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Today, shape-memory alloys have already taken their place in various fields
of science and technology. The most used alloy is titanium nickel or nitinol.
When manufacturing alloys based on NiTi in order to use them for various
products, it is necessary to know the conditions, under which it is possible to
obtain alloys with previously known parameters of the phase transformation.
In the work, the dependence between the Ni/Ti ratio, preliminary thermome-
chanical treatment (TMT) and the temperature of the beginning of the mar-
tensitic transformation (M;) is obtained.

Key words: direct and reverse transformations, shape-memory effect, vacu-
um induction melting, vacuum arc melting, additive methods.

Huwi cronu 3 mam’aTTio opMu BiKe 3aMHAIN CBOE MicCIle B Pi3HUX rayry3sx Ha-
yKu Ta TexHiku. Hai6iab1 BUKOPUCTOBYBAHUM € HiKesin TuTany abo HiTMHOJ
(NiTi). Oaa suroroBnennsa cromiB Ha ocHOBi NiTi morpi6HO 3HAaTH yMOBHU, 3a
AKMX MOKHA OJIepsKaTH CTONH i3 3a3majerigp BimoMuMu mapaMmerpamu ¢hasoBo-
ro IIePeTBOPEeHHS, YOMY i IPHUCBSAYEHO JaHy CTAaTTiO. B poboTi omep:kaHo 3aJie-
JKHicTh Mixk cuiBBigmommenuam Ni/Ti, momepenuimM TepMomMexaHiuHUM 00pPOO-
aeuuam (TMO) Ta TemepaTypoIo IIOYATKy MapTEeHCUTHOTO mepeTBopenHs (Ms).

Corresponding author: Yuriy Mykolayovych Koval
E-mail: koval@imp.kiev.ua

Citation: Yu. M. Koval, V.V. Odnosum, T. G. Sych, G.S. Mogylnyy, V. V. Burtsev,
and A. Yu. Sezonenko, The Relationship between Chemical Composition of the Alloy
and the Parameters of the Martensitic Transformation in NiTi Alloys, Metallofiz.
Noveishie Tekhnol., 45, No. 11: 1293-1309 (2023). DOI: 10.15407/mfint.45.11.1293

1293


https://doi.org/10.15407/mfint.45.11.1293
https://doi.org/10.15407/mfint.45.11.1293

1294 Yu. M. KOVAL, V. V. ODNOSUM, T. G.SYCH et al.
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1. INTRODUCTION

Today, the industrial production of nitinol is carried out using two
traditional methods of melting, namely vacuum induction melting
(VIP) and vacuum arc melting (VAM). The best generalization of the
traditional production process is given in [1]. The most modern meth-
ods, namely, selective laser melting and production of nitinol using
additive manufacturing are described in [2] and [3], respectively. In-
duction melting allows obtaining homogeneous samples. However, it is
necessary to conduct an analysis of both pure components and final
castings for oxygen and carbon content [1], since melting is performed
in copper water-cooled or graphite crucibles. For example, NiTiMet
Company Group [4] in the material posted on the website claims that
the optimal conditions for obtaining TH1 and TH1-HK nitinol (which
is used in medicine) are the presence of a vacuum with a residual gas
pressure of 0.0001 mm Hg, the melting itself should be carried out in
vacuum-arc furnaces with a consumable electrode, vacuum-arc cruci-
ble furnaces with a non-consumable electrode, vacuum furnaces with
induction heating (which provide garnish melting), electron beam fur-
naces, plasma arc furnaces. According to [1], the most harmful impu-
rities in nitinol castings are carbides and oxides. Samples after VAM
are considered cleaner. After smelting, the next step in casting pro-
cessing is the destruction of the cast structure. Such destruction oc-
curs due to heat treatment using hot deformation at temperatures of
850-950°C, and then, cold deformation is carried out with the aim of
obtaining a product or semi-finished product (rolled sheets or wire).

According to[1], the process of processing a cast nitinol sample is as
follows: 1) hot deformation process (rolling, extrusion) at a tempera-
ture of 850—950°C. After it, the sample is cooled in air; 2) the cold de-
formation process, which consists of two parts: the first is the cold de-
formation itself (cold rolling or obtaining the wire by drawing through
the dies, and the degree of deformation can reach 45%), and the second
is a specific heat treatment after the cold deformation process.

