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Abstract—In this Study, the Ni30T150T3.20, Ni30Ti50Ag20 and Ni29Ti50Nb2l Shape memory al]OyS SMASs were
produced through the arc-melting method under a high vacuum. The thermal properties and antimicrobial
potential for these alloys were investigated. The thermal properties were determined by DSC at different heat-
ing rates. According to the DSC results, the austenite phase transformation temperature of Niz;TisqTa,, alloy
is higher than Ni;(TispAgy and NiygTisoNb,; alloys. The thermal activation energy calculated by Kissinger
and Ozawa methods were found as follows: E, = 156.138 kJ/mol and E, = 154.37 kJ/mol for NisqTisqTa,,
alloy, E, = 124 kJ/mol and E, = 123.74 kJ/mol for Nis,TisoAg,, alloy, and E, = 89.43 kJ/mol and E, =
90.6 kJ/mol for NiyyTisyNb,, alloy, respectively. In this study each of alloys exhibited a very strong antifungal
ability. When compared by the antibacterial activities; the Niz,TisyTa,, alloy was showed higher activity than
NijoTisgAg,y and Ni,gTisgNb,; alloys. It was seen from the Vickers hardness results of the samples that
Ni;(TisoTayg SMA has the highest value. Optical microscope images of the alloys were taken at three different
temperatures. Martesite plates were not found in any of the alloys. In addition, no structural changes were
observed with the temperature difference. Based on the obtained results, it is suggested that the alloys have a

high potential for biomedical applications to prevent bacterial based infections.
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INTRODUCTION

In recent years, materials have played different
roles in various fields of life. Nowadays, there are
many different types of alloy that are become indis-
pensable for daily life [1]. After the discovery of Niti-
nol, which was a new type of Shape Memory Alloy
(SMA), several companies and scientific research cen-
ters are interested in developing and manufacturing
smart materials for different purposes such as engi-
neering, medicine, and aerospace. As a result, Nitinol
is now widely used in biomedical devices such as den-
tal files, vena cava filters, endovascular stents, arch-
wires and guidewires, etc [2].

Biological interactions of some materials change
depending on the role assigned and the environment.
This has been the highest concern in terms of biology
and the benefits of using these materials as biomateri-

als. The biological impact of materials can be classi-
fied into several categories, including carcinogenic,
genotoxic, hemotoxic, mutagenic, cytotoxic, and cor-
rosion resistance in a biological environment [3]. Bio-
materials used in biomedical devices are an essential
component of modern medical therapies and help to
improve patients’ quality of life [4]. TiNi-based alloys
have a wide range of physicochemical properties in a
biological environment, making the appropriate for
use in biomedical applications. TiNi based biomedical
alloys have been extensively used in various clinical
applications, including orthodontic therapy, prosthe-
ses, catheters, cardiovascular stents, tissue anchoring,
and connection [5, 6]. These implanted materials in
the body are primary sites for microbial adhesion and
microbial contamination, which can lead to the devel-
opment of critical infections. Novel TiNi alloys with

1326



INVESTIGATION OF THERMAL AND ANTIMICROBIAL PROPERTIES OF NiTiX

adding antimicrobial alloying elements become the
feasible alternative for clinical needs and applications.
The biocompatibility of most of these anti-infective
surfaces is still uncertain and needs to be clarified [7].
The Ti, Nb, and Ta are promising elements in biolog-
ical applications because they are extremely biocom-
patible [8—10]. Generally, these elements having con-
firmed with in vitro and in vivo tests [5]. On the other
hand, based on different experimental studies, it has
been determined that the nickel element has tremen-
dously low biocompatibility with biological side
effects. Although a pure nickel element has low bio-
logical properties, when used in an alloy can enhance
physical properties and can improve its biocompati-
bility. The alloys are widely used in engineering and
biomedical applications. Dagdelen et al. [11] investi-
gated the thermal and microstructure properties of
Ni;oTisoNby, and NisyTisgTa,, SMAs. Additionally,
Wang et al. investigated the cytotoxicity and hemo-
compatibility of some TiNb-based SMAs with in-vitro
tests [12]. There are many studies on the structural and
thermodynamic parameters of NiTiX SMA. However,
there is almost no antimicrobial research on these
alloys, where the third element (Ta, Nb, Ag) to 20 at %
contribution to these alloys has been investigated.

