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Abstract: Alloys based on TiNi are widely used in various fields of technology and medi-
cine. In the present work, we report on preparation of TiNi-alloy based wire with the shape
memory effect, which was used for compression clips for surgery. Composition and struc-
ture of the wire, and its martensitic and physical-chemical properties were studied using
SEM, TEM, optic microscopy, profilometry, mechanical tests, etc. The TiNi alloy was found
to consist of B2 and B19' and secondary-phase particles of Ti2Ni, TiNis and TisNis. Its matrix
was slightly enriched in Ni (50.3 at. % of Ni). Homogeneous grain structure was revealed
(an average grain size of 19+0.3 pm) with equal quantities of grain boundaries of special
and general types. Surface oxide layer provide improved biocompatibility and promote
adhesion of protein molecules. Overall, the obtained TiNi wire was concluded to exhibit
martensitic, physical and mechanical properties suitable for its use as an implant material.
The wire was then used for manufacturing compression clips with the shape memory effect
and applied in surgery. The medical experiment that involved 46 children demonstrated
that the use of such clips in children with double-barreled enterostomies permitted to im-
prove the results of surgical treatment.

Keywords: TiNi; structure; martensitic transformations; strength; double-barreled enteros-
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1. Introduction

Alloys based on TiNi are widely used in various fields of technology and
medicine. This is due to their unique functional properties, shape memory effects
and superelasticity, as well as a high level of biocompatibility [1-11]. The latter is
ensured by their corrosion resistivity and electrochemical passivity of superficial
oxide layer composed of TiO:z [12-21]. Moreover, the physical-mechanical charac-
teristics of such alloys are close to the characteristics of body tissues [22-24]. More
specifically, the hysteretic-type of behavior, the correspondence of damping prop-
erties and wettability of the material to biological tissues, and the reliability of
functioning in the body under conditions of alternating exposure make it possible
to use TiNi-based alloys in various fields of medicine to solve different complex
problems. In particular, TiNi-based implants are used in traumatology, recon-
structive surgery, oncosurgery, surgical treatment of urological and gynecological
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diseases, vascular surgery, as working elements for orthodontic appliances, de-
vices in ophthalmology, etc. [25-30].

The use of TiNi shape memory implants in gastrointestinal surgery was de-
scribed in [31-34]. The development and creation of TiNi-based implants for the
formation of anastomose initiated a new direction in the improvement of the com-
pression suture [35]. Thus, fundamentally new possibilities appeared in surgery
that permit modeling seamless anastomoses of required configuration between
the hollow organs of the gastrointestinal tract.

The mechanism of compression suture is based on the optimal, from the view
point of tissue trophism, compression when the walls of connected organs come
into contact [35, 36]. Among the main advantages of compression anastomosis is
the absence of foreign bodies along the suture line. This leads to a decrease in
inflammation in the healing zone. In addition, a compression suture, unlike a
manual suture, is devoid of such disadvantages as formation of coarse scar tissue
and contamination of the suture channel [35, 37, 38].

The use of magnets [37, 39, 40] and TiNi shape memory alloys [35, 36, 38, 41,
42.] were described for the formation of compression suture in children. For the
first time, devices made of TiNi and used for compression anastomoses were de-
veloped and widely used in 1985 under the guidance of Professor R.V. Ziganshin
[33].

When cold, TiNi-based materials can be given the necessary shape which is
then restored upon subsequent heating [22]. Hence, the effect of uniform com-
pression on tissues resisting the restoration of the original shape, made it possible
to develop new techniques and methods for modeling seamless connections be-
tween hollow organs [35].

A large number of studies on the use of TiNi alloys in abdominal surgery in
adults were performed in Tomsk, under the guidance of V.E. Gunther, G.T. Dam-
baev and others. The number of such works in pediatric abdominal surgery is
limited.

This work studied a material based on the TiNi alloy in a form of wire that
was used in medical practice as a clip for the treatment of diseases and injuries of
the small intestine in newborns and young children (up to 1 year old). The detailed
medical investigation was provided in our previous work [42]. Here, we reveal
the structure and properties of the TiNi-based material for the device with shape
memory and analyze, in this regard, its effectiveness in the formation of delayed

compression anastomosis in a double-barreled Mikulicz enterostomy in young
children.

