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Abstract—We have studied the structure and properties of porous nickel titanium (TiNi) alloys obtained upon
reaction sintering of Ti and Ni powders with Co and Mo additives. It is established that Co and Mo doping
additives retain the compaction of Ni powder achieved at the initial stage of sintering. The maximum defor-
mation of porous samples loaded in the austenite state was observed upon adding Co, while the addition of
Mo resulted in minimum deformation. The addition of Co leads to single-stage martensitic transformation in
TiNi phase, while the addition of Mo leads to the two-stage transformation that is more homogeneous over
the volume. Both Co and Mo additives lead to increase in the maximum accumulated strain due to the for-
mation of favorably oriented stress-induced martensite and reoriented quench-induced martensite.
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The properties of monolithic nickel titanium
(TiNi) alloys can be effectively controlled by varying
the content of nickel in the TiNi phase in a concentra-
tion interval of 48—51.5 at % [1]. In reaction-sintered
porous TiNi alloys, a much more pronounced effect
can be achieved using various doping additives. In
addition, the process of reaction sintering (RS) as con-
trolling factor is a part of the combined method of
obtaining TiNi-based implants. Therefore, it was
important to consider the influence of doping on the
structure and properties of Ti—Ni system in more
detail. The choice of Co and Mo as doping additives
was related to the fact that cobalt is closest to Ni in
properties and forms a series of intermetallic com-
pounds with Ti, while molybdenum does not react
with Ti and only forms a continuous series of solid
Mo—Ti solutions [1]. Thus, the mechanisms of influ-
ence of Mo and Co doping additives on the properties
of TiNi-based alloys act in opposite directions, which
can help to establish specific features of these factors.

The RS of Ti—Ni system alloys is stimulated by
melting of the Ti,Ni phase in the vicinity of 1223 K.
However, a necessary condition for the sintering of
high-porosity alloys is a small amount of liquid phase,
which prevents their shrinkage and retains a regular
porous structure. On the other hand, this circum-
stance hinders mass transport in a sintered system [2]
and leads to unavoidable inhomogeneity of its phase
composition.

The present work was aimed at studying the struc-
ture and properties of porous permeable Tis,NiyCo,
TisoNigMo,, and Tis,Nis, alloys prepared from pow-
dered nickel (PNK-OT4 grade), titanium (PTEM
grade), cobalt (PK-lu grade), and molybdenum
(MPCh grade) components. The average particle
dimensions were 10—15 um for Ni and 60—80 um for
Ti. Cylindrical samples with dimensions of 48 X 8 mm
of TiNi alloys containing 1 at % Co, 1 at % Mo, and
additive-free composition were prepared by method of
RS in quartz tubes at 1223 K for 5.4 x 103s. The RS
temperature for Tis,Nis, alloy was selected so as to
obey the condition of retaining regular porous struc-
ture and shape of samples. Based on the phase dia-
gram of Ti—Ni system [1, 2], the maximum RS tem-
perature was restricted to 1223 K and the minimum
RS temperature was set as corresponding to the
appearance of low-temperature eutectic liquid (near
1213 K). The optimum temperature—time RS regime
selected for the TisoNis, system was also used for the
RS of Tisy—Nig—Co; and Tisy—Nizg—Mo, alloy sys-
tems.

Specific features of martensitic transformations and
macrodeformation characteristics were studied using
multiply repeated shape memory effect (MSME) mea-
surements under constant load (6 x 102 kgf) condi-
tions of bending for porous plates with 35 X 7 X 1-mm
dimensions. The optimum load was selected so that 1-
to 2-mm bending of a sample plate in the austenite
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Fig. 1. SEM images showing (a) phase composition of a reaction cell in the solid-state RS stage (including (/) TiB,
(2) TipNi, (3) TiNi, (4) TiNi3, and (5) Niy) [3] and (b—c) spongy nickel matrix in porous (b) TisoNisg, (¢) TisoNiggCo;, and

(d) Ti50N149M01 alloys.

state would not leave any residual strain upon unload-
ing.

The structure of porous samples was studied using
an Axiovert 25 Mat optical microscope and scanning
electron microscopy (SEM) using a Philips SEM 515
instrument. The elemental composition of phases was
determined by energy-dispersive X-ray (EDX) spec-
troscopy on an EDAX ECON IV electron-probe
microanalyzer. Quantitative analysis of the sintering
process was based on the measurement and descrip-
tion of distances between centers of particles in the
central and peripheral zones of samples.

The phase structure of porous TisyNis, alloy is well
differentiated and can be considered as a set of reac-
tion cells (see Fig. 1a), each cell comprising Tig core /,
spongy Ni, matrix 5 at the periphery, and shells of
Ti,Ni 2, TiNi 3, and TiNi; 4 phases around the core
[2, 3]. Investigation of the structural features and
deformation behavior of porous samples revealed two
reaction-cell components, TiNi and Ni,, which sig-
nificantly influence the MSME parameters. This
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behavior is related to the fact that the TiNi phase
exhibits the shape memory effect (SME), while Ni,
occupies the main volume fraction of the alloy and
influences the mechanical behavior of the sample.

Upon doping, the alloy structure remains generally
the same, the reaction cells are retained, and TiNi
phase is visually unchanged, but the spongy Ni, matrix
exhibits visible changes. In ternary TisyNiyyCo, and
TisyNiyMo, alloys, the spongy matrix has the form of
arestricted solid solution of Ni, with Co and Mo addi-
tives, respectively. Note that the small content of dop-
ing additives hinders their observation by means of
EDX microanalysis.

