e

30x10x5 549+5 99+8 4.2+0.3
30x10x3 29.2+4 113+ 11 11.5+£1.2
30x10x0.5 11.8+1 11114 4.7+0.3

1.3+0.1
0.2£0.1
0.3+0.1

2.1+£0.3
2.3+0.2

1.9+0.2
0.9£0.1
1.7+£0.1

3.2+0.3
3.2+£0.3
43+0.4

Remarks: 6, — the stress of martensitic shear; o, —
— the martensitic deformation; &,

&, — the elastic deformation; g,

the ultimate strength at bending; E - the elasticity modulus on the section A-B;
— the plastic deformation; &5 —

the total deformation up to destruction

o, MPa
120 F 120 F 120
. a / D b C
100 | 100 / \ 100
80 [ 80 [ ,/ 80
60 | 3 60 !J 60
/
40 40r Bﬂ,m____._r)fc 40
20 20 'I/ 20
1 1 1 1 'III 1 1 1 1
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 g%
Fig. 4. Typical deformational diagrams obtained by three—point bending of porous plates from titanium nickelide:

a— 30x10x5 mm; b — 30x10x3 mm; ¢ — 30x10x0.5 mm

Thus, a comparison of the stretching curves allows us
to conclude that the size of the porous samples’ cross—
section and the anisotropy degree of the porous frame
of the SHS-TiNi alloy significantly affect the number of
self-similar blocks of the ABCD type of stretching curves
(Fig. 2, b).

The porous samples in the form of plates of the same
porous TiNi alloy, which was tested by stretching, with
dimensions 30x10x5; 30x10x3 and 30x10x0.5 mm have
been tested by the three-point bending method up to
destruction (Fig. 4, Table 3). As at stretching, the curves
of three types were obtained, the appearance of which
changed when the samples’ sizes changed.

As at stretching, the curves obtained by bending the
thickest samples do not have a yield portion. At bending
samples with an average thickness of 3 mm, a curve from
one block was obtained, which consists of a yield por-
tion of about 2% in length, enclosed between two elastic
hardening portions F1, E2. At bending a sample with the
minimum thickness 0.5 mm, the curve from two blocks
is obtained, which consist of a yield portion enclosed

between two elastic hardening portions. The curves with
the yield portions M correspond to brittle destruction of
the bridges after a sequential phase transition of austenite
to martensite in one or more bridges of the porous frame
(Fig. 4, Table 3) [12, 13]. At that, the number of bonds in
the destruction zone of plates with sizes of 300x100x0.5 mm
did not exceed 60 pieces.

On the basis of the obtained data complex, it can be af-
firmed that during stretching and bending the qualitatively
similar deformation curves have been obtained. The quali-
tative differences in curves within the same test method
are caused by a significant quantitative difference in the
effective cross-section and the number of bridges in the
destruction zone of the porous frame.

Conclusions

It is established that the main distinguishing feature of
the experimental deformation dependences, obtained by
quasi-static compression, stretching and bending of sam-
ples of porous titanium nickelide, is the number and extent
of the yield areas caused by martensitic transformation.
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The main factor, influencing on the number and extent
of yield areas during fracture by bending and stretching, is
the geometric anisotropy of porous alloy. It is established
that with uniaxial stretching of porous plates, character-
ized by minimal geometric anisotropy and having from
20 to 100 walls in the fracture zone of the porous frame,
the destruction of the sample is achieved after passing two
yield sections. The samples with a number of bridges up to
300 have one yield area on the deformation diagram due
to martensitic transformation. An increase of the geomet-
ric anisotropy in porous frame with a number of bridges
in the fracture zone of more than 400 leads to the regular
disappearance of yield areas on the deformation curves.
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