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Several techniques were used to investigate the chemical and phase composition of four trial batches of nitinol
powder produced by calciothermic reduction as well as their morphology and granulometric composition. Almost
all powders produced by a similar procedure contained an allowable amount of impurities and were practically
free of minor detrimental phases such as Ti2 Ni and Ni3 Ti. The powders under study have gamma or lognormal
particle size distributions and spongy particles morphology typical of this production method. The tap density
over 3 g/cm3 was achieved at least in one case, which gives us an opportunity to successfully produce bulk articles
by subsequent treatments such as sintering or hot isostatic pressing.
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◦

hydride heats up to about 820 C. At this point, CaH2

1. Introduction

dissociates to hydrogen and calcium, which melts at the
Nitinol is a well-known intermetallic compound that
has

a

lot

of

potential

applications

in

biomedicine,

same time. The titanium reduction takes place at tem-

◦

perature about 900 C and both nickel and titanium dis-

aerospace, petroleum industries and instrumentation. Its

solve in liquid calcium.

most useful functional properties, such as shape-memory

in liquid medium, the metals gradually form a NiTi com-

eect, superplasticity and very high ductility, are pro-

pound and practically pure intermetallic can be obtained

B2 ↔

by holding the mixture at 1150 C for 8 h. The resulting

vided by reversible martensitic transformation

B19

0

[1]. Unfortunately, NiTi has a relatively wide ho-

Owing to a very fast diusion

◦

powder is cooled down for

10 ÷ 12

h and after leach-

mogeneity region and its composition strongly inuences

ing, drying, and screening, the powder can be used to

the martensitic transformation temperatures [2], which

produce massive articles by some additional procedures

greatly aects mechanical properties.

such as sintering or hot isostatic pressing.

It essentially re-

stricts nitinol applicability because ingots produced by

The main goal of this work is to characterize the pow-

conventional metallurgical techniques exhibit perceptible

der NiTi intermetallic compound produced by calcio-

uctuations in chemical composition and additional heat

thermic reduction.

treatment is required in order to obtain homogeneous

cial for massive article production, are taken into con-

bulk materials with desired characteristics.

sideration.

Powder metallurgy is an alternative way of article production that enables to achieve chemical homogeneity [1].

Several properties, which are cru-

These properties are chemical and phase

compositions, morphology, particle-size distribution, and
bulk/tap densities.

The calciothermic reduction has proved to be a very per-

2. Materials and methods

spective method of producing powder intermetallics including NiTi [3, 4]. The method has been known since

Four trial batches (I, II, III, and IV) of powdered niti-

the 1970s and at rst was developed to extract Zr, Th,

nol, each with the mass of about 100 kg, were produced

and U from oxide ores and later to obtain intermetallic

by calciothermic reduction at 1150 C for 8 h.

compounds [58]. But having a potential military appli-

ing materials were Ni with purity

cation, the method was kept secret until recently and is

anatase (≥

now coming into wide use [3, 911].

der (≥

In the case of NiTi, the reaction of intermetallic for-

◦

batches III and IV were prepared from purer CaH2 compound (≥

TiO2 + Ni + 2CaH2 → TiNi + 2CaO + 2H2 ↑ .
(1)
◦
It occurs in the temperature range of 1000 ÷ 1200 C and

cium (grade KD, TU 5.176-90).

tial powder mixture of oxide, pure metal, and calcium

Start-

and TiO2 -

98.0%). Commercially available CaH2 pow93%) was used to prepare batches I and II;

mation can be written as

its mechanism was investigated in detail in [11]. The ini-

≥ 99.9%

96%)

obtained by hydrogenation of metal calAll the powders were

produced in a factory by a common procedure with the
only dierence that batches I and IV were subjected to
additional grinding before leaching.
The inductively coupled plasma atomic emission spectroscopy with Optima 4200DV spectrometer was used
to determine the chemical composition of the powders
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under study. A granulometric composition was obtained
using

(510)
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MicroTec

plus

equipment
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(Fritsch) and software package STATGRAPHICS Plus

common brand TN1 are presented in Table I. These data

for Windows. A procedure described in the Russian tech-

show that apart from a relatively high nitrogen content,

nical standard GOST 19440-74 was used to measure bulk

all the batches have compositions almost correspond-

and tap densities.

ing to the technical specication.

Phase composition was evaluated by means of an

Kα

Moreover, all pow-

ders show very stable composition with respect to ba-

radiation with

sic elements, which is almost unattainable in metallur-

graphite monochromator, room temperature) and soft-

gical process. Besides, all powders contain Ca-impurity

ware package [12] with a built-in Rietveld analysis.

with its particularly high concentration in the batch I

The powder morphology, microstructure and phase dis-

and the oxygen content of rst pair of batches noticeably

tribution within the powder particles were examined us-

exceeds specication requirements.

ing scanning electron microscope (SEM) Hitachi S-3400

amounts of oxygen can be explained by a higher impu-

with energy-dispersive spectroscopy equipment.

rities level in starting CaH2 , but a high concentration of

X-ray diraction (XRD) analysis (Cu

The relatively high

gas-forming elements (O, N, H) does not seem to be critical, because the following high-temperature treatment

3. Results and discussion

proceeds in ne vacuum, which facilitates the volatiliza-

The chemical composition of the powders and a technical specication for an as-cast NiTi alloy of the most

tion. The inuence of calcium on the terminal properties
is presently unexplored.