Thus, the first stage is the production of the casting; the next step is
the thermomechanical processing of the casting in order to obtain
rolled steel, wire, and tubes. In addition, powders for the production of
various products can be produced from castings in various ways using
powder metallurgy methods. It should also be noted that nitinol pow-
der is used for 3D printing [5].

Schematically, the technology for the production of nitinol semi-
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finished products can be represented according to the scheme: melting
+ thermomechanical treatment (rolling + heat treatment).

An important position for controlling the acquisition of the required
properties is the maintenance of the given ratio between nickel and ti-
tanium (Ni/Ti). According to the considerations presented by the au-
thors [1], a deviation of 0.1 at.% in the Ni/Ti ratio causes a deviation
in the transformation temperatures by 5—10°C. In order to use a nitinol
product for the needs of the human body, it is sometimes necessary to
ensure the accuracy of the transformation temperatures up to 2°C.

In electrical engineering and cybernetics, the ‘black box’ method is
used [6]. The production of nitinol, or another alloy with shape
memory, can be imagined as a black ‘box system’. Such systems have
an ‘input’ for inputting information and an ‘output’ for displaying
work results. The state of the outputs usually functionally depends on
the state of the inputs. If the working mechanism is not important,
then, the dependence of the results on the input data is usually known;
the concept of a ‘black box’ is used in order not to be distracted by the
internal structure. We are going to assume that the ratio between the
components is an input parameter, and the characteristic temperature
of the beginning of the direct transformation, respectively, is the out-
put. Thus, the task of obtaining a semi-finished product with predeter-
mined values of functional properties is reduced to establishing a rela-
tionship between input and output parameters. The semi-finished prod-
uct production scheme, based on the ‘black box’, will look like in Fig. 1.
Analysis of the behaviour of the connection between the input of the
‘black box’ and the output is the ‘model of nitinol production’. Moreo-
ver, a mathematical model are described such a relationship between in-
put and output parameters. This model reflects the production process.
According to[6], the equation can be considered as such a model:

y=0(x), (1)
where y is the output parameter: the temperature of the beginning of

the martensitic transformation of M; [°C], and x is the input parame-
ter: the ratio between Ni/Ti.

Ti/Ni

Fig. 1. Scheme of the ‘black box’ for the production of nitinol.
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The main goal of this work is to establish the appearance of a math-
ematical model of the connection between input and output, or a model
that describes the influence of the ratio between alloy elements and the
temperature parameter of the martensitic transformation.

The issue of predicting phase transformation parameters taking in-
to account changes in chemical composition and various thermome-
chanical developments is described in [7].

