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Abstract: TiNi shape memory alloy (SMA) is one of the commercially successful shape memory alloys (SMAs) due to its
excellent performances. The 49.3Ti-Ni (at%) alloy was prepared by vacuum induction melting in a 25 kg-grade home-made
BaZrOj; crucible, and the alloy ingot was turned into wire form (@1.0 mm). The chemical compositions (including oxygen,
nitrogen and carbon) of the as-cast alloy were measured and the phase constitution was analyzed by X-ray diffraction (XRD).
The microstructures were observed by optical microscope (OM) and scanning electron microscope (SEM), and the shape
memory recovery rate and fatigue life of alloy wires were tested by two home-made test apparatus, respectively. Experimental
results show that the contents of oxygen and nitrogen in the alloy ingot are 560 and 17 pg/g, respectively, and the impurity
contents in TiNi alloy melted using the BaZrO; crucible are just eligible to medical devices and surgical implants. The TiNi
alloy chemical composition has a more uniform and accurate melted using BaZrOs crucible than alloy prepared by the vacuum
arc remelting (VAR), and has a higher shape memory recovery rate and fatigue life than the alloy melted using graphite
crucible. The best shape memory recovery rate can reach 98.62% under 2% deformation after aging at 550 °C for 20 min and

water quenching, and the best average fatigue life can reach 3072 times after aging at 500 °C for 20 min and water quenching,.
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Numerous investigations have been conducted on shape
memory alloys (SMAs) as a class of functional materials
exhibiting unique characteristic properties under external
stimuluses such as thermal, mechanical and magnetic
fields!"?. Among SMAs, TiNi alloy system has attracted
many researchers because of its superior shape memory ef-
fect (SME) and superelasticity (SE), better mechanical
properties, higher corrosion resistance and excellent bio-
compatibility **1. However, these properties strongly de-
pend on the accurate chemical composition, processing tech-
niques and impurity contents'”. Some investigations *'” have
indicated that contaminants, such as oxygen and carbon,
can severely deteriorate the mechanical, fatigue and shape
memory properties of TiNi alloys, and their penetration
mainly occurs during the production and melting.
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Different methods have been used to produce TiNi SMA
for experimental purposes''"'*\. However, only vacuum in-
duction melting (VIM) and vacuum arc remelting (VAR)
are widely used in commercial production. In VAR, the
melting and solidification process takes place in the wa-
ter-cooling copper crucible, effectively avoiding from the
crucible contaminants. However, since the melting and so-
lidification are confined in a small molten pool, the ingot
melted by the VAR method lacks chemical homogeneity.
Even the large melting pool and magnetic stirring have been
employed in the commercial VAR melting process, and the
solidification skull caused by the cooling water still cannot
be thoroughly stirred. Generally, it is necessary to melt the
ingot several times to ensure chemical homogeneity.
Moreover, the cooling water consumes a large amount of
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heat during the melting process, which results in a much
higher cost compared to VIM.

In VIM, the electrodynamic forces constantly stir the
molten metal, thus ensuring greater chemical and micro-
structural homogeneity in the ingot. The major shortcoming
in VIM is the inherit reaction between the melt and the cru-
cible because of the high chemical activity of titanium al-
loys. The graphite crucible has been widely used for vac-
uum induction melting so far. However, the carbon con-
taminant from the graphite crucible can deteriorate the me-
chanical and shape memory properties. Numerous investi-
gations have been concentrated on less contaminating cru-
cible materials, such as BN, AIN, Y,0; and ZrO, "'
which are used to melt this alloy. Unfortunately, the satis-
factory results are rarely presented"'”. Moreover, the CaO
crucible is used to melt titanium alloys due to its refining
effects such as de-oxidation, de-sulfurization and de-nitri-
fication"™. However, CaO is still not an ideal refractory
material because of its poor hydration resistance.