TABLE I
Chemical composition of TN1 as-cast alloy according to technical specication
TU 1-609-394-84 and four batches of the NiTi powder.
Chemical
Primary elements
Ni
Ti
C
as-cast alloy TN1 base 42.7 ÷ 45.7 ≤ 0.1
base
45.61
0.08
batch 1
batch 2
base
44.3
0.06
base
44.42
0.058
batch 3
batch 4
base
44.25
0.077
Material

Figure 1 shows XRD patterns and a quantitative phase
composition of the powders under study.

composition [wt.%]
Impurities
Ca
Fe
Si
N
O

≤ 0.3 ≤ 0.15 ≤ 0.05 ≤ 0.2
0.34 0.14
0.04
0.11
0.74
0.09 0.12
0.07
0.08
0.62
0.11 0.10
0.08
0.12
0.13
0.23 0.34
0.05
0.08
0.14

An almost biphasic composition of all the powders in-

The picture

dicates that a martensitic transformation starts above

demonstrates that at least batches III and IV consist of

and nishes below room temperature. As it follows from

B2 and monoclinic B190 phases and seem to be

XRD quantitative phase analysis, various powders dif-

only cubic

free of Ti2 Ni and TiNi3 detrimental phases usually con-

fer in the ratio of the monoclinic

tained in as-cast alloys [13]. In the rst two batches, XRD

modications:

reveals several admixtures: Ni3 Ti, Ni,

α-Ti solid solution,

the amount of

the rst pair of batches.

B190
0

B19

and cubic

B2

phase is higher in

It suggests that the powders

and in the case of batch I, even some traces of CaTiO3

have dierent start and nish temperatures of marten-

phase, which correlates with a higher amount of Ca and

sitic transformation, namely, the rst pair of the powders

oxygen in this particular powder (Table I). It is worth

has higher transformation temperatures. At rst glance,

noting that a lower level of impurities in CaH2 reagent

the amount of high-temperature

prevents the formation of both foreign compounds and

the purity of CaH2 reagent and may be explained by a

minor detrimental phases of the NiTi system.

B2 phase correlates with

There-

higher amount of oxygen in batches I and II (Table I).

fore, the purication of CaH2 results in more homoge-

But in Ref. [14], it was revealed that O-doped as-cast

neous materials with practically only two 

NiTi alloys, on the contrary, have lower temperatures

B2 and B190

 modications of the NiTi compound.
It should be noted that a small quantity of minor
phases can be undetectable by XRD analysis especially

of martensitic transformation and therefore there should
be other reasons explaining the dierence in the ratio of

B190

and

B2

phases.

in this case of diraction patterns with wide reections

Figure 3 shows the morphology of the TiNi powder

of martensitic phase. And indeed, SEM investigation of

of dierent batches and demonstrates that all powder

the powder cross-sections reveals traces of Ti2 Ni phase

particles have a spongy branchy surface and mostly a

(Fig. 2) in batches II, III, and IV along with several

nonequiaxial form, which is quite typical for powders

other phases: Ti(N,C) in batch I, Ti2 Si in batch II, and

produced by calciothermic reduction.

Ti-based solid solution in batch IV.

(Fig. 3) that the powder particles of various batches dier

It is clearly seen

512

T.A. Sviridova et al.

Fig. 3. SEM images of powders of I, II, III, and IV
batches.

Fig. 1. XRD patterns and quantitative phase composition of I ÷ IV powder batches (top-down). c-NiTi
and m-NiTi denote cubic (B2) and monoclinic (B190 )
modications of NiTi, the dierence curves obtained by
the Rietveld analysis are shown below each diraction
pattern.

Fig. 4. A granulometric composition of powders
of I, II, III, and IV batches. Solid lines show bestt curves for gamma (batches I and IV) and normal
(batch III) distributions.
level provides ner powders, which is also conrmed by
comparison of coarse batch III with batch II, containing

Fig. 2. The SEM image of powder cross-section for
batch IV.
in size and the coarsest powder has been produced in

a noticeable amount of ne fraction.

TABLE II
Bulk and tap densities of various batches of the NiTi
powder.

batches II and III. The obvious reason of that is the additional grinding of the powders of I and IV batches before
the leaching procedure.
Figure 4 demonstrates a granulometric composition of
the powders under study. The average size of the powders as well as their bulk and tap densities are presented
in Table II. Batch I and IV seem to be the nest powders
produced and, according to statistical analysis, have a

Batches of
NiTi powder
I
II
III
IV

Bulk
density
[g/cm3 ]
2.25
1.39
1.54
2.38

Tap
density
[g/cm3 ]
2.88
1.75
2.02
3.18

Average
size
[µm]
26
72
74
37

Standard
deviation
[µm]
13
43
32
22

gamma particle size distribution. Batch II shows bimodal
distribution as well as batch III, where the main great-

Making a comparison of Fig. 4 and Table II, one can

size mode has an almost normal particle size distribution.

conclude that ner powders (batch I and IV) provide a

Batches I and IV, having similar distributions, dier in

higher density and an additional gain can be achieved

the average size. It suggests that the higher impurities

for the powder with a wider size distribution (batch IV).

513

Characterization of Nitinol Powder. . .

According to technical specication, a minimum resid-
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tap density of the NiTi powder is not less than 3 g/cm

Therefore, this powder is likely to be a

good candidate for the following sintering or hot isostatic
pressing (the details are seen in [15]). The other batches
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