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ABSTRA!

Purpose: The purpose of this paper is to present the results of the investigations of phase transitions of TiNiCo
and Ni-rich NiTi shape memory alloys designed for medical applications.

Design/methodology/approach: Temperature X-ray diffraction (TXRD), differential scanning calorimetry
(DSC), electrical resistivity (ER) and the temperature shape recovery measurements in three-point bending ASTM
2082-01 tests were used.

Findings: It has been found in this work that ageing after solution treatment and annealing below the
recrystallization temperature after cold working in the alloys studied create separate reversible B2<>R+—B19’
transformations. During thermomechanical cycles characteristic temperatures of the reversible B2<>R phase
transition remain stable. It was concluded that ageing after solution treatment or recovery during annealing
after cold working causes the precipitation process and the changes of the defect structure of the alloys promote
transitions with the R-phase contribution.

Research limitations/implications: The results of the courses of transformations and their characteristic
temperatures obtained by TXRD, DSC and ER techniques have a good correlation. Future TXRD research with
the use of automatic rapid recording of diffraction patterns during cooling and heating are necessary. The course
of phase transitions of the studied alloys determine their applications.

Practical implications: The obtained results can be applied into the practice of processing and thermomechanical
treatments of NiTi alloys designed for the production of shape memory medical implants and devices which act
under the influence of the human body heat. Presented are the conditions of thermomechanical treatment to obtain
a wide temperature range for the R-phase existence in the investigated alloys.

Originality/value: The paper presents new results of optimization of the thermal treatment of NiTi shape
memory alloys to obtain the reversible B2« R transformation used to prepare new shape memory implants and
medical devices which exhibit shape recovery at a narrow temperature range below the human body temperature.
In this paper it was shown that the temperature X-ray diffraction method can be used for the visualization of
transformation courses and obtaining characteristic temperatures of transformations.
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1. Introduction applications [1, 2]. The shape memory effects are associated with
reversible thermoelastic martensitic transformation. Binary alloys,
containing 49 — 51 at. % Ni after solution treatment exhibit

The NiTi shape memory alloys known as “Nitinol” alloys reversible B2<>B19’ transformations between a high temperature

offer very attractive properties for technical and medical

© Copyright by International OCSCO World Press. All rights reserved. 2007 m



B2 phase (austenite) and a low temperature B19’ phase
(martensite). Characteristic transformation temperatures during
cooling are noted as M (Martensite start) and My (Martensite
finish) and during heating A; (Austenite start) and Ar (Austenite
finish) respectively. High temperature phase in NiTi alloys is
considered to be of the CsCl (B2) type, and the martensite a
monoclinic distortion of the B19 (AuCd) structure [3, 4]. Often in
those alloys, below the characteristic Ty temperature, the
intermediate R-phase occurs, which is considered as a
rhombohedral distortion of the B2 structure [5]. When Ty > M, a
temperature range in which the rhombohedral R-phase is stable
may occur. It is very important that the B2<>R transition is
reversible in a narrow temperature rage of about 5°C unlike the
B2« B19’ transition which has a temperature hysteresis of about
30°C [6, 7]. The B2=R transition is characterized by a rapid
increase in electrical resistance, extra diffraction spots at 1/3
positions of the B2 reciprocal lattice, extra peaks on the DSC
curves and splitting in the {110} and {211} X-ray diffraction
reflections [5, 8, 9]. One- or two-way shape memory effects are
accompanied by reversible thermoelastic transitions and changes
of internal stress in the material during cooling and heating
[5, 10]. Superelasticity as the characteristic mechanical behaviour
takes place when the change of shape is caused by external stress
during loading and unloading. On the stress-strain curves the
characteristic long plateau during loading and unloading of the
samples is visible [11].

The sequences of transitions, its temperature range, the
structure and mechanical and shape memory properties of these
alloys strongly depend on the chemical composition and other
conditions, such as hot or cold processing, thermal treatment,
alloying of other metallic elements and thermal or
thermomechanical cycles. It is possible to obtain the stable R-
phase by increasing the Ni or Ti content, ageing after solution
treatment, annealing at temperatures below the recrystallization
temperature following cold working, thermal cycling and
substitution of other elements [12,13]. Various techniques,
differential scanning calorimetry, electrical resistivity, internal
friction, corrosion resistance, shape memory effects and changes
of the X-ray or neutron diffraction patterns versus temperature
may be used to characterize the structure, transition courses and
properties of NiTi alloys [14,15].