BaZrOj; is a typical cubic perovskite with a melting tem-
perature of 2600 °C, and presents good mechanical strength,
high thermal and chemical stability, and a low coefficient of
thermal expansion ['"'*2" 71 this
crucible was investigated for re-melting TiNi master alloy,
and it was found that the BaZrO; crucible possesses poor
wettability and inertness to the melting of TiNi alloy, and

. In our previous work !

no reaction and diffusion layer can be found between the
melt and the crucible. Meanwhile, according to our previ-
ous study®'! the 25 kg-grade home-made BaZrO; crucible
was successfully prepared. The purpose of this study is to
melt the TiNi alloy using home-made BaZrO; crucible and
analyze its chemical composition, shape memory effect and
fatigue behavior, and compare with the counterpart of the
graphite crucible. The results may provide a preliminary
assessment of the properties and microstructures of TiNi
alloys prepared using BaZrO; crucible.

1 Experiment

1.1 Preparation of the Crucible

The preparation method of BaZrO; crucible was reported
in our previous work""”!. In the following work, the was op-
timized to make the crucible more fit for the industrial
production". The process for making the BaZrO; crucible
can be divided into the following three stages, namely
preparation of the fused BaZrOs;, shaping of the crucible
and the sintering of the crucible.

In the first stage, the fused BaZrO; was produced in an
electric arc furnace by adding BaCO; (the average particle
size is 7.3 pm, industrial grade) and ZrO, (the average par-
ticle size is 3.6 um, industrial grade) into a Higgins furnace.
The BaCO; and the ZrO, powders were mixed precisely at
1.0:1.51 molar ratios. This process was maintained for 12 h

to produce the fused BaZrO; and a spot of ZrO,"”*!. The
X-ray diffraction (XRD) peaks in Fig.1 reveal the BaZrO;
and ZrO, as present phases.

Subsequently, the fused BaZrOj; particles with an average
particle size is 0~3 mm (the percentage of fused particle
with 0~1 mm particle size is 40% and others is 1~3 mm)
were screened out. After that, the fused BaZrO; with an av-
erage particle sizes are 0~1 mm and 1~3 mm was mixed at
1:2 volume ratio. The home-made powder was shaped into
a rubber mould, and the green body was formed at 180 MPa
by cold isostatic pressing for 15 min. Finally, the green
body was sintered at 1720 °C for 6 h.

1.2 Melting Process

49.3Ti-Ni (at%) SMA was prepared using the titanium
sponge named 0 grade (99.7%) with a mass of 5.97 kg and
the electrolysis nickel plate (99.96%) with a mass of 7.53
kg as raw materials. Before the melting process, the raw
materials were dried in a muffle furnace at 150 °C for 24 h.

After the drying procedure, the titanium sponge was
placed in the center of crucible and the nickel plates were
placed around the titanium sponge, in order to avoid the
direct interaction between the crucible and the titanium
sponge. Thus, the assembling sequence of loading structure
from outside to inside is coil, asbestos cloth, magnesia,
crucible, electrolysis nickel and titanium sponge in turn,
which is illustrated in Fig.2. Nayan et al.”! found that this
arrangement avoid the direct contact between the graphite
crucible and titanium effectively, resulting in a substantial
reduction in carbon contents in the ingot. Similar experi-
mental results were also obtained in the BaZrO; crucible.
Since the nickel melts at a lower temperature than that of
the titanium, the above charging sequence will ensure that
the solid titanium is always encased by liquid nickel till it
melts and goes into the solution'®*!.

In this experiment, the melting process in the vacuum
induction furnace was operated using the 25 kg-grade
home-made BaZrO; crucible under the atmosphere of argon
gas with a purity of 99.99%. The furnace was purged with
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Fig.1 XRD pattern of fused BaZrO;
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Fig.2 Schematic illustration of loading structure: (a) front ele-

vation and (b) planform

Ar gas three times after the vacuum degree was evacuated
to less than 5x107 Pa by a diffusion pump. In the melting
period, the temperature was increased gradually. The refin-
ing temperature was controlled at about 1450 °C for 3 min
after the alloy was completely melted. Finally, the melt was
poured into a graphite mould which was preheated and
placed in the furnace, and the TiNi ingot with a mass of
13.5 kg was shaped. After the melting and casting, the
samples extracted from the core of alloy ingot were used for
chemical analysis, and the alloy ingot was processed into a
wire form (@1.0 mm) by homogenizing annealing, forging,
rolling and drawing subsequently. Wire samples for prop-
erty test were collected after different heat treatments as
given in Table 1. To compare the fatigue and shape memory
properties of samples melted by BaZrO; and graphite cru-
cibles, the identical chemical constitution, processing pa-
rameters and heat treatments with Qi’s work **! were car-
ried out in this work.