In [7], the authors used an interpreted boosting surrogate model of
machine learning (ML) to predict the characteristic transformation
temperatures in alloys that exhibit the shape-memory effect, and the
prediction accuracy is 95% . The authors of this work also take into ac-
count the influence of heat treatment of the rolled samples of alloys,
extrusion parameters on the transformation parameters in the alloy.
With the help of Shapley values, the influence of the importance of
these parameters on the transformation temperature has a certain
quantitative assessment. The value of the article [7] is that the authors
carried out a quantitative assessment of the influence of various pa-
rameters on the transformation temperature, and determined the
‘weighted importance’ of each factor in relation to the transformation
temperature. In this way, the authors predict alloys that demonstrate
the ability to restore shape. It should also be noted the analysis of the
problem of ‘discovery of new alloys that are able to restore shape’, con-
ducted by the authors of this work. They argue that when studying al-
loys, the ‘traditional discovery’ consists in working within a system of
compromises, namely, to obtain some characteristics, we degrade oth-
ers. When creating an alloy, the optimal composition is soughed ac-
cording to the principle: we select the elements to provide the property
that we consider the main one, but greatly suppress others. A brief il-
lustration of the development of alloy design is given in [8]. At first,
one matrix base element is used, striking examples are alloys based on
copper or iron. The second element was added to improve certain prop-
erties of the main one. According to the reasoning of the authors [8],
metal-matrix composites and intermetallic compounds began to devel-
op more intensively from the 1970s of the last century. In the form of a
matrix, traditional aluminium alloys were used, then alloys based on
Ti—Al, Ni—Al, Fe—Al and others, and third and fourth elements were
added to them. The use of rapid solidification technologies has led to
the creation of alloys with many components. The principle of selection
of elements to certain base elements for rapid solidification technolo-
gies was the selection of elements that contribute to the creation of a
fine-grained structure, or contribute to the appearance of an amor-
phous phase. Having cited all the above considerations, the authors
proposed a new concept of creating multicomponent alloys, the con-
stituent elements of which are introduced into the alloy in equal molar
fractions. It was expected that the alloys would be brittle due to the
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formation of many intermetallic compounds, but the result turned out
to be different. The obtained compounds turned out to be more stable
due to the large entropy of mixing. The theoretical basis for the crea-
tion of multicomponent alloys is Boltzmann’s hypothesis about the re-
lationship between the entropy of a system and the number of its possi-
ble microstates or the complexity of the system. The result of using
this approach was the creation of high-entropy multicomponent alloys
using the concept of configurational entropy. Examples of such alloys
are given in work [8]. High-entropy alloys demonstrate [9] martensitic
transformation and the ability to restore shape. In [7], the authors
rightly noted that changes in the chemical composition and/or micro-
structure parameters (i.e., parameters of thermomechanical processing
and the alloy production method) affect the parameters of the marten-
sitic transformation. The task of creating multicomponent alloys re-
quires the creation of work in a multidimensional, nonlinear, highly
singular mathematical space. Moreover, in such a space, it is necessary
to carry out point studies, which is quite expensive. The authors [7]
also analyse the change of the chemical component of the alloy design
and come to the conclusion that by changing the ‘chemistry’ it is possi-
ble to achieve undesirable properties. They also analyse the use of com-
binatorial approaches, but find a drawback there, which consists in the
complexity of processing the multidimensional and multielement space
of multielement multifunctional alloys. They also indicate the com-
plexity of first-principle calculations. In general, according to them,
today's models allow analysing models for the creation of alloys only
within the framework of some alloy systems. The surrogate model cre-
ated by them will make it possible to make such a ‘design’ for many
systems, while separately taking into account the weight of the chemi-
cal factor and factors of thermomechanical processing. Consider a sur-
rogate CatBoost model for predicting recovery temperatures.

Selection of data: step 1 is the formation of data on chemical compo-

sition (the data of binary NiTi alloyed NiTi were used for the analysis,
resolution of chemical composition 0.1 at.%; step 2 is taking into ac-
count the parameters of thermomechanical processing: heat treat-
ment, rolling, extrusion; step 3 is the data processing: the results of
both steps are entered into the list of primary parameters for ML of the
surrogate model (actually, the result of the model was the phase trans-
formation temperatures); step 4 is sifting out clearly unsuitable data
and forming a ‘reliable set’.
Training and Building a Strong Algorithm. As a result of the analysis,
the authors established that the CatBoost model is optimal for ML, and
the previous history of the ML algorithm, evolutionary methods, and
Bayesian optimization hyper parameters were used. Thus, this model
can be used to design alloys with given MT (martensitic transfor-
mation) parameters.
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With the help of Shapley values, the importance of the influence of
various factors of thermomechanical processing is taken into account.
The authors of this paper really successfully predicted the phase trans-
formation parameters for a number of nitinol-based alloys. Thus, ML
is a promising direction for forecasting transformation parameters.
However, there are a number of issues related to the optimal formation
of the input data set, the creation of the error function, and other is-
sues that are quite difficult. It is difficult to select data, since they
must be taken from a large number of works, the authors of which
studied various issues, and therefore there will be a difference in the
methods of manufacturing alloys, types of thermomechanical pro-
cessing, which will complicate the process of learning the model

In our work, we tried to simplify the forecasting process and simply
process the existing data using a linear polynomial. Such work will al-
low us to see the simplest picture of alloy production and the creation
of the necessary phase transformation parameters by changing the
chemical composition and TMT parameters. The values of the coeffi-
cients of the polynomial will indicate the ‘weight’ of the TMT parame-
ters and chemical composition.