2. Materials and Methods

The monolithic alloy based on TiNi studied in this work was obtained by
remelting plates of nickel (N1) and spongy titanium in an ISV-0.004-PI M1 (Petra,
Ufa, Russia) induction furnace filled with inert argon gas. The initial components
were weighed in an equiatomic ratio using a GH-200 balance (A&D, Tokyo, Ja-
pan). The resulting cylindrical ingots (300 mm long and 25 mm in diameter) were
sequentially processed in a DOU-80 rolling mill (DOU, Moscow, Russia), an RKM-
4 rotary forging machine (Pressmash, Taganrog, Russia), and an SVP-0.12M draw-
ing machine (Pressmash, Taganrog, Russia) at intermediate annealing tempera-
tures of 450-950°C in tube furnace SUOL 0.4.4/12 (Tula-Term, Tula, Russia). The
final product diameter achieved was 1 mm. To study the structure and properties
of the resultant TiNi alloy, samples with lengths of 10-40 mm were cut from the
obtained wire.

To study the macro- and microstructure of the alloy, its metallographic sec-
tions were prepared in accordance with commonly accepted protocols using sand-
paper of different grades [43, 44]. At the final stage, the sample was polished using
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a diamond paste. After obtaining a thin section, the sample was washed in alcohol
and dried on filter paper. During grinding and polishing, the surface of the mate-
rial was monitored using an Axiovert-40MAT microscope (Carl Zeiss, Ober-
kochen, Germany).

To reveal the material’s grain microstructure, etching was performed, for
which the material was immersed in acidic solution (3H20+2HNOs+1HF). After
that the material was rinsed with water and alcohol. The type of grain boundaries
was determined using the method of different boundary etchability. The classifi-
cation of grain boundaries according to the general and special types was carried
out according to the degree of their etching.

The microstructure of the alloy was studied using a Philips SEM 515 (Philips,
Amsterdam, Netherlands), Quanta 200 3D (FEI, Hillsboro, USA) scanning electron
microscopes and transmission electron microscope Hitachi HT-7700 equipped
with a scanning mode unit and a Bruker X-Flash 6 T/60 V energy-dispersive spec-
trometer. For TEM, cross-sectional samples were prepared from pore walls using
a Hitachi FB-2100 focused ion beam (FIB) system. The elemental composition was
studied using an EDAX ECON IV microanalyzer (EDAX, Mahwah, NJ, USA). The
phase composition of the alloys was studied by XRD on an XRD 6000 diffractom-
eter (Shimadzu, Kyoto, Japan). 3D-reconstruction of the sample surface and eval-
uation of its roughness parameters were performed using an optical profilometer
MNP-1 (TDI SIE SB RAS, Novosibirsk, Russia).

The characteristic MT temperatures were estimated by measuring tempera-
ture dependences of electrical resistance using a SIES-30 setup (Kristallooptika,
Tomsk, Russia). The main fracture characteristics such as tensile strength (o)
and strain to failure (&) of the alloy were recorded from the curves of ¢) obtained
on an Instron 3369 setup (Instron, Massachusetts, US).

The tensile strength of the samples was determined as follows [22, 23]:

o=5 1)

where P is the load applied to the sample; and S is the cross-sectional area of the
sample.
The strain to failure of the alloy was determined by the formula:

-1
e="2x 100 %, ©)

where lo is the initial length of the sample; [ is the length of the deformed sample.
The main MT characteristics are Ms and Ma temperatures, and minimal and

. .. . M M .
maximal martensitic transformation stresses t,,%. and t..%.. Their values were

max max:*

determined using the temperature dependence o(T). The numerical values of
‘L'.ng and ‘L',Mngx were found from the stress at the corresponding points of Ms and
Ma. The temperature Mu (the maximal temperature of the formation of martensite
under stress) was determined as the maximum in the temperature dependence
o(T). To study the temperature dependence of the critical martensitic transfor-
mation stresses in a wide temperature range, at the first stage, samples were de-
formed below the temperature range of MTs. Then, without unloading, the sam-
ples were heated, while simultaneously measuring the level of stresses, which the
sample developed when attempting to restore its original shape [22].

A clinical study on the use of double-barreled enterostomy with compression
anastomosis was conducted at the Department of Pediatric Surgical Diseases of
the Siberian State Medical University and approved by the local ethical committee
(protocol No. 7936 of 10/28/2019). The Regional Perinatal Center (named after I.D.
Yevtushenko) and the Emergency Hospital No. 2, Tomsk, were the base of the
study.
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The study included 46 children under the age of 1 year who were operated
in the above mentioned hospitals for the period from 2000 to 2021 for congenital
and acquired pathology of the jejunum and ileum of the small intestine.

A double-barreled enterostomy, according to Mikulich, was applied by
matching and parallel orientation of the afferent and efferent ends of the small
intestine and fixation with interrupted sutures for 2.5-3 cm along the antimesen-
teric edge, with the removal through a separate incision or laparotomic wound
with layer-by-layer fixation in the abdominal wall. The imposition of a compres-
sion TiNi clip (with shape memory effect) on the interstoma spur of double-bar-
reled enterostomas was carried out in the experimental group at various times (9-
58 days) of the postoperative period.