The contents of oxygen and nitrogen were measured by
TC-386 Nitrogen-oxygen analyzer, and the carbon contamina-
tion was measured by CS-600 Carbon-sulfur determinator.
Other chemical compositions were examined by IRIS Advan-
tage ICP-AES type inductive coupled plasma emission spec-
trometer (ICP). The phase constitution of the as-cast alloy was
analyzed by X-ray diffraction (XRD). Samples for optical mi-
croscope (OM) and scanning electron microscope (SEM)
analyses were prepared using standard metallographic tech-
niques; and the microstructures were revealed by etching with
8% HF-12% HNO5-80% H,0 (vo0l%) solution.

Table 1 Description of different heat treatments for 49.3 Ti-

Ni (at%) wires samples used for properties testing
Heat treatment system

Heat treatment description

A As-processed without heat treatment
B Water aging at 500 °C for 20 min
C Water aging at 550 °C for 20 min
D Air-cooling at 700 °C for 40 min
E Air-cooling at 850 °C for 40 min

1.3 Properties testing

In the following testing experiments, the alloy melted by
the graphite crucible was used as a reference and marked as
group I ¥ and the alloy melted by BaZrO; was marked as
group II.

The shape memory recovery rates of TiNi SMA were
tested using the home-made test apparatus shown in
Fig.3 %!, In this experiment, samples under heat treatment
system D were first loaded to a bending of about 90° and
then heated to above 80 °C, and every cycle was only pre-
form only once. Besides, each sample has a different de-
formation amount by selecting moulds in different sizes.
The shape memory recovery rates were calculated by Eq. (1)
241 and the deformation amount in the process of bending
was calculated by Eq.(2) **.

n=(6,-6,)/6 (1)
where 0, is residual angle, 0,—0, is recovery angle, 6; is 90°
in every group.

g= 22 @)

R+D/2

Where D is diameter of TiNi wire, R is curvature radius of
column mould.

The home-made test apparatus shown in Fig.4 is used for
testing low cycle bending fatigue (LCBF) behavior **. In the
experimental process, the bending and recovery of wire sam-
ples should be conducted in the same facet. The samples be-
gan to bend from block A; the external force began to cancel
when the samples touched block B, and the next cycle was
conducted after the samples returned to the original position.
The deformation amount of TiNi wire was 7% in this ex-
periment, and the water aging was also conducted in the three
groups of samples. The first group was under heat treatment
system A, the second group was under heat treatment system
B, and the last group was under heat treatment system D.
Each group was repeated three times to count an average
value, and the deviation range was counted.

2 Results and Discussion

2.1 Ingot composition analysis

The main contents of impurities in group II were exam-
ined and are listed in Table 2. Table 2 also lists the impuri-
ties composition of group I that were melted using the
graphite crucible®*!.
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Fig.3 Schematic illustrations of recovery rate test apparatus

F is the fixture used for holding the wire sample; S is wire sample;
S’ is bended sample; A and B are the started and finished positions
of the bending; M is the deformation mould; R is radius of the
mould, and 1 and 2 are the contact positions to ensure the bending

was repeated fully in the identical paths

Fig.4 Schematic illustrations of endurance bending test appara-

tus: (a) front elevation and (b) planform

Table 2 shows that the contents of different impurity
element in group II can be controlled effectively, the con-
tents of oxygen and nitrogen in the alloy are 560 and 17
ug/g, respectively. Under the rush of molten metal at high
temperature, the refractory materials will peel off and fall
from the surface of crucible. This effect cannot be avoided

in the vacuum induction melting process, resulting in an
increase in the element barium, zirconium and oxygen con-
tents. The content of carbon can be negligible in the ingot
compared to group I. As introduced in the ASTM
F2063-05""! for medical devices and surgical implants, the
product analysis tolerance for oxygen and nitrogen is
0.004%. Thereby the content of impurity elements is just
eligible to biomedical TiNi alloy according to this standard.