2. EXPERIMENTAL DETAILS

Alloys for research were produced using arc melting in an argon at-
mosphere. The weight of the casting was 30 g, pure Ni, Ti components
with a purity of 99.99% were used as filler materials. Analysis of the
chemical composition after melting was carried out with the help of x-
ray spectral analysis (x-ray fluorescence spectrometer VRA 20 method
of x-ray analysis, I'OCT 28033-89). After production, the alloys were
examined in the cast state and after a series of thermomechanical
treatments (TMT): 1) holding at 500°C for 5 hours and quenching in
water at the temperature of 20°C; 2) hot rolling at the temperature of
900°C, then, holding at 500°C for 5 hours, and quenching in water at
the temperature of 20°C. The parameters of the phase transformation
were estimated by measuring the dependence between the deformation
caused by the action of the external load and the change in tempera-
ture, and the load is carried out using the three-point bending tech-
nique [10]. This one was done in a similar way in works [10, 11].

3. RESULTS AND DISCUSSION
3.1. As-Cast Conditions

The first series of studies was carried out with samples in the cast
state. Table 1 shows the results of determining the parameters of di-
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TABLE 1. Values of characteristic transformation temperatures for the stud-
ied alloys in the as-cast state of the NiTi system.

Composition Ni/Ti M, °C M;, °C A, °C Ag, °C
NisoTiso 1 70 40 73 100
Nis1Tiag 1.04 -10 -90 -50 15

Nis1.5Tis05 1.06 -10 -160 -160 20
NisaTias 1.083 -20 -150 -150 35

rect (martensitic) and reverse (austenitic) transformation in the cast
state, and Fig. 2 shows the dependence between the temperature of the
beginning of the direct transformation of M, and the ratio between
nickel and titanium M= f(Ni/Ti), where Ni/Ti is the ratio between
nickel and titanium, M, is temperature of the beginning of direct
transformation, M; is temperature of the end of direct transformation,
As is temperature of the beginning of reverse transformation, A: is
temperature of the end of reverse transformation. The analysis of
these data with the help of linear approximation led to the creation of
equation (2), which, in our opinion, most likely has a linear character
and reflects the melting process. In further consideration, we will try
to confirm this assumption.

Analysing the data, we can suggest that in the as-cast state the pol-
ynomial has the following form:

y=-1085x+1141.2. (2)

y=-1085x+1142.1

—-40 T T T T T : : : . |
0.90 0.94 0.98 1.02 1.06 1.10
Ni/Ti

Fig. 2. Dependence between the temperature of the beginning of martensitic
transformation (M) and the ratio between nickel and titanium (Ni/Ti):
M, =f(Ni/Ti). Samples in the as-cast state without TMT.
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3.2. After Thermomechanical Treatment

Based on our results, taking into account thermomechanical pro-
cessing, polynomials of the dependences between the Ni/Ti ratio and
the temperature of the beginning of the martensitic transformation
were constructed, taking into account TMT (Fig. 3). The following heat
treatments were carried out hot rolling of as-cast samples from a tem-
perature of 900°C.

The following dependence was obtained:

y=-1217.1x+1248. (3)

Exposure of as-cast samples at 500°C for 5 hours with subsequent
quenching in water:

y=240x — 242.45. (4)

Another series of TMT consisted of a combination of rolling and heat
treatment, namely, as-cast samples were rolled from 900°C, and then
the rolled samples were kept for 5 hours at a temperature of 500°C, fol-
lowed by quenching in water at room temperature (RT):

y=465.6x —474.4. (5)

To simplify the analysis, we summarize all polynomials in Table 2.
The most complete overview of NiTi alloys is given in the paper [11],

1004
—As-cast and hot rolling at 900°C

80/ < Heat treatment at 500°C

- Hot rolling at 900°C +

- + heat treatment at 500°C
601 y=-121T7.1x+1284

O 401
-~ y=240.85x—-242.45 =
= 20 x a
y=465.6x-474.4
0.
- »
._207 =
—40+ . . . . . - . - ;
0.9 1.01 1.08 1.05 1.07 1.09

Ni/Ti

Fig. 3. Dependence between the temperature of the beginning of direct trans-
formation (M) and the ratio between nickel and titanium (Ni/Ti): M= f(Ni/Ti).
Samples after various thermal and thermomechanical treatments.
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TABLE 2. Polynomials for the studied NiTi alloys after a series of thermome-
chanical and thermal treatments.