In this study, new SMAs with the nominal compo-
sition of NijyTisgTayy, NiygTisyNb,y and NisTispAgy
were manufactured under the argon atmosphere by arc
melting technique. The physical characteristics such
as thermal properties were examined; also, some
related calculations were accomplished to explore the
thermodynamic properties of the alloys. Also, a com-
parative study on the antimicrobial potential of differ-
ent novel TiNi-based SMAs with different antimicro-
bial methods has been presented.

EXPERIMENTAL PROCEDURE

The elements used in this study are Ni, Ti, Nb, Ta
and Ag elements with high purity of at least 99.9%.
The metal powders were mixed and formed into small
disks (13 mm diameter) under a pressure of 5 MPa.
These disks were melted by the arc melting method in
a high purity argon atmosphere. The alloy melting
processes were repeated several times, then the Nis.
TisoTa,y, NizgTispAgy, and NiyyTissNb,, polycrystal-
line alloy ingots were annealed at 850°C for 24 h. The
ingots were cooled by very cold water to achieve a high
homogeneity. The ingots were cut small unites by a
micro cutter. The transformation temperature (TT)
and enthalpy change values (AH) of martensite and
austenite phase transformations were determined by a
Differential Scanning Calorimeter (DSC). The mass
of samples used in DSC was approximately about
50 mg. DSC measurements of all samples were per-
formed at heating and cooling rates of 10, 15, 20, and
25°C/min under high purity of nitrogen atmosphere.
The activation energies were calculated for all alloys.
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The Vickers microhardness of samples was measured
for 10 s under 300 g-force load using Durascan
Emcotest 20 model microhardness tester at the room
temperature. The average of five measurements taken
was evaluated for the microhardness test. Samples for
microscopic observation were mechanically polished
and chemically etched in a solution of (10 mL HF +
30 mL HNO;+100 mL pure H,0O) for approximately
5's. Microstructures were observed by Optical Micro-
scope (OM) (Nikon LV100ND) with heating-cooling
system (Linkam THMS600) in martensite and austen-
ite region (at —30, 0, and 150°C) and for cooling liquid
nitrogen were used.

The bacteria strains used for this study were Staph-
yvlococcus aureus ATCC 29213, Staphylococcus epider-
midis ATCC 14990, Pseudomonas aeruginosa ATCC
27853, yeast (fungi) strains Candida albicans ATCC
90028, and Candida krusei ATCC 6258. Overnight,
fresh cultures of the microorganisms were incubated
in suitable media; MHA (Mueller Hinton Agar) for
bacteria; and SDA (Sabouraud Dextrose Agar) for
yeasts. After incubation, McFarland was prepared
according to 0.5 standard and the number of microor-
ganisms per millilitres was set to be 1 x 108 for bacteria
and 1 x 10° for fungi cultures. Experimental samples
of alloys with dimensions of 10 x 10 x 1 mm?> were
sterilized by ultraviolet radiation and placed into 24-well
plates. Alloy pellets are coded with Ni; TisqTa,, (A),
NisyTispAgy (T) and NiygTisgNb,, (N). 2 mL of micro-
organism suspension was then added onto the alloy
pellets in the wells. The plates were incubated for 24 h
at 37°C. In this test, MHB-SDB media, alloys (with-
out microorganism inoculation), and microorganisms
(without alloy samples) were used as control groups.
At the end of the incubation period, the samples were
washed 3 times with 0.9% NaCl solution to remove
microorganisms that have not adhered to the alloy
samples. After washing, 2 ml of NaCl solution was trans-
ferred to the samples. Afterward, a 500 uLL sample was
taken from each well and serial dilutions up to 107> were
done in wells that containing 4500 uL 0.9% NaCl
solution. 10 uL from the final dilution well was taken
and transferred to the previously prepared media of
MHA (for bacteria) and SDA (for yeasts) using spread
streaking method and incubated at 37°C for 24 h. At
the end of the incubation period, the colonies formed
on the medium (colony-forming units in millilitres
(CFU/mL)) were counted visually and the results
were interpreted. The final volume of the wells after
transferred for dilution was 1500 mL. The adherent
viable microorganism specimens’ surfaces were
observed by resazurin staining. 150 uL of resazurin
stain was added to each well and incubated for an addi-
tional 4 h. After 4 h, the results were interpreted
according to the color changes in the wells (shades
ranging from blue-pink). The experiments were car-
ried out in 3 replications and the average results were
obtained [13, 14]. The statistical analyses for quantita-
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Fig. 3. DSC curves of NiygTisoNb,; alloys for different
heating/cooling rate.