Generally speaking, when using the vacuum inducting
melting method to produce TiNi alloys, many experimental
conditions such as drying of raw materials, high enough
vacuum degree, suitable time and temperature in the refining
period should be guaranteed, because each of them can affect
the experimental results. Meanwhile, to reduce the impurity
contents to a lower range and obtain eligible commercial
products, other investigations are also being carried out by
our group, such as improving the surface quality and thermal
stability of BaZrO; crucible through adjusting the manufac-
turing techniques and doping modification.
2.2 Microstructure

Fig.5 presents the Ti-Ni phase diagram and the X-ray
diffraction (XRD) pattern of as-cast 49.3Ti-Ni (at%) alloy.
As can be seen from Fig.5a, the phase constitution of the
as-cast alloy should be a considerable amount of primary
NiTi phase and a little Ni;Ti phase, and the percentage of
Ni;Ti phase is 2.8% in ideal circumstance. As presented in
Fig.5b, the phase constitution of the as-cast TiNi alloy is
single NiTi phase with B2 (CsCl) type ordered structure.
Considering the analysis accuracy of X-Ray diffractomer,
the Ni;Ti and other secondary phases can be barely detect-
able. XRD results indicate that the as-cast phase constitu-
tion is homogeneous and impurity elements do not cause a
large deviation in the melting and solidification process.

Foroozmehr et al® investigated the property and micro-
structure of Ti-50at%Ni shape memory alloy produced by
vacuum arc remelting (VAR). They found that high segre-
gation of nickel occurred during solidification, resulting in
the as-cast microstructure by VAR consisting of variant in-
termetallic phases of Ti,Ni, Ni;Ti, NiTi (B19’) and NiTi
(B2), as shown in Fig.6. Only after of homogenization an-
nealing at 1000 °C for 4 h, the microstructure can transform
to a single TiNi (B2) phase, which is just like the as-cast
structure by VIM. Compared to VAR, the microstructure
and chemical composition by VIM are more uniform.

Table 2 Impurity composition of TiNi ingot

Content of element/wt%

Sample name Reference
Ba Ca Zr C (0] N
1 - <0.005 - 0.068 0.048 0.0042 [24]
11 0.00082 <0.005 0.040 0.0061 0.056 0.0017 This work
Standard None None None <0.050 <0.050 <0.050 ASTM F2063-05

«w

Note: the symbo

means the content is lower than the detection limit
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Fig.5 Ti-Ni phase diagram from Pandat software (a) and XRD
pattern of as-cast 49.3Ti-Ni (at%) alloy (b)
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Fig.6 XRD patterns of as-cast, Ti-50at%Ni after homogenized

for different time by Foroozmehr et al %!

Foroozmehr et al ** studied the macro and microstructure
of as-cast Ti-50at%Ni alloy produced by VAR method, which
consists mainly of highly segregated and coring products, as
shown in Fig.7. Even after 4 h of homogenization, the Ti,Ni
precipitates were still distributed on the grain boundaries.
Fig.8 shows the as-cast structure of 49.3Ti-Ni (at%) SMA
melted by VIM in BaZrOs crucible. As shown in Fig.8, the
as-cast structure of the alloy is composed of TiNi matrix
phase and lamellar eutectic structures along the straight
grain boundaries. Similar eutectic structures of 49.4Ti-Ni
(at%) alloy were observed in Sadrnezhaad’s work !, when

Fig.7 Macrostructure (a) and microstructure (b) of the as cast

Ti-50at%Ni alloy produced by VAR method by Forooz-

mehr et al ?%

Fig.8 OM (a) and SEM (b) microstructures of as-cast 49.3Ti-Ni
(at%) SMA melted by VIM method using BaZrOs crucible
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Fig.9 SEM Microstructures of TiNi alloy wires under different heat treatment system: (a) system A, (b) system D, and (c) system E

they investigated the influence of heat treatment on the
shape memory effect. Heterogeneous second phase cannot
be observed except for eutectic structures. Obviously, vac-
uum induction melting presents a greater homogeneity in
as-cast microstructure. Shape memory (SM) properties are
strongly dependent on accurate alloy composition and uni-
form microstructure. Obtaining alloy ingots with a good
chemical and microstructural homogeneity is of great sig-
nificance for the production of high-quality TiNi SMA (28],