Thermomechanical or heat Connection
. Reference
treatment polynomial

As cast condition y=-1085x+1142.2
Rolling of as-cast samples froma  _
temperature of 900°C y=-1217.1x +1248
Exposure at 500°C for 5 hours
with subsequent quenching in y=240x+ 242.45
water

Rolling of cast samples from

900°C, rolled samples were kept

for 5 hours at a temperature of y=465.6x—-474.4
500°C, followed by quenching in

room temperature water

Data for constructing
y=-4088.6x +4135.8the polynomial are
taken from work [11]

Samples were hardened from
1000°C (linear part-on)

and its authors used quenching from 1000°C in water at 20°C as heat
treatment. Based on the data of this work, we also constructed a poly-
nomial (6) of the dependence of the temperature of the beginning of the
martensitic transformation on the ratio between Ni/Ti (the polynomial
was constructed under the condition that the samples were quenched
from 1000°C). It should be noted: if the polynomial is constructed ac-
cording to all the data of the work [11], then, it is a polynomial of the
second order (Fig. 4, Table 3):

y=-20031x2+37891x - 17843. (6)

As can be seen in Fig. 4, up to the ratio Ni/Ti~ 1, the temperature
M almost does not change, when going from 1 to 1.07, the dependence
M= f(Ni/Ti) is linear. Since our studies were conducted in the same
‘linear range’ and the data we obtained are described by a linear poly-
nomial using the data of work [11]in the range 1 to 1.07, such a section
can be described by a linear polynomial (Table 2):

y=-4088.6x + 4135.8. (7)

Thus, it can be concluded that when constructing the approximate
dependence of M= f(Ni/Ti) as a linear function:

y=kx+b; (8)
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1004
50 ° 0 c SO, y=—4088.6x + 41135.8
% o] ¥y=—20031x?+37891x - 17843 ¥ 50
E 501 o g"m O
B . 501 °
—130- . 100, =
~1501 ~1501
—2001 o 200
-250 ‘ —250 °
0.91 0.95 099 103 107 “T0.99 1.01 1.08 1.05 107
Ni/Ti Ni/Ti
a b

Fig. 4. The dependence between the temperature of the beginning of the direct
transformation M, and the ratio between nickel and titanium M= f(Ni/Ti) is
constructed according to the data of [11]: entire ratio range Ni/Ti (a), only
Ni/Ti=0.99-1.07 (b).

in the latter, the coefficients k and b change depending on the previous
history of the samples.

We also note that the coefficient k£ varies depending on the history
of the sample’s production. As can be seen from Tables 1 and 2, in the
case of as-cast samples, £ =-1085, and for hot rolled samples, changes
it to —1217.1; hot rolled samples with additional annealing leads to a
value of 465.6.

The conducted microstructural studies revealed a change in the mi-
crostructure after rolling in relation to the as-cast state (Fig. 5). A
change in grain shape is observed in the rolled sample. The average
grain size changes slightly from the order of 30—55 um in the as-cast

TABLE 3. Polynomials for the NiTi system alloys studied in the entire range
of the Ni/Tiratio and only its linear part.

Thermomechanical or heat . .
Connection polynomial Reference
treatment
Not specified by the author tradi- y=-29104x%+ 56201x 27047, [15]
tional production method entire range
Not specified by the author tradi- y=-3471.7Tx + 3534.3, [15]
tional production method linear part
10 hours of annealing at 1050°C y=-3361.4x%2+6571.4x—-3145.2,
and quenching in water, entire range
30 hours of annealing at 600°C [16]
and quenching in water y=-761.26x + 848.55,
Additive manufacturing method linear part

Quenching from 1000°C tradi-

tional production method y=-20031x"+37891x — 17843 [11]
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a

Fig. 5. Microstructure of as-cast alloy and after hot-rolling NisqTiso: in the as-
cast state (a), after transverse hot-rolling (b).

state to the order of 25—35 um after hot rolling, and there is an elonga-
tion of the grains in the rolling direction.