In the experimental group, 18 children aged from 1 day to 6 months were
operated on with the imposition of a double-barreled enterostomy and subse-
quent formation of a compression anastomosis. According to the sex ratio, there
were 11 boys and 7 girls. The average gestational age was 35 (27-39) weeks. The
average body weight at birth was 2025 (750-3,192) grams. There were 10 prema-
ture babies, and 6 with extremely low body weight. Enterostomies were placed
on day 20 of life on average (from day 1 to day 80). The average body weight at
enterostomy was 2,676 (1,343-3,390) grams.

The clip was applied to the interstoma spur 14-46 days (23 days on average)
after enterostomy. Indications for the use of a compression device were patholog-
ical loss of chyme (more than 20 ml x kg per day) in the presence of contraindica-
tions to the closure of the stoma. The average body weight, when applying the
clip, was 3,074 (2,421-3,900) grams, the minimum being 1,220 grams. The clip was
removed on its own, on day 5 on average (from day 3 to day 7). The faeces were
found to pass through the anus on their own from day 1 to day 3 after removal of
the clips.

As shown in Figure 1, the used clips were made of TiNi alloy and consisted
of two parallel-oriented turns-branches 30 x 6 mm in size each. The wire cross-
section diameter was 1 mm. The clips were pre-cooled at 0°C and then, in their
open state, were applied on an interstoma spur. When such a clip is warmed up
to the body temperature, its branches should close, and the compression of the
adjacent walls of the enterostomy inlet and outlet sections should appear. As a
result of the adhesion-necrotizing process, an inter-intestinal anastomosis is
formed, and patency to the intestines distal to the stoma is restored.

Figure 1. Model of compression clip made of TiNi with shape memory effect with its open
(a) and closed (b) branches.
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The study analyzed: gender, gestational age and birth weight; age and body
weight at the time of imposition and closure of the stoma; complications associ-
ated with the formation and closure of stomas and their assessment according to
the Clavien-Dindo Classification (CDC) of surgical complications [45].

Data processing was carried out using the software package for statistical
analysis IBM SPSS Statistics v.23 on the operating system Windows v.11. For non-
normally distributed quantitative data, the significance of differences was as-
sessed using the nonparametric Mann-Whitney U-test for two independent
groups. To assess the significance of differences in qualitative data in groups, the
Xx?-Pearson test for two independent groups was used, and at a frequency of less
than 5, Fisher's exact F-test was used. Differences were considered statistically sig-
nificant at p-value<0.05.

3. Results
3.1. Macro and microstructural features of TiNi wire material

The procedure of obtaining and thermo-mechanical processing of the mate-
rial is known to control the structural features of TiNi alloy. The latter features
determine the material’s behavior during martensitic transformations (MTs). In
TiNi, MTs are accompanied by the formation of martensite plates and their sub-
sequent growth. Therefore, in our experiments, the composition of the TiNi phase
and the mode of heat treatment during preparation of wire blanks determined
their characteristic MT temperatures and the sequence of phase transformations
[22, 23]. The size and distribution density of precipitated particles in the matrix
also have a significant effect on the behavior of both the characteristic MTs and
physical-mechanical properties of such alloys [22, 23, 46, 47]. So, the martensitic
features of the material are determined not only by its TiNi phase composition,
but also by the size and shape of secondary particles, as well as the density and
their distribution.

Grain boundaries are also known to have a significant effect on the nuclea-
tion and growth of martensite crystals. Such boundaries can act as sites of pre-
dominant nucleation of martensite crystals and, consequently, can control the MT
temperature. At the same time, they can act as stoppers preventing the develop-
ment of MT [47]. The grain size and the ratio of grain boundary types (general and
special types) affect both the conditions for the nucleation of martensite crystals
and the nature of the MT in a polycrystalline ensemble [46]. When the grain size
decreases, the bulk density of the boundaries increases. At this point, conditions
for the nucleation of martensite crystals and the nature of MT propagation in a
polycrystalline ensemble change [22, 23].

Thus, detailed studies on the TiNi alloy structure, in particular, its secondary
particles and grain boundaries, is an important part for the development of new
implant materials.

3.1.1. Secondary phase inclusions

Previous studies on TiNi alloys showed that microstructurally, along with
the TiNi matrix phase available in two states (B2 and B19’), the materials have
secondary-phase particles of Ti2Ni, TiNis and TisNis (Figure 2). The calculated con-
tent and lattice parameters of all the phases are presented in Table 1, where a
phase composition typical for TiNi-based monolithic alloys obtained by induction
melting followed by drawing is shown.