tive assays were performed using the SPSS 25 soft-
ware. P < (0.05 was considered to be statistically signif-
icant.

RESULTS AND DISCUSSIONS

DSC measurements for the heat-treated SMAs
were taken with a heating/cooling rate of 10, 15, 20,
25°C/min under 100 mL/min nitrogen gas flow. Fig-
ures 1—3 show the behavior of alloys under different
heating and cooling rates. The exothermic peaks rep-
resent the phase transformation of the alloys from the
austenite phase to the martensite phase during cool-
ing. While the endothermic peaks represent the phase
transformation from martensite to austenite phase
throughout heating. It is found that austenite has a B2
phase with a cubic crystal structure and martensite has
B19' phase with a monoclinic crystal structure [8].
The transformation temperatures for phases were
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determined from the intersections of two tangential
lines. Tables 1—3 show the results obtained for differ-
ent heating and cooling rate. It can be seen that the
NijgTisgTayy, NisgTisgAgy, and NiyTisyNby,, SMAs
have a different martensitic phase transformation tem-
peratures. The martensite starts (M;) and finishes (M;)
temperatures of the NisyTis Ta,, alloy obtained at
10°C/min were 36.55 and 22.7°C; while the austenite
start (4,) and finish (A4;) during the heating process
were 63.83 and 79.35°C, respectively; the value of A,
A;, M, and M; of NiyTis Ag,, alloy were 79.48, 92.98,
55.28, and 36.22°C obtained for the heating rate of
10°C/min, respectively; similarly, these thermal quan-
tities were equal to 36.55, 22.7, 63.83, and 7 9.35°C for
the NiyyTis)Nb,, alloy, respectively. Figure 4 reveals
that the Ni; TisoTa,, alloy has higher TTs for DSC
execution at a heating/cooling rate of 10°C/min com-
pared to the Nij,TispAg,, and Ni,gTisoNb,, alloys.
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Table 1. Transformation temperatures and enthalpies of Nis,TisoTa,, alloy

Heating o o o o o o AH,J/g AH,J/g
A A A M, M, M, ’ ’
rate, °C/min »°C max> °C »°C »°C max> *C »oC Heating Cooling
10 87.56 95.66 99.97 58.69 53.42 49.12 5.13 —5.25
15 88.60 98.00 103.28 58.15 51.83 46.18 5.18 —5.56
20 89.60 100.07 106.29 58.29 50.78 43.66 517 —7.53
25 90.67 102.17 109.54 58.72 51.53 44.97 5.22 —6.71
Table 2. Transformation temperatures and enthalpies of Ni3yTisnAg,, alloy
Heating | 4 oC | Apw°C | A4,°C | M,°C | Mppo°C | Mpec | AH.I/e | AH. I/
rate, °C/min Heating Cooling
10 79.48 88.75 92.98 55.28 48.56 48.56 7.94 —9.35
15 80.68 91.41 96.76 55.2 47.08 36.22 8.36 —9.28
20 83.13 93.9 100.71 55.94 46.11 32.16 8.61 —13.41
25 83.62 96.58 104.52 57.22 45.68 33.1 8.73 —15.53