The entire sintered volume of porous Tis,Nis, can
be separated into two zones: central and peripheral.
The spongy matrix in the central zone is noticeably
denser (Fig. 1b) than in the peripheral zone (Fig. 1a),
which is related to a temperature difference between
these zones. The heat of the exothermal reaction
between reactants provides additional heat supply to
the system. However, heat removal via the peripheral
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Fig. 2. Temperature dependences of macrodeformation
&(T) in TiNi-based alloys TisNisy, TisoNiggCoj, and
T150N149M01.

zone accounts for the higher temperature in the cen-
tral zone and lower temperature at the periphery.

An increased density of the spongy matrix is quan-
titatively manifested by reduced distances between
centers of nickel particles. In the central zone of the
TisoNis, sample, the average value of this distance is
about 7 um, while that in the peripheral zone is about
11 um. In the alloys doped with Co and Mo, these
average values at the periphery differ rather insignifi-
cantly (8 versus 9 um, respectively), while those in the
central zone are the same (8 um in both cases). Visible
differences between Tis)NignCo; and TisgNigMo,
alloys are related to retarded process of densification
of the spongy matrix at the solid-state RS stage (cf.
Figs. 1c, 1d), which hinders the growth of contact
interfaces between nickel particles and limits the diffu-
sion mass transfer during sintering. An increase in the
activation energy of nickel self-diffusion in the pres-
ence of molybdenum and its decrease under the action
of cobalt were also reported in [4, 5].

The doping additives of Co and Mo similarly influ-
enced the densification behavior and morphology of
nickel-based matrix, but differently affected the
mechanical properties of TiNi phase. Observations
revealed a relationship between the structure and
MSME parameters of porous samples studied. Some
of the temperature dependences of macrodeformation
€(7) related to the cooling and heating under load
reflect the behavior of strained TiNi phase (Fig. 2).
The straining under load in the high-temperature state
(g,) reflects the total contribution of TiNi phase defor-
mation corresponding to stress-induced martensite
formation and the plastic deformation of the Ni,
matrix. The contribution from the spongy matrix is
greater due to its volume fraction exceeding those from
other parts of the reaction cell. The deformation of this
phase depends on its porosity and the plasticity of
nickel particles.
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The maximum deformation under load in the
austenite state (g,) is observed for TisoNiygCo, alloy
(Fig. 2). In view of the influence of a spongy matrix of
the reaction cell, this is probably related to its
increased porosity, retained plasticity upon doping,
and, hence, higher deformability of this alloy. In the
TisoNigMo, alloy sample, the value of this type of
deformation is 2.5 times smaller than in TisyNis,.
Therefore, doping with Mo reduced the plasticity of
nickel as compared to that in the undoped Tis,Nis,.
We believe that this behavior is due to strengthening of
the spongy matrix based on Ni particles via the mech-
anism of dispersion hardening [1]. Indeed, the reac-
tion diffusion of Mo into the spongy nickel matrix
probably leads to the formation of a finely dispersed
intermetallic Mo—Ni phase, which accounts for hard-
ening of the Ni, solid solution.

In Tis,NiyCo,; alloy, the direct phase transforma-
tion begins without a clearly pronounced region usu-
ally attributed to the B2 <> R transition, which makes
the martensitic transformation almost single-stage
(Fig. 2). However, part of this dependence (related to
the growth of a martensite phase) differs from rectilin-
ear and displays several steps on the growth stage. We
believe that this character of €(7) curve reflects a
mixed type of the phase transformation, combining
the formation of R-phase nuclei (on troughs) and the
subsequent nucleation and growth of martensite crys-
tals (on steep portions). Evidently, this order of transi-
tions is related to nonuniform loading of the porous
system and the chemical and structural inhomogene-
ity of the TiNi phase. Note that the two stages of mar-
tensitic transformation are clearly separated on the
€(7) curve.

The B2 <> Rand R <> B19 transitions in TisyNiz;gCo,
alloy under load are well pronounced, although poorly
identified on the temperature dependence of the elec-
tric resistance of samples [6]. Therefore, external
loading effectively favors the growth of R-phase and
martensite, which is related to the process of mono-
domain structure formation [1]. It can be suggested
that Co impurity in TiNi phase stimulates this process
so that the growth of a martensite phase becomes more
consistent and, hence, the accumulated strain (g,) in
this sample becomes maximum (Fig. 2). Another fac-
tor that increases deformation in the direction of load-
ing (€&,) is an increase in the level of intrinsic stresses in
austenite under the action of cobalt [6], which hinders
reversibility of the martensitic transformation under
the action of a bending load (€5) and, in turn, increases
the residual strain (&,). The doping additive of molyb-
denum only influences the residual strain, the magni-
tude of which is reduced by 30% relative to that in the
initial Tis,Nis, alloy.

The martensite start temperature in all alloys stud-
ied varies in the interval of 243—203 K, the reverse
transition onset temperatures are also close in all three
Vol. 44
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cases, and the rates of these processes are comparable.
The values of temperature hysteresis in Tis,Nis, and
TisoNiggMo; alloys are comparable (419 and 422 K,
respectively, for R <> B19' transition) and reach 467 K
in TisyNis Co, alloy.

In concluding, Co and Mo additives retard densifi-
cation of the spongy Ni-based matrix at the solid-
state RS stage, thus limiting the diffusion mass trans-
port in the Ti—Ni system. The Co additive retains
plasticity and porosity of the spongy matrix and leads
to an increase in the magnitude of deformation in a
sample loaded in the austenite state (g;). In contrast,
the Mo additive decreases this value by strengthening
the nickel matric at the initial RS stage. Additionally,
Co additive provides an increase in the maximum
accumulated strain (€,) in TiNi phase as a result of the
formation of oriented stress-induced martensite and
re-oriented quench-induced martensite. This additive
also makes the martensitic transformation close to sin-
gle-stage, whereas the transformation in Mo-doped
alloy is two-stage and more homogeneous over the
volume.
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