Figure 3 shows microscopic images of the material used in this work, with
both the TiNi matrix and intermetallic precipitates with sizes from 0.1 to 5.5 pm
are well seen. The latter particles are seen to be enriched in titanium and are lo-
cated both inside the the grains and along their boundaries. A characteristic fea-
ture of such particles is their geometric shape that varies from round to pyramidal.
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The Ti:Ni ratio in the detected particles was found to be 2:1, thus implying the
stoichiometric Ti2Ni phase as their main component. It is known that during the
drawing process, a plastic deformation of material occurs and brittle particles of
Ti2Ni phases (and/or oxycarbonitrides based on them) are destroyed. This leads
to appearance of the “lines” containing Ti-enriched particles in the longitudinal
direction of the wire. Such particles are well-known for their incoherent conjuga-
tion with the TiNi matrix [22]. According to the phase diagram of the Ti—-Ni sys-
tem, the Ti2Ni phase is formed during crystallization via peritectic reaction [24].
Segregation of a large number of large Ti2Ni particles within the TiNi(B2) matrix
can lead to changes in chemical composition of the TiNi matrix, so that its enrich-
ment in nickel up to 50.3 at.% can be reached.

TiNi(B2) TiNi(B19") Ti,Ni Ti.Ni,

-
"ok .
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Figure 2. XRD pattern of monolithic TiNi wire.

Table 1. Phase composition of TiNi wire according to XRD data.

Phase Content, vol.% Lattice parameters, A

TiNi(B2) 71.9 a=3.0144
a=2.7826
TiNi (B19’) 6.3 b=4.6198
c=4.2130
Ti2Ni 12.0 a=11.3190
a=5.0988

TiNis 4.3
c=8.3347
a=11.3137

TisNia 5.5
c=5.0743
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Figure 3. Microstructure of TiNi wire with Ti2Ni particles and oxycarbonitrides based on
them (a) SEM image; (b) optical microscopy image showing particle distribution along the
longitudinal drawing direction.

TEM revealed finely dispersed coherent particles with sizes from 10 nm to
150 nm, as well-seen in Figure 4a. The average particle size was 81 nm with a
standard deviation of 30 nm. SAED pattern showed the presence of TisNis inclu-
sions (Figure 4b). Due to their small size and coherent coupling with the TiNi ma-
trix, such TisNis particles are expected to contribute significantly to the behavior
of the characteristic temperatures and parameters of shape memory effects in this
material.

The precipitated dispersed particles are known to control the processes of
nucleation and growth of martensitic crystals [46]. They can act as obstacles for
the movement of the interfacial boundary or can be the preferential sites for the
nucleation of B19' or R martensite crystals [47]. In the present work, fine TisNis
particles are not localized along grain boundaries or bodies but are seen in Figure
4a to be uniformly distributed within the TiNi matrix.

Figure 4. Microstructure of TiNi wire with TisNia. (a) Bright-field image; (b) SAED pattern.

The presence of the TiNis compound at the periphery of the wire was con-
firmed by cross-sectional SEM (see Figure 5a). The TiNis inclusions are seen in
Figure 5a to have a dendritic morphology, with the thickness of the TiNi+TiNis
layer being around 24-27 pm.

During the wire drawing, intermediate annealing is performed to relieve
stresses that have arisen after its plastic deformation. Annealing of a TiNi wire in
air is accompanied by oxidative processes during which the following reaction
occurs: TiNi+O2 — TiNis +TiOz. The results obtained in our work are consistent
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with the work of Zhu and coworkers [48]. Besides, the authors of this work men-
tioned that under extreme conditions, at temperatures as high as up to 1000 °C, or
during long-term annealing (up to 300 min), formation of pure Ni, as well as dif-
fusion porosity under the oxide layer, could be observed [48]. Such treatments
were excluded in the present study, which could be the reason for why neither
pure Ni nor porous sublayer under the surface oxide layer were found in our ma-
terial.
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Figure 5. Microstructure of a cross section of the surface and subsurface layers of TiNi wire.

Thus, the TiNi wire used in this study consisted of B2 and B19' phases with
inclusions of secondary-phase particles of Ti2Ni, TiNis and TisNis. Additionally,
chemical analysis revealed that its TiNi matrix was slightly enriched in Ni (50.3
at. % of Ni). This all was expected to ensure implementation of the shape memory
effect. Moreover, the TisNis inclusions were shown to retain coherent conjugation
with the TiNi matrix, probably due to their sizes of around 81 nm. This would also
affect the martensitic behavior of the material.