Transformation hysteresis H, is an important factor
in SMAs that can remember their original shape. The
H, can be determined by subtracting the austenite fin-
ish and martensite start temperatures [ 15—18]:

H =4 - M. (1)

The H, of Nijy TisqTa,,, Nis, TisqAg,y, and
Ni,gTisoNb,, alloys are 41.28, 37.7 and 42.8°C,
respectively. Accordingly, the H, of Nis,TissTa,; SMA
is higher than NisTispAg,, and NiyyTisyNb,, alloys.
The enthalpy changes of Nij TisyTa,,, NisgTispAgy
and Ni,gTis)Nb,, alloys throughout the martensite to
the austenite phase transformation (AHy_,,) were
measured as 5.17, 8.45and 8.22 J g, respectively. The
enthalpy change of NiTiAg SMA is higher than
NiTiTa and NiTiNb alloys. The transformation hys-
teresis is unlike the transformation enthalpies for the
alloys.

The activation energy (E,) provides information
about the crystallization behavior of SMAs. Different
models, including Kissinger and Ozawa’s methods,
were utilized for calculating the activation energy for
the alloys [10, 19—21]. The models are based on the

DSC measurements, which were taken for heating
rates of 10, 15, 20, and 25°C/min for each sample indi-
vidually. The Kissinger method is given as follows [22]:

dn@/T5.)) _ _E, 2
d(In(1/T,,.,)) R

and the Ozawa method can be represented as [23]:

dlogp
d(1/Tpa)’

where R is the general gas constant (R = 8.314 J/mol K),
B is the heating rate, and T,,,,, is the maximum points
of the austenite phase peak. For the Kissinger method,

the graph should be between ln(B/ Tnzlax) and

(1000/T,,,4), whereas for the Ozawa method it should
be between log 3 and 1000/ 7, . The slope of the linear
fitting line in both methods gives the E, result (Figs. 5, 6).
The calculated activation energies for alloys are sum-

marized in Table 4. It’s found that the activation energy
of NisyTiszTa,, alloy is higher than Ni,Tis)Nb,, and

Nij TispAgy, alloys.

AE = -2.19R (3)

Table 3. Transformation temperatures and enthalpies of NiygTi5oNb,alloy

Heating o o o o o o AH, J/g AH,J/g
A, °C A C Ap, °C M, °C M C M., °C
rate, °C/min s maxe b s maxe b Heating Cooling
10 63.83 74.01 79.35 36.55 29.52 22.70 8.09 —8.51
15 65.02 74.52 82.73 36.01 27.54 18.98 8.14 —10.10
20 66.17 79.43 87.04 36.52 27.9 20.31 8.31 —-9.17
25 68.36 82.2 91.06 37.92 29.91 22.92 8.34 —6.86
PHYSICS OF METALS AND METALLOGRAPHY Vol. 123 No. 13 2022
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Fig. 7. OM images of the Ni3(TisgTa,g SMA at the different temperature (a) —30, (b) 0, and (c) 150°C.

There are three principal standard test methods for
expressing the relationship between hardness. These
methods; Vickers, Brinell and Rockwell [24]. In this
study, the microhardness test of the shape memory
alloys was made using Vickerss hardness measurement
method. The micro-hardness values of the NiTiTa,

Table 4. The activation energy of the alloys obtained by the
Kissinger and Ozawa methods

FE,, kJ/mol
Alloys
Kissinger method Ozawa method
Ni;TisgTay 156.138 154.37
Ni3TispAg0 124 123.74
Ni,gTisoNby; 89.43 90.6