Fig.9 show SEM microstructures of TiNi alloy wires un-
der different heat treatment systems. As seen in Fig.9a, after
homogenization annealing, forging, rolling and drawing
processes, the eutectic structure is destroyed during the
fabricating process, and there are coarse secondary phases
distributed on the TiNi matrix which are deformed and
elongated in the deformation direction. As shown in Fig.9b
and 9c, the large-size secondary phases are refined in the
post deformation annealing at 700 °C for 40 min, and the
particle size decreases as the annealing temperature in-
creases. After the alloy wire was hold at 850 °C for 40 min,
the particle size is narrowed to below 4 pm. Meanwhile
isometric recrystallized grains appear and replaced the fi-
brous deformed microstructure gradually. These large-size
particles will generally transform to smaller sizes during the
deformation and heat treatments. Furthermore, these parti-
cles are vulnerable during mechanical test and must be re-
fined or modified .
2.3 Shape memory effect

The results of bending test thermo-mechanically treated
samples are presented in Fig.10. As seen in Fig.10, the
shape memory recovery rate of different samples was de-
creased with an increasing deformation amount. It is known
that shape memory effect of TiNi alloy is the result of an
inverse martensite transformation. Since the dislocations
impede the transformation from martensite to austensite, an
increasing deformation amount will enhance the stability of
martensite in the matrix generally, resulting in a rise in the
inverse martensitic transformation temperature and the
transformation hysteresis .
Meanwhile, samples melted using BaZrO; crucible pre-

100

—m— [ melted by graphite crucible
—e— I melted by BaZrO, crucible

96 I

94

92+

Shape Memory Recovery Rate/%

88

2 4 6 8 10
Deformation Amount/%

Fig. 10 Variation of shape memory recovery by deformation

amount under heat treatment system C

sent higher shape memory recovery rates than that melted
by graphite crucible. Since the chemical character of the ti-
tanium is quite active at high temperatures, the carbon few
to form TiC with the titanium easily in the melting process,
which cause a rise in nickel concentration at local regions.
In TiNi shape memory alloys, a slight deviation in compo-
sition drastically alters the transformation temperatures. For
example, 0.1 at% increase in the Ni content can decrease
the Ms temperature by more than 10 °C !, Besides, the
presence of TiC leads to dislocations tangling, and disloca-
tion density increases in local regions, resulting in an in-
crease in the transformation resistance. Lopez et al”®" found
that a large volume fraction of coarse particle can influence
the phase transformation temperature by promoting the
martensitic nucleation while act as effective barriers for the
propagation of martensite interface. Through comparing the
shape memory recovery rates, we can see that a large
amount of carbon contaminant can degrade shape memory
recovery rate. Although the oxygen content in sample Il is
80 ng/g higher, the carbon content in sample I is 600 ug/g
than in higher than samplell. The reaction between the
graphite crucible and titanium will greatly affect the shape
memory properties of TiNi alloys.

2.4 Fatigue life
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The effect of annealing temperature on fatigue life is
shown in Fig.11. The samples melted by BaZrO; crucible
were fabricated and heat treated in the identical manner
with ones melted by graphite crucible. As seen in Fig.11,
samples melted by BaZrOj; crucible present higher fatigue
life than by graphite crucible under different heat treat-
ments. Nayan et al'*’!
TiNi alloys melted by VIM in graphite crucible. A large

showed the as-cast microstructure of

amount of large TiC precipitates distributed in the grain in-
terior and grain boundaries can be clearly observed. As
shown in Table 2, the total content of carbon, oxygen and
nitrogen in the alloy prepared by graphite crucible was
much higher than that in the alloy prepared by BaZrOj; cru-
cible. Part of the carbon dissolved in the TiNi matrix which
mainly affected the phase transformation temperature, and
the other part exceeding the upper limit of solubility will
easily form a TiC phase with titanium. The formation of
TiC led to a deviation from the equi-atomic NiTi composi-
tion and as a consequence, Ti,Ni and Ni,Ti; phase precipi-
tated accordingly™ **. The oxygen solubility of the TiNi
phase is about 0.045 at%, and the Ti,NiO, phase is the only
phase in the alloy that can contain oxygen. The Ti,NiO,
phase can also lead to the formation of non-stoichiometric
compounds on NiTi grain boundaries, such as TiNi; and the
Ti,Ni, which significantly decrease workability **. The
presence of these large precipitates will lead to the accu-
mulation of defects, and these areas of high defects density
will transform to fatigue sources in the cyclic loading pro-
cess, resulting in a decline in fatigue life!**4.