3.1.2. Superficial layers

The state of surface layer of material aimed for medical application is of spe-
cial importance. During preparation processes, such a layer delivers lubricants to
the plastic deformation zone of the dies [49]. In addition, the presence of such a
granular layer prevents the TiNi wire material from sticking to working surfaces
of the dies during thinning. This further reduces the friction coefficient at different
degrees of deformation. Combination of various thermomechanical treatments
(such as lubricants, adhesive coatings for lubricants, high-strength coatings used
on the working cone of the die) allows one to reduce the drawing force and the
number of wire breaks, thus varying the quality of product’s surface layer [49].

The distribution of chemical elements within the material’s cross section can
be seen as an EDX map in Figure 5b. Analysis of this map reveals that the surface
is composed of a TiO:z layer and two separated TiNi layers with inclusions of
phases TiNis and Ti2Ni. Table 2 shows the chemical composition of the phases
according to EDX data. No pure Ni was found under the oxide layer or on its
surface. The presence of some amount of carbon (not shown here) is explained by
the use of hydrocarbon lubricants in the process of wire material’s drawing.
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Table 2. Content of main elements in wire’s cross-sectional surface and subsurface layers

according to EDX data.
Phase Elemental content®, at.%
Ti Ni
TiNi 49.7 50.3
Ti2Ni 66.03 33.97
TiNis 26.83 73.17

*Carbon and oxygen present in the material were excluded from the calculation because of low
detection accuracy of EDX for light elements.

As seen in Figure 6¢, optical profilometry showed that the surface oxide layer
had a developed granular structure with longitudinal and transverse cavities
formed during the drawing process. The average deviation of the surface profile
and the height of the profile irregularities (calculated for ten points) were found
tobe 0.5 and 5.5 um, respectively.

Thus, the resulting material has a composite structure based on a metal ma-
trix and surface oxide layer. The latter surface layer with a developed granular
structure is formed during the drawing process, and its presence provides in-
crease biocompatibility, promoting adhesion of protein molecules on the surface.

[49-51].

o ISV b,

Figure 6. Surface morphology of TiNi wire according to (a) SEM, and (b) optical profilom-

etry.
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3.1.3. Grain boundaries

It was mentioned above that the grain boundaries can affect the nucleation
and growth of martensite crystals, controlling the MT temperatures [53-63]. De-
crease in grain size, with a subsequent increase the bulk density of the boundaries,
is known to affect the nucleation of martensite crystals and the nature of MT prop-
agation in a polycrystalline system [64, 65]. In the present work, the average grain
size was found to be of 19 + 0.3 um, implying that the grains shrank somehow in
comparison with the initial material used for the wire preparation (25-28 pm).

Importantly, the grain boundaries are assigned to two different types, gen-
eral and special types. Changes in the properties of the boundaries during heating
can lead to changes in the strength and plasticity of materials and affect the course
of recrystallization processes [66, 67]. Visual identification of special boundaries
in the structure of polycrystals is based on their special features, for instance, low
etchability [67-70]. The boundaries of the general type have a higher energy than
the former type, since they are more strongly etched in most electrolytes [67-70].
Thus, in the present study, the type of boundaries was determined by assessing
the degree of etching. The fraction of special-type boundaries detected in the stud-
ied material was 52.6%.

For the material studied in this work, the processes of migration of bounda-
ries of a general type were detected in some local areas. As a result, a group of
boundaries of a special type was formed in those areas, as seen in Figure 7. Thus,
formation of special grain boundaries is determined by the migration ability of
general type boundaries and the intensity of recrystallization processes during the
thermomechanical processing associated with drawing (i.e., when the specimen
was formed). In turn, it is known that the migration ability of general type bound-
aries in multiphase alloys depends on presence of secondary phases at the grain
boundaries [66, 68]. And in this sense, the boundaries of the special type are al-
most always free of segregated particles.

Thus, the material obtained has homogeneous grain structure with an aver-
age grain size of 19 + 0.3 um and a ratio of grain boundaries of special and general
types was found to be close to 1. The latter fact should have a positive effect on
the development of MTs in a TiNi-based polycrystalline system, since special
grain boundaries do not act as barriers that slow down MT processes. This in-
creases the shape change resources, which is important for a TiNi-based shape
memory alloy which is used as an implant material.

s 5 W I ET k2]
.~ 7, s o e 7.4
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Figure 7. Optical microscopy mage of metallographic sample demonstrating the general-
type grain boundary migration
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3.2. MTs and shape memory effects

In terms of behavior in the human body, the optimal implant should be sim-
ilar to a living tissue. Namely, it should have a given hysteresis on the load—-un-
load deformation diagram. Also, the degree and magnitude of shape recovery
should correspond to the required value and degree of tissue shape recovery [22,
23].