For medical applications NiTi implants and devices must have
shape memory or superelastic effects at temperatures below the
human body temperature.

In this article, the temperature X-ray diffraction investigations
to characterize phase transformations of TiNiCo and Ni-rich
shape memory alloys designed for medical implants are
presented. The purpose was to select a suitable thermal treatment
to obtain the reversible B2<R transitions and their shape
memory effect in a very narrow temperature range.

2. Materials and experiments

TisoNisg7Coy 3 and NisgsTiges shape memory alloys were
obtained by vacuum induction melting. After homogenization
treatment at 900°C for 48 hours in a vacuum furnace, hot pack
rolling of ingots to rods was carried out to minimize surface
oxidation. Flats and wires were obtained by hot and cold rolling
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and drawing. Samples with the required dimensions were
mechanically cut and polished.

Solution treatment at 700°C and ageing in the temperature
range 300°C-600°C and annealing below recrystallization
temperatures after cold deformations were used.

Phase analysis and courses of martensite and reverse
transformation were investigated at various temperatures by X-ray
diffractometry using Philips diffractometer equipped with a
temperature attachment. Diffraction patterns in CuK, radiation
were recorded during cooling and heating rates of 1°C/min in the
temperature range from +100 to -120°C.

Characteristic transformation temperatures of specimens after
various treatments were determined by DSC method using a
Perkin-Elmer DSC-7 calorimeter during cooling from ambient
temperature to about -120°C and reheating to about +80°C at the
rate of 10°C/min.

The electrical resistivity was recorded during cooling and
heating by a 2-point probe using a Diesselhorst compensator.

The shape memory effect of wires was recorded by the
bending ASTM 2082-01 test on the measurement state equipped
with a PT-100 temperature indicator and LVDT linear variable
differential transformer.

3. Results and discussion

The X-ray difractograms of a TiNiCo sample recorded at
different temperatures in the diffraction angle range from 37 to
47° (20) are shown in Fig. 1-4. A very strong peak 110g; of the
parent phase is visible at 57°C. During cooling the splitting of the
1105, peak caused by rhombohedral distortion of the B2 lattice
and the diffraction reflections from (110), (002), (11-1), (020) and
(111) planes of martensitic phase appear. The intensities of
reflections from the martensitic phase increase, whereas the
intensity of the splitting peak decreases together with the decrease
in temperature. The very visible reflections of the R-phase and
martensitic B19’phase are shown in Fig. 2. At 23°C only very
strong reflections of a martensite phase are visible, which is
shown in Fig. 3.

After heating above the Ay temperature, when the peaks from
the martesite phase disappear, the identification of other phases as
Ti,Ni, Ni;Ti, NigTi; TisNi O, TiO, or TiC and TiN existing in the
NiTi alloys is much easier. It is shown in Fig. 4, on the example
of the phase identification in a TiNiCo sample, in which after
heating up to 97°C the Ti,Ni phase has been disclosed. It is
possible that in this case on the peaks of the Ti,Ni phase the peaks
of TiyNi,O oxide also overlap.

The X-ray diffraction patterns at different temperatures during
cooling and heating of TiNiCo and NiTi alloys after various
thermal treatments are shown in Fig. 5-8. After solution treatment
of the TiNiCo alloy at 700°C for 15 minutes, during cooling from
the room temperature, the decrease of the 110 B2 peak intensity
and its broadening are visible. At 11°C clear diffraction peaks of
the martensite phase can be seen. Their intensity increases with
the decrease in temperature. At -60°C the small splitting of the
110p, peak accompanied by rhombohedral distortion of the B2
lattice is shown in Fig. 5. During heating the intensity of the
martensite peaks decreases and the diffraction peak of the parent
phase increases. At 36°C small diffraction peaks of the martensite
phase still remain.
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Fig. 3. X-ray diffractogram of TiNiCo alloy recorded in the

martensite B19’-phase state
Fig. 1. X-ray diffractogram of TiNiCo alloy recorded in the parent

phase state
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Fig. 4. X-ray diffractogram of TiNiCo alloy recorded after heating

above Ay temperature (the peaks of the Ti,Ni intermetallic phase
are visible)
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Fig. 2. X-ray diffractograms of TiNiCo alloy in mixture R- and
martensite phase state
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Fig. 5. XRD patterns recorded during cooling and heating of
TiNiCo alloy after solution treatment