PHYSICS OF METALS AND METALLOGRAPHY  Vol. 123

NiTiAg and NiTiNb samples were determined to be
540, 290, and 340 HV, 5, respectively. The OM images
of the SMASs taken at different temperatures are given
in Figs. 7—9. OM image temperatures were selected
below the martensite phase (—30°C), above the aus-
tenite phase (150°C) and 0°C. Figures 7a—7c shows
the microstructure of NiyyTisyTa,y SMA by means of
OM at three different temperatures. It is seen that OM
images possess without specific crack. In Fig. 7, den-
dritic structures and martensite plates are not clearly
observed at all temperatures. F. Dagdelen et al. stated
that dendrite arms in NiTiTa alloys are Ta-rich struc-
tures [11]. It is well known that, with increasing the
amount of Ta in the NiTi SMAs, the dendrite lengths
increase while random orientations decrease. Also, the
length of the binary dendrites will grow. On the other
hand, it is well known that the dendritic regions in the
NiTiTa SMAs are Ta-rich regions with Ta,Ni phase,
and the main phase is specified to be (Ti,Ta),Ni phase
and B19' structure [25, 26]. The OM images of NiTiAg
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Fig. 9. OM images of the NiygTisyNb,; SMA at the different temperature (a) —30, (b) 0, and (c) 150°C.

SMA are given in Fig. 8. It is clear that dendrite arms
are not evident, and the grains and martensite plates
are not seen in NiTiAg alloy at three different tem-
peratures (Figs. 8a—8c). The matrix phase is clearly
seen in Ag added NiTi alloy. In NiTiNb SMA, the pri-
mary and secondary dendrite arms are prominent
(Figs. 9a—9c). It is clear that the distribution of den-
drites has random orientations. In addition, no signif-
icant change was observed in the OM images due to
temperature change. It has been stated in many studies

Table 5. Statistical results of colony counts

that dendrite arms in NiTiNb SMA are composed of
Nb-rich (B-Nb) structures [27—29].

It is known that the Ti-based alloys exhibited very
strong antifungal activity against fungi cells [30, 31].
Table 5 and Fig. 10 show the statistical results of alive
S. aureus, S. epidermidis and P. aeruginosa cells after
24 h incubation, respectively. It can be noted that Ti—
Ni—Ta alloys exhibited excellent antibacterial activity
to S. epidermidis and P. aeruginosa. On the contrary,
Ti—Ni—Ag showed the poorest antibacterial activities

Alloys S. aureus S. epidermidis P. aeruginosa

TiNiAg Mean 207.7000 154.4000 119.0000

N 10 10 10

Std. Deviation 4.52278 3.27278 3.01846
TiNiNb Mean 180.0909 .0000* 42.5455

N 11 11 11

Std. Deviation 1.75810 .00000* 1.63485
TiNiTa Mean 87.5455 42.0000 40.6364

N 11 11 11

Std. Deviation 1.91644 5.07937 3.52910
Total Mean 156.9062 62.6875 65.7813

N 32 32 32

Std. Deviation 52.32797 65.35286 36.56610

*.0: All dead. Statistical results indicates the statistically significant differences (P < 0.05) when compared with each other.

PHYSICS OF METALS AND METALLOGRAPHY Vol. 123
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Fig. 10. Statistical results of viable adherent microorganisms.

Fig. 11. From left to right are the A, N, T alloys and top to down Staphylococcus aureus ATCC 29213, Staphylococcus epidermidis
ATCC 14990, Pseudomonas aeruginosa ATCC 27853 and Candida albicans ATCC 90028; and at the right-hand side Candida kru-
sei ATCC 6258. * Pink means adherent alive microorganisms in wells, while blue means adherent dead microorganisms.

with the largest number of alive cell counts 24 h incu-
bation. The plate views with alloys and cells are shown
in Fig. 11. As a result of tests, all samples are ineffec-
tive against the selected test bacteria species (Staphylo-
coccus aureus ATCC 29213, Staphylococcus epidermidis
ATCC 14990, Pseudomonas aeruginosa ATCC 27853).