Analysis of the temperature dependences of the electrical resistance for the
studied material showed that its MTs occurred in two stages, i.e. as: B2-> R-> B19'
(Figure 8). It can be confirmed with the characteristic rise in electrical resistance
values observed at a temperature of Tr = 44°C [71]. Also, in the presence of fine
TisNis particles detected in the studied material (see section 3.1.), this type of phase
transition (through the R-phase) is favorable. The TisNis particles can be nuclea-
tion sites for R-phase crystals, since the lattice distortion associated with the R-
phase transformation (about 1%) is much smaller than that with the B19' transfor-
mation (about 10%).

Thermal cycling is known to lead to a shift in MT temperatures to the low
temperature region. Graphically, only direct MT temperatures can be reliably de-
termined from curves like those shown in Figure 8. For the 10% cycle, the shift of
Tr, Ms, and M temperatures is seen to reach 20°C. The reason for this shift ob-
served during thermal cycling can be phase hardening, the phenomenon that con-
sists in the accumulation of dislocations during MTs [72]. During the direct MT
with large hysteresis, martensite crystals with dislocations, twins, and stacking
faults are formed, and after the reverse transformation, the initial phase still
contains a high density of dislocations [73, 74]. Moreover, the process of complete
MT is accompanied by an inevitable damage to the interfacial boundaries of
martensite phase [75-80].This is a specific feature of the complete MT during the
interaction of crystals of the martensite phase.

Thus, in accordance with Figure 8, a two-stage MT takes place in the TiNi
wire considered in this work, with the intermediate R-phase that is formed easily
because of fine TiaNis particles present in the material’s matrix.

Mg

Resistance, arbitrary units

-100 -50 0 50 100
Temperature, °C

Figure 8. Temperature dependence of the electrical resistivity of TiNi wire as observed for
1,2, and 10 cycles.
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Table 3. Temperatures of MTs found for the TiNi wire from its temperature dependence of
electrical resistivity.

Cycle Temperature, °C
Tr Ms Mf As Af
1 44+2 2442 52 32+2 5612
2 38+2 17+2 -2+2 32+2 5612
10 25+2 0+2 -22+2 33+2 50+2

3.3. Physical-mechanical properties

The composition of alloy (i.e., availability of additives and/or second-phase
particles) determines all possible properties it will demonstrate. When it comes to
shape memory alloys, temperature becomes another extremely important experi-
mental parameter that governs the result. In the temperature dependence of the
critical martensitic transformation stresses t(T) presented in Figure 9, the temper-
ature range of deformation, and the degree of deformation are important indica-
tors of the material’s properties.

T, MPa
700 -

Md
600 { Tinax

500 Mg
400
300 A
200
Mg
100 Tmin

T T T T T T T T

T T
-150 -100 -50 O 50 100 150 200 250 300 T, °C

Figure 9. Temperature dependence of the martensitic transformation stress of TiNi wire.

In the practical use of TiNj, the difference between the maximum and mini-
mum martensitic transformation stresses, T,AZZX— ‘r%in , is quite an important pa-
rameter. It determines the degree of recovery expected from the material during
its behavior as a shape memory alloy. As the difference Tm, — s increases, the
martensitic component makes the main contribution to the material’s defor-
mation. The appearance of a plastic component of deformation is unlikely in al-
loys up to their temperature M. Its contribution to the total deformation can only
be observed near the Mu point. According to the literature [22, 23], Tis1.15Niss.s5 and
Tis065Niswss alloys with shape memory effect have their minimum values
of r,”,{gx— rf;:fn around 80 MPa and 405 MPa, respectively. And for these alloys,
rapid achievement of the yield strength would cause a plastic deformation of the
material. This causes the decrease in the value of the total accumulated defor-
mation of the alloys.

The maximum martensitic transformation stress T,A,fgx observed for the our

Tise7Niso3 alloy in the present work has a rather high value of about 680 MPa. At
the same time, its minimum value of the martensitic transformation stress T%jn is


https://doi.org/10.20944/preprints202212.0576.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 December 2022 d0i:10.20944/preprints202212.0576.v1

about 70 MPa. So, in the present work, the Ma Ms

max— Tmin Was found to be of 610
MPa. An increase of the Tm%, — ’l’%?n (compared with the alloys described above)
indicates that the deformation of the alloy is, to a great extent, due to the imple-
mentation of MT in the material, rather than its plastic shear. In terms of mechan-
ical properties, the TiNi wire with a low martensitic transformation stress of about
70 MPa is quite close to biological tissues.

Reducing the martensitic transformation stress in the temperature range
characteristic of the operating conditions in the patient's body could increase the
elasticity of medical implants made of a monolithic alloy. Also, this can facilitate
the modeling of implants for the configuration of replaced defects. The lower the
martensitic transformation stress Tgllfn is, the more flexible implant made from
such a material will be. Thus, from the point of view of reconstructive surgery, for
modeling bulky and complex implants, such material can be more accurately
adapted to the replaced defect.