Therefore, it can be assumed that the change in the coefficient & is
related to the change in the microstructure, and probably to the release
of Ti3Ni4 particles due to the presence of the R phase, which is released
during the annealing process, and the appearance of internal stresses
that arise during the annealing process.

Let us consider the results of the authors of the work [12], where the
alloy Tis.1Nisee was studied 1) in the as- cast state, 2) the samples in
the as-cast state were subjected to hot rolling in the temperature range
of 845-955°C, 3) the cast samples were rolled on hot and then subject-
ed to a cold draft. It should be noted that the cast samples did not
demonstrate the presence of texture, and the samples after hot defor-
mation and cold deformation by broaching revealed the presence of
texture in the direction of the deformation axis.

The authors of the work [12] pointed out another important applica-
tion of nitinol castings of large sizes, namely as limiters of the move-
ment of bridges, and such parts of bridges represent a massive casting
after thermomechanical processing. Production of this casting con-
sists of two parts: melting and heat treatment. The process of obtain-
ing such a part of this production can be described with the help of our
polynomial casting (2) and polynomial (5) a combination of rolling and
thermomechanical processing. Let us consider them more carefully.
Thus, the value of k=-1085, and b=1141.2 in polynomial (2) describes
‘obtaining a cast state’, and after thermomechanical processing, these
coefficients are £=465.6, b=-474.4. Using both our results and the
data of [12], it can be assumed that the change in the value of k£ and b
reflects a change in the samples. Thus, according to our data, the ap-
pearance of texture was established, and this fact was also established
in the work [12]. In addition, the release of TisNi4 particles in the cast
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samples is random, and rolling and additional annealing led to the co-
herence of the release of these particles and the appearance of a tex-
ture, M;=40°C after rolling and annealing and M= 20°C in the as-cast
state (although it is difficult to determine due to the blurring of the
peak on the presented results of dynamic mechanical analysis) [12].
The closest to this is our Nis; 5Ti49.5 alloy, which showed similar proper-
ties; it can also be assumed that the separation of particles in our case
is also coherent. When comparing the data, it should also be considered
that the crystallization in the authors of this work took place in a cruci-
ble with cooling with a furnace, and in our work, the crystallization took
place in a copper water-cooled basin, so the comparison of the data is
somewhat complicated, although overall, they correspond to situations.

It was found that a polynomial of linear form allows describing both
the process of melting and obtaining a casting as well as the process of
thermomechanical processing. The scheme of ‘polynomial operation’ is
shown in Fig. 6.

A comparison of all the above dependences shows that the change in
the values of k& and b testifies to the influence of the particle release
processes in different TMT regimes. In addition, the influence of in-
ternal stresses arising from rolling, as well as the presence of the R
phase, which is probably released during the annealing process, should
be taken into account.

It is necessary to mention the methods of additive technology, which
were mentioned above. With the help of three-dimensional printing,
you can get an almost ready-made product, when hiring, such a general
opinion exists in the world today. The work [13] gives eight general
steps that are included in the stages of production of a part using addi-
tive technologies: 1) creation of a 3D CAD model of the product, 2)
converting the model into STL format, 3) transfer of the file to the
equipment, on which the detail will be created using the method of ad-
ditive technology, 4) machine settings, 5) production, 6) opening the
machine and removing the part, 7) treatment to which the part is sub-
jected after producing.

The authors of this work analyse the possibilities offered by additive
technology for obtaining finished nitinol products that demonstrate
the ability to restore shape at specified temperatures and have arbi-
trary mechanical characteristics. The work [13] also states that meth-

Coefficient of the Transformation
Composition M o1 hection polynomial B parameter

Fig. 6. Scheme of ‘work of the black box’.
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ods based on laser melting are quite attractive for use. There are two
main approaches: a) electron-beam melting (EBM); b) laser-beam melt-
ing (LBM). The main difference in the methods is that photons are used
in LB instead of electrons in EBM as energy sources for powder melt-
ing. It is difficult to say which of the methods is more suitable, since
they are quite similar in result. In work [14], a Niso.2Tis.s test sample
was studied, which turned out to be suitable for creating actuator. This
sample demonstrated the presence of the shape-recovery effect and
good functional properties.