Resolvable splittings of the 110p, peak were observed during
cooling of the samples after ageing at temperatures of 500, 400
and 300°C. The example of diffraction patterns recorded during
cooling and heating for the sample after ageing at 300°C is shown
in Fig. 6. During cooling the sequences B2=>R=B19* were
registered, whereas during heating the martensite B19’ transforms
itself directly into the B2 parent phase.
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Fig. 6. XRD patterns recorded during cooling and heating of
TiNiCo alloy after solution treatment and ageing at 300°C
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Identical phase transformation courses were recorded in Ni-
rich NiTi alloy with nominal chemical composition Ti—50,5 at.%
Ni, in which the reversal phase transitions B2<B19’ during
cooling and heating were recorded, which is shown in Fig. 7.
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Fig. 7. Transition courses recorded during cooling and heating of
Ti— 50,5 at. % Ni alloy after solution treatment
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Very good separation of transitions, both during cooling and
heating, was obtained after annealing at temperatures below the
recrystallization temperature of the alloys after their previous
cold working to a deformation of about 40%. The XRD patterns
recorded during cooling and heating of TiNiCo alloy after cold
rolling and followed by annealing at 450°C for 5 hours with the
sequence of transformations B2 <>R<B19’ are shown in Fig. 8.
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Fig. 8. Changes in the diffraction patterns during cooling and
heating of cold worked TiNiCo alloy annealed at 450°C



The separate B2<<R and R<B19’ transitions during cooling and
heating after cold processing and annealing of this alloy are also
visible on the DSC curves, as is shown in Fig. 9. The samples were
cut from wires after cold drawing with the total deformation of 26%.
Very good separation, the B2=R and R=B19’ transitions are visible
on the DSC curves of the samples annealed at 450°C for 30 minutes.
The temperatures obtained from exothermal maximum peaks are +20
and -60°C respectively. Similarly, but at a narrower temperature
range, the B19°=R and R=B2 phase transitions are separated during
heating. The temperatures obtained from endothermal minimum
peaks are +20 and + 40°C respectively.
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Fig. 9. DSC curves of TiNiCo samples after cold drawing and
annealing at different temperatures

The separation of transformations during cooling or heating can
be also obtained after ageing or thermomechanical cycling of NiTi
alloys. Fig. 10 shows DSC curves of TiNiCo samples after solution
treatment at 700°C for 15 minutes and ageing at 500°C for 30
minutes. After solution treatment during cooling there is a two-step
transformation B2<R<B19’ and a one-step transformation
B2<B19’ during heating. Whereas after ageing the transformations
are separated during cooling and heating.
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Fig. 10. DSC curves of TiNiCo sample after solution treatment
and then ageing at 500°C for 30 minutes