We assume that the main role in the MT characteristics of the alloy studied
in this work is played by its structural features. On one hand, segregation of fine
TisNis particles is believed to lead to additional internal stresses in the material.
This should stimulate the development of MT with a lower Tf;ifn value. On the
other hand, the presence of coherent particles finely dispersed in the alloy struc-
ture is expected to result in strengthening of the TiNi phase, also increasing its
yield strength. Formation of large Ti2Ni particles does not directly affect the prop-
erties of the material. However, their precipitation in the TiNi phase leads to
changes in the chemical composition of the matrix phase and its enrichment in
nickel.

Figure 10 shows the stress-strain dependences o(¢) before failure of the alloy
sample at different deformation temperatures.
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Figure 10. Dependence of o(¢) for TiNi wire at different temperatures: (a) 150 °C; (b) 25 °C;
(c) 0°C; (d) -196 °C.

Each of the deformation curves can be divided into stages characterized by
different deformation mechanisms. The number of stages was different for differ-
ent testing temperatures, which is explained by different phase states of the ma-
terial under testing conditions. The initial state of the material at 0°C and -196°C
was martensitic; at 150°C it was austenitic, and at 25°C it was pre-martensitic.

For the initial martensitic state (at -196°C, panel (d)), three stages can be dis-
tinguished in the o(e) curve: the stage of elastic deformation of martensite
(indicated with ——— in panel (d)), the stage of twinning (marked with ———in
panel (d)), and the stage of plastic deformation (indicated with — — — in panel (d)).
For the TiNi alloy at a test temperature of 25°C (panel (b)), the deformation is seen
to begin with the stage of elastic deformation of austenite (indicated with — in
panel (b)), then it is replaced by the stage associated with the martensitic transition
(indicated with ---- in panel (b)). The next rise of the curve is characterized by
elastic deformation of the martensite. The final stage of this dependence is the
stage of plastic deformation. At 150°C (panel (a)), the alloy is in the austenitic state,
and its dependence o(e) visually differs from the others and is represented by only
two stages: the elastic deformation of austenite and its plastic deformation.
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At different test temperatures, the strain curves have different stress (oy) and
strain (&) failure characteristics (Table 4). They are determined graphically by the
break point seen in dependence o(e) curves [81]. Such a difference in the values of
or and & of the fracture strain observed under different conditions indicates dif-
ferent contributions of the elastic, martensitic, and plastic components of the de-
formation [22, 23].

At 25°C, when the material is in its pre-martensitic state, load application was
found to cause the maximum plastic deformation of the alloy at a sufficiently high
level of fracture stress of 1013 MPa (Table 4). Martensite arising under the load
relaxes the peak stresses in the B2 phase by martensitic reaction and plastic shear.
This increases the deformation capabilities of the alloy under the test conditions.

A decrease in temperature to -196°C is seen in Table 4 to lead to a decrease
in plastic properties, although the level of fracture stress is quite high (972 MPa).
At this temperature, the alloy is in its fully martensitic state. Martensite has lower
plastic properties than the initial B2 phase. That is why alloy deformation in this
state also corresponds to a lower level of plasticity.

According to Figure 10 and Table 4, plastic deformation plays a very special
role at a temperature of 150°C (see panel (a) in Figure 10). At this temperature, the
fracture curve, after its elastic region, passes into the plastic deformation region,
skipping the stage of martensitic transformation (Figure 10, panel (a)). The defor-
mation of the alloy in this state is provided mainly by plastic shear whose maxi-
mum value before failure is as high as 36%.

Table 4. Maximum and minimum martensitic transformation stresses of the TiNi
wire.

Temperature, °C | -196 0 25 150

Ef, %/O'f, MPa £f Of Ef Of Ef Of Ef Or

TiNi wire 21 1972 | 44 | 974 | 49 | 1013 | 36 | 810

Thus, analysis of physical and mechanical properties of the sample showed
that the obtained TiNi wire has suitable parameters to be used as an implant ma-
terial providing a double-barreled enterostomy. Its MT temperatures, the value of
martensitic transformation stress, and deformation behavior make the material
appropriate for the use in the human body. Importantly, its shape memory effect
manifests when the material is heated to the human body temperature.

3.4. Application of TiNi-based material for Mikulicz double-barreled enterostomy

In total, the study involved 46 children aged from 1 day to 6 months who had
double-barreled enterostomas formed during surgical treatment of congenital or
acquired intestinal diseases. The experimental group included 18 children who
underwent compression anastomosis in the location of interstoma spur of the
enterostomy using a shape memory clip made of TiNi (see an example in Figure
11). The remaining 28 children from the control group did not undergo
compression anastomosis.