It’s widely accepted that the major drawback of vacuum
induction melting TiNi alloy using the graphite crucible is
the carbon contamination from the crucible. Compared to
BaZrO; crucible, the oxygen content was not significantly
reduced using graphite crucible, and the carbon content also
reached 680 pg/g. In contrast, the BaZrO; crucible can ef-

fectively prevent the reaction between the refractory and
the titanium melt during the melting process, and the total
content of impurity element in the alloy can be controlled
within a lower range, thereby avoiding shape memory
properties and fatigue properties degrading.

3 Conclusions

1) The 49.3Ti-Ni (at%) SMA is fabricated successfully
by vacuum induction melting in 25 kg-grade home-made
BaZrOj; crucible. The contents of oxygen and nitrogen in
the alloy are 560 and 17 pg/g, respectively, and only little
of Ba and Zr exists. Besides, other impurities elements (C,
Ca) are almost negligible. The contents of impurity ele-
ments are just eligible to medical devices and surgical im-
plants according to the standard ASTM F2063-05.

2) The microstructure of 49.3Ti-Ni (at%) SMA melted by
VIM in BaZrOj; crucible consists of NiTi matrix phase and
little Ni;Ti phase. Compared to the highly segregated and
cored as-cast structure by VAR, the chemical composition
of ingot by VIM is more uniform and accurate.

3) The 49.3Ti-Ni (at%) SMA melted by VIM using
BaZrOj; crucible presents higher shape memory effect and
fatigue life than using graphite crucible. The best shape
memory recovery rate can reach 98.62% under 2% defor-
mation after aging at 550°C for 20 min and water quench-
ing, the best average fatigue life can reach 3072 times after
aging at 500 °C for 20 min and water quenching.
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F) A BaZrO; IR H FRIEMRICIZE CAAREREMTAR

OB, R B3, BROGKR ', Wajid ALY, ZEBIPH !, ZEm B AR 2, SN 2, s 2
(L MR b TS TR YA 42 15 0046 K B S e s I T AR i R T & N | S 9305, LIl 200072)
2. L phiEiE TR RPN, LI 200072)

(. JLs A ETREE, dL5 100088)

B E: TINi BRICIZE SR T IMR RGOk B A N 5 T Z RG24 4 R 25 kg Al BaZrOs Hi 1
%% T 49.3Ti-Ni (at%) &4, IEHHESEM TR N ERN 1 mm 9226 . FIH XRD. ZEEAD 2 H1 40520 It T Bow & 4 ik
SRSy KA AR BEAT OE S M, FUH RO R BT e BB A 4 i) B S AT I, R & I &0 B LM B IR
ACAZIR1 58 3 ] 9% 55 PE AR EAT 20 M AR o S 36 45 S W1, ) BaZrOs 33506 ) 45 (AR BR & 4 IR 48 U BB % 20 35 21 560 11 17 ng/g,
FIRICHE T B E ASTM 331 B8 AP UL R BT 3R i AR e R s ARG 028 il Bk, R BaZrOs 3130 8k B 5 5 11 46 1) TiNi
B A LAY TNV 35T . 5 AT SR H R I AT LG, A BaZrOs B 1 4% 19 TiNG 44 220 R 0 50 S 40 B 1K FE A2 [ml 8 %
FgegE 55 vEfe, HIBRACIZIEI B 2 AE 550 CORIR 20 min ¥ K5, BB A 2% et 18 3 98.62%, o 55 PEfEAE 500 C AR 20 min
KR BRI IA E] 3072 Ko

EBEiA: BazZrO MW TINUEIRICIZ &4 WML, & 4tias
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