It was observed that only Ni,gTisoNb,(N) alloy
had an antibacterial effect against Staphylococcus epi-
dermidis ATCC 14990 bacteria. Also, it has been found
that alloy samples have a completely antifungal effect

PHYSICS OF METALS AND METALLOGRAPHY  Vol. 123

against selected yeast (fungi) species (Candida albicans
ATCC 90028 and Candida krusei ATCC 6258) and pre-
vent their growth in the medium. Briefly, Nis,TiszTay,
(T) exhibited excellent antibacterial properties and
the CFU of the alloy was much lower than that of
NijTisoAgy (A), NiyTisyNb,, (N) and control groups.
Nis TispAgy (A), NiggTisgTay (T), NiypTispNb,y (N)
alloy samples exhibited more obvious antifungal abil-
ity than antibacterial ability since almost no fungal
colony remains alive. Consequently, it can be said that
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the tested TiNi-based alloy has a toxic effect against
eukaryotic cells rather than prokaryotic cells.

CONCLUSIONS

The Ni;,TisyTa,, alloy recorded higher phase trans-
formation temperature (TT) compared to Nis,TispAgy
and Ni,yTis,Nb,, alloys. The transformation hysteresis
(H,) of NiyyTisyNb,, alloy was 42.8°C, which was

higher than Ni,, Tis Ta,, and Ni; TisoAg,, alloys. The
thermal activation energy (£,) obtained with Kissinger
and Ozawa methods were the same for each alloy. It
was found that the E, of the NiyTis Ta,, alloy was
greater than Ni;,TispAg,, and NiygTisoNb,, alloys. The

transformation enthalpy (AHy_,,) for NiyTisyNb,,,
NisyTisgTayy, NizyTisgAg,, alloys were 8.2, 5.17 and
8.45 J/g, respectively. The NiyyTis,Nb,, alloy had the
highest transformation enthalpy compared to the
other SMAs.

In the current study, we aimed to exhibit the anti-
microbial properties of Ni—Ti based alloys via the
addition of Ag, Nb, and Ta in order to produce an alloy
with good antimicrobial properties. There are very few
reports of assessing antimicrobial effects of NiTi-
based alloys. Recently, strong antifungal and bacterio-
static effects of Ni—Ti-based alloy composites were
shown by this research. As a result of tests, it was
observed that our samples have not shown completely
antimicrobial effect on selected test bacteria species
(Staphylococcus aureus ATCC 29213, Staphylococcus
epidermidis ATCC 14990, Pseudomonas aeruginosa
ATCC 27853), only NiTiNb (N) alloy showed an
effect against Staphylococcus epidermidis bacteria because
of the differences in growth conditions in the presence of
metal ions. It was found that the Nis TispAgy (A),
Ni;gTisgTa,, (T) and NiyyTisyNb,, (IN) alloys were
found to exhibit strong antifungal ability against
selected yeast (Candida albicans ATCC 90028 and
Candida krusei ATCC 6258). NiTi-based alloys have
potential potency to form reactive oxygen species on
the cell wall and subsequently damage DNA or pro-
teins. The interaction with cell wall of the pathogens
has further accentuated the ability of alloys to the
death of the cell walls of the eukaryotic cells. Also,
Ni;TisoTay, (T) alloy exhibited antibacterial activity
properties in comparison with Ni;TispAg,, (A) and
NiyyTisoNb,; (N). The possible antibacterial mecha-
nism of Ti—Ni—X alloys; firstly, the X released from
alloys, and then enhance the permeability of the bac-
terial cell membrane, with intracellular material leak-
age leading to cellular lysis and causes the generation
of reactive oxygen species, protein oxidation and DNA
degradation in bacteria cells, thus result in the death of
bacterial.

The present study introduces, Ti—Ni—X shape
memory alloy can be used in order to develop novel
antimicrobial ternary alloys. In the light of these data,
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it can be said that Ti—Ni based alloys tested have toxic
effects against eukaryotic cell rather than prokaryotic
cell.
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