The separation of martensitic transformations in Ni-rich alloys
during ageing is explained by preferential formation of NisTi;
precipitates along grain boundaries [9]. Probably, the differences
in the chemical composition and stresses in the precipitation zone
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and in the interior grains, which are precipitate-free, separate the
matrix and the transition course is in two-steps B2=R and R=>B19’.
Thermally reversible transformations in these alloys were
confirmed by electrical resistance changes versus temperature
during the cooling-heating cycles. In Fig. 11 and 12 the curves
pery recorded for TiNiCo and Ni-rich NiTi samples after solution
treatment at 700°C for 15 minutes and followed by ageing at
400°C for 1 hour are compared. During cooling the transition of
the parent phase B2 to the R-phase occurring below the Ty
temperature is characterized by a rapid increase in electrical
resistance. Changes of electrical resistivity can be explained by
the changes in electronic density and lattice distortions and
changes in the defect structure during transformations [6]. For an
alloy with cobalt addition, Ty is about 25°C, while in the Ni-rich
NiTi alloy the R-phase transition begins at -7°C. At the M,
temperature obtained from the maximum electrical resistance the
R=B19’ transition begins. The M; temperature in the TiNiCo
alloy is +5°C and in the Ni-rich NiTi alloy is -20°C respectively.
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Fig. 11. Electrical resistance as a function of temperature of
TiNiCo alloy after solution treatment and ageing
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Fig. 12. Electrical resistance as a function of temperature of Ni-
rich NiTi alloy after solution treatment and ageing
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For practical applications of the shape memory effect
associated with the reversal B2<R phase transition, which has a
very narrow thermal hysteresis, the knowledge of characteristic
temperatures of this transition during cooling and heating is very
important. Fig. 13 shows the Ty (start) temperature of the B2=R
transition during cooling, which is stable in initial thermal cycles
and amounts to about 21°C. In this case the Ty is chosen when the
splitting of the 110, diffraction peak appears. However, the
transformation begins earlier, as the 110z, peak intensity
decreases and the full width at half maximum intensity of the
110g, peak is increased.
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Fig. 13. XRD patterns of TiNiCo alloy at different temperatures,
during cooling cycles

Disappearance of splitting was chosen as the Ty (finish)
temperature of R=B2 reverse transition during heating. From the
X-ray patterns shown in Fig. 14 it appears that this temperature is
29°C and does not change during thermal cycles. The analysis of
the changes of the full width at half maximum intensity of the
110p, peak and the distance between the constituents of the R-
doublet or the integrated area under the peak during cooling and
heating gives information about the courses and thermal
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hysteresis of the B2<>R transition. Fig. 15 shows the changes of
the full width at half maximum intensity (FWHM) of the 1105,
diffraction peak versus temperature, during cooling of the
annealed TiNiCo alloy with the sequences of the B2&R<B19’
reversible transformations.
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Fig. 14. XRD patterns of TiNiCo alloy at different temperatures
during heating cycles
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Fig. 15. Changes of FWHM intensity of 110g, diffraction peak
with the temperature for heat-treated TiNiCo sample during three
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The shape recovery behaviour during heating in the
temperature range of reverse R=B2 transition is shown in Fig.
16. The same specimen was deformed at various temperatures in
the temperature range when the material was in the R-phase state.
Four thermomechanical cycles were applied. In the first cycle the
sample was bent to about 90° in warm water at 10°C and then
shape recovery during heating was recorded. In the next cycles
the sample was deformed at 13, 16 and 19°C respectively. The
sample recovered its straight shape at above 30°C. It is very
important for medical applications where the shape memory
implant with small temperature hysteresis can be deformed in
cool physiological salt.

100
__ 80
4 3soC
5 60 I
2
2
2 40
=
“ heating
20
0 i L n I
0 10 20 40 50

Temperature [°C |

Fig. 16. Shape recovery curves during heating of the TiNiCo

sample deformed at various temperatures, below room
temperature
4. Conclusions

The studied shape memory alloys exhibit reversible

B2<R<B19’ transformations. In the alloy with cobalt addition,
by annealing at 450°C for 45 minutes after cold deformation the
separation of B2<R and R&B19’ transitions during cooling and
heating was achieved. The initial cyclic repetition of B2<R
transition does not change the Ty and A, temperatures. Using the
temperature X-ray diffractometry it is possible to observe
transformation courses and measure characteristic temperatures of
transformations during cooling and heating of the shape memory
alloys. The optimization of the thermal treatment and
thermomechanical cycling of the studied shape memory alloys to
obtain the reversible B2<R transformation was achieved. It can
be used in the projects of new shape memory implants and
medical devices with shape recovery at a narrow temperature
range below the human body temperature.

Additional information

The presentation connected with the subject matter of the
paper was presented by the authors during the International

Symposium on Engineering and Education in Bialka Tatrzanska,
Poland on 14"-16" November, 2007.
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