The total duration of ostomy period observed in the control group was
shorter than in the experimental group (p=0.032, U=55). This is explained by the
fact that early closure of the enterostomy occurred in some patients without the
use of a clip, and some other patients died before the reconstructive stage. The
condition of children in the experimental group was observed to stabilize after the
formation of a compression anastomosis, which allowed them to be discharged
from the hospital for a "medical break" and to close their stoma routinely. It should
be noted that the mortality that prevailed in the control group (p=0.001, F=11.100)
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was due to the more severe course of underlying diseases (prematurity,
bronchopulmonary dysplasia, or intraventricular hemorrhage) and was probably
not associated with the absence of compression anastomosis.

There were no statistically significant differences in the incidence of
enterostomy complications between the studied groups (p>0.05). However, for the
children of the control group, enterostomy reconstruction was more often
required due to increased losses of intestinal chyme and persistent obstruction of
the efferent colon (p=0.015, F=6.400) (see Table 5). Pathological loss of chyme,
which was an indication for the application of a compression clip in the
experimental group, was practically absent after the formation of anastomosis and
restoration of passage through the intestine. In the experimental group,
enterostomy complications that required surgical treatment under general
anesthesia (CDC IIIB) were less common than in the control group (p=0.003,
F=9.800), and they less often required additional drug therapy (CDCII) in the form
of prolonged antibiotic therapy or topical application of healing ointments
(p=0.022, F=6.200).

Table 5. Results in form of indexes for experimental and control groups.

Index Experimental Control group
group (n=18) (n=28)
Fatal cases 1 (6%) 15 (54%)
Stoma closure 16 (89%) 12 (43%)
No complications 3 (17%) 4 (14%)
Three or more complications 7 (39%) 9 (32%)
Peristomal dermatitis 10 (56%) 15 (54%)
Stoma prolapse 4 (22%) 9 (32%)
Bleeding 4 (22%) 6 (21%)
Hyperproduction of chyme 11 (61%) 11 (39%)
Liver failure 2 (11%) 6 (21%)
Stoma necrosis 0 5 (18%)
Parastomal eventration 2 (11%) 2 (7%)
Intestinal obstruction 2 (11%) 10 (36%)

Thus, we conclude that the use of TiNi shape memory compression clip in
children with double-barreled enterostomies improves the results of surgical
treatment, as it permits to reduce pathological losses of intestinal chyme and
restore patency in the distal intestines. As a result, the need for reconstruction of
the stoma, and, accordingly, repeated surgery and general anesthesia is
eliminated.
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Figure 11. Photos for double-barrel enterostomy with compression anastomosis in a new-
born child with meconium ilex: (a) application of TiNi shape memory clip to the intersto-
mal spur; (b) clip on a double-barreled enterostomy; (c) double-barreled enterostomy after
removal of the clip and formation of an inter-intestinal compression anastomosis.

4. Conclusion

In this work, we report on preparation of TiNi-alloy based wire with the
shape memory effect, which was then used for two-brunch compression clips for
surgery. Composition and structure of the TiNi material, as well as its martensitic
and physical-chemical properties, were also studied. The TiNi alloy was found to
consist of B2 and B19' phases with inclusions of secondary-phase particles of
Ti2Ni, TiNis and TisNis. Its TiNi matrix was slightly enriched in Ni (50.3 at. % of
Ni), and its TisNis inclusions were observed to retain coherent conjugation with
the matrix.

The obtained alloy material had homogeneous grain structure with an aver-
age grain size of 19+0.3 um and with equal quantities of grain boundaries of spe-
cial and general types. In addition, the wire drawn from such a material had a
surface oxide layer whose presence should provide improved biocompatibility
and promote adhesion of protein molecules.

Two-stage MT was detected in the TiNi alloy employed in this work, with
the intermediate R-phase that is formed easily because of fine TisNi4 particles dis-
tributed in the TiNi matrix. Overall, the obtained TiNi wire was concluded to ex-
hibit physical and mechanical properties suitable for its use as an implant material
providing a double-barreled enterostomy. Importantly, its shape memory effect
manifests when the material is heated to the human body temperature.

The produced TiNi wire was then used for manufacturing compression clips
with the shape memory effect that were then applied in surgery. The medical ex-
periment that involved 46 children demonstrated that the use of such TiNi clips
in children with double-barreled enterostomies permitted to improve the results
of surgical treatment. Such clips were shown to help reduce pathological losses of
intestinal chyme and restore patency in the distal intestines, so that no additional
reconstruction of the stoma and repeated surgery with general anesthesia was
necessary after their use.
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