Disadvantages include a lower fracture strain than a sample obtained
by the traditional method. Moreover, the authors used binary nitinol
powder for production. The authors of this work note that the produc-
tion of NiTi is a rather complex process due to the high reactivity of the
alloy and the formation of impurities enriched in oxygen Ti:Ni and TiC.

Photographs of the microstructure of the alloy given in [14] show
that it has the character of longitudinally applied layers. In a certain
sense, the microstructure of nitinol in the VIM produced by the tradi-
tional method (Fig. 5, a) or VIM has grains conventionally, looking like
‘balls’, while the microstructure of the ‘printed’ material looks like
‘bricks’ [14] , which have quite significant longitudinal dimensions
(about 250 ym) and much smaller transverse ones (50—100 um). Of
course, these are very approximate estimates.

The authors of the work [15] believe that minimal changes in the
chemical composition of nitinol create a significant impact on the
properties. We slightly changed the data given by them by replacing
the Ni content in the temperature dependence of M, with the ratio be-
tween Ni and Ti. In Figure 7, it can be seen that when the ratio between
Ni and Tiis of the order of 1, the dependence changes approximately to
1, the M, temperature is practically independent of the ratio between
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Fig.7. Dependence between the temperature of the beginning of the direct
transformation and the ratio between Ni/Ti[15]: the entire range of the Ni/Ti
ratio (a), only Ni/Ti=1-1.05 (b).
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Ni and Ti and has an almost constant character (Fig. 7, a), and when
Ni/Ti=1-1.05, a fairly close to linear dependence is observed.

The authors of this work used nitinol powder from a pre-made cast-
ing as a material for printing. After the production of the samples, the
following heat treatment was applied, annealing at 850°C for 15
minutes, followed by quenching in water. Then, in order to increase
the temperature at the end of the reverse transformation, heat treat-
ment was carried out at 350°C and 450°C for an hour, followed by
quenching in water.

The authors believe that thermomechanical treatment allows con-
trolling the transformation temperatures, the size of the powders af-
fects the final concentration of oxygen in the powders and thus the
transformation temperatures.

In work [16], the authors created 3D samples using the so-called
(LENS = formation of a mesh using a laser) laser mesh method. In their
work, the authors created a large number of samples from 48 at.% Ni-
Tito 51.6 at.% NiTi.

In this work ([16] in Fig. 4), the dependence of the characteristic
transformation temperatures on the Ni content is shown, we slightly
changed the form of the dependence and created the dependence of the
M, temperature on the change in the ratio between Ni and Ti (Fig. 8).

It should be noted that the authors of [16] printed the samples, and
Ni powders and Ti powders were first mixed, and then they were ex-
posed to the laser beam. Powders of pure elements served as raw mate-
rials in this case, while in previous works powders obtained from bina-
ry NiTi were used. The obtained samples were subjected to homogeniz-
ing annealing at 1050°C for 10 hours followed by quenching in water.
After that, the samples were again kept at 650°C for 30 hours and
quenched in water, and such heat treatment was required to lower the
phase transformation temperature by forming the TisNis phase. Ana-
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Fig. 8. Dependence between the temperature of the beginning of the direct

transformation M, and the Ni/Ti ratio M, = f(Ni/Ti) [16]: the entire Ni/Ti ra-
tio range (a), only Ni/Ti=1.01-1.07 (b).
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lysing Figure 8, it can be said that the dependence M= f(Ni/Ti) be-
haves in the same way as for samples obtained by the traditional meth-
od, that is, up to the ratio Ni/Ti~ 1, the temperature of M can be con-
sidered conditionally constant, and after a linear section of tempera-
ture decrease is observed.

With the help of ‘Excel’ capabilities, we built a description of the
data dependencies of the entire range of ratios with a second-order pol-
ynomial and separately for the linear part with an ordinary linear pol-
ynomial (Fig. 7). An examination of Fig. 7 shows that the behaviour of
alloys obtained by additive methods is similar to alloys obtained by
traditional methods.

In work [3], a review of works devoted to NiTi with shape memory ob-
tained using additive methods was carried out. They believe that selec-
tive laser methods are promising for obtaining ready-made parts at
once, especially parts of complex shape. They found that during the ap-
plication of such methods for the manufacture of samples, evaporation
of Ni is observed, which contributes to the formation of secondary phas-
es containing Ni in their composition, and therefore changes the compo-
sition of the matrix and the temperature of the phase transformation.
Conducting heat treatment after the additive method of obtaining does
not completely solve this problem. It needs additional research. The use
of polynomials to describe the production process and subsequent heat
treatment is one of the ways to overcome such a shortcoming, since the
analysis of polynomials will allow us to get closer to their optimal coeffi-
cients and, thus, adjust the parameters of technological processes.

In our work, alloys were studied in the cast state and the dependence
M, =f(Ni/Ti) was constructed (Table 1, Fig. 1), and the same alloys were
studied after thermomechanical treatments (Table 2, Fig. 3). The analy-
sis of these dependences allows us to note that an increase in the Ni/Ti
ratio lowers the temperature of the beginning of the transformation,
and the dependence M= f(Ni/Ti) is close to linear in nature, so a linear
polynomial (2) was used for the description. We carried out the devia-
tion of the chemical composition of the alloy from the specified (that is,
what we wanted to get) using the x-ray fluorescence analysis method.

The casting was cut along the edges and samples were taken for
analysis from two opposite extreme points of the casting, after which
the average value was calculated, which was considered the real chemi-
cal composition. Our data indicate that, in this series of alloys, we lost
Ti, and the maximum error in determining the chemical composition
reached 0.57% wt. When analysing the error, all possible sources of its
occurrence are taken into account, namely, error when weighing the
charge, operator error, error in determining the chemical composition,
and others. When determining the chemical composition, we deter-
mined the average value and operated with it as a real composition,
although there is usually a certain dispersion of the chemical composi-
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tion on the casting. It is difficult to compare such data, because the au-
thors of other works do not fully cover this issue.

Analysis of Table 3 and Figs. 4, 7, 8 allows us to do the following
considerations. Practically, consideration of the entire range of the
ratio between Ni and Ti allows us to single out a certain point where
Ni/Ti~ 1, which is characterized by a break and the beginning of the
linear dependence M= f(Ni/Ti) for both traditional and additive pro-
duction methods. The question to which there is no answer yet is which
polynomial is better to use to describe the process in the ‘black box’:
power polynomial of at least the second order, which allows working in
the entire range of compositions where MT occurs, or linear, which de-
scribes the data in the range interesting for production. As said above,
when using ML methods, the authors [7] managed to predict the tem-
peratures of phase transformations in a wide range of alloys using the
surrogate CatBoost model using ML, taking into account the chemical
composition and parameters of TMT. However, it is not entirely clear
from this work what data the authors used, although this does not di-
minish the importance of the results of the work: the authors managed
to predict the parameters of the transformation taking into account
the chemical composition and TMT. This approach is quite complex and
the question arises as to how much it can be applied in real production.
We offer a simpler way of describing the production process using a
linear polynomial in the range of Ni/Ti ratios ~ 1. It should be added
that our approach could be applied when training algorithms in order
to create strong algorithms in ML.

4. CONCLUSION

Based on our own research, a ‘black box’ model was proposed, with the
help of which we obtained an empirical law of change in the tempera-
ture of the beginning of the martensitic transformation (Ms) from a
change in the ratio between the Ni/Ti components in the form of a line-
ar polynomial: y=kx+b. It is shown that when constructing the ap-
proximate dependence M.=f(Ni/Ti) as a linear function, the coeffi-
cients k and b change depending on the previous history of the samples.

The analysis of literature data and the results obtained by us allows
us to identify an inflection point in the dependence of M= f(Ni/Ti),
which is located in the vicinity of the ratio Ni/Ti~ 1.

The temperature of MT does not change in the Ni/Ti~0.9-1 de-
pendence interval and decreases linearly, when Ni/Ti~ 1-1.07.

The analysis of literature data showed the similarity of the behav-
iour of the function M,=f(Ni/Ti) for alloys obtained by traditional
methods and additive methods.

The polynomials proposed in the paper can be used for the purpose of
creating a strong machine-learning algorithm, and for adjusting the



THE RELATIONSHIP BETWEEN CHEMICAL COMPOSITION OF THE ALLOY 1309

processes of manufacturing and thermomechanical processing of alloys.
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