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In the present study, a novel kind of NiTiW shape memory alloy with chemical composition of Ni43.5Ti45.5W11
(at.%) has been successfully developed with excellent X-ray radiopacity by the introduction of pure W precipi-
tates into theNiTimatrix phase. Itsmicrostructure, X-ray radiopacity,mechanical properties, corrosion resistance
in simulated body fluid, hemocompatibility and in vitro cytocompatibility were systematically investigated. The
typical microstructural feature of NiTiW alloy at room temperature was tiny pure W particles randomly distrib-
uting in the NiTi matrix phase. The presence of W precipitates was found to result in enhanced radiopacity and
microhardness of NiTiW alloy in comparison to that of NiTi binary alloy. NiTiW alloy exhibits excellent shape
memory effect, and a maximum shape recovery ratio of about 30% was obtained with a total prestrain of 8%
for the NiTiW alloy sample. In the electrochemical test, NiTiW alloy presented an excellent corrosion resistance
in simulated body fluid, comparable to that of NiTi alloy. Hemocompatibility tests indicated that the NiTiW
alloy has quite low hemolysis (lower than 0.5%) and the adherent platelet showed round shapewithout pseudo-
pod. Besides, in vitro cell viability tests demonstrated that the cell viability is all above 90%, and the cells spread
well on the NiTiWalloy, having polygon or spindle healthymorphology. The hemocompatibility tests, in vitro cell
viability tests and morphology observation indicated that the NiTiW shape memory alloys have excellent bio-
compatibility. The excellent X-ray radiopacity makes the NiTiW alloys show obvious advantages in orthopedic,
stomatological, neurological and cardiovascular domains where radiopacity is quite important factor in order
to guarantee successful implantation.

© 2015 Published by Elsevier B.V.
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1. Introduction

NiTi alloys have been widely used in biomedical applications
for the past decades, such as cardiovascular stent, dental implants
and internal fixators for fractures [1]. In the practical application,
since the cardiologists or physicians need to visualize the procedure
of the surgery, good radiopacity is a key factor for biomedical NiTi
alloys in order to guarantee successful implantation, especially for
the minimally invasive treatments. However, a distinct disadvantage
of NiTi alloys is that they are not sufficiently radiopaque. The low
radiopacity of the NiTi stents and devices may cause difficulties
in their positioning, because it is hardly for them to be visible at
fluoroscopy, especially in obese patients or when ascites happened
and thus result in incorrect placement of the stents and devices [2,
3]. In previous studies, in order to improve the radiopacity of
nce and Engineering, College of
NiTi biomedical stents and devices, markers which are made of
Au, Pt or Ta particles are often attached to them [4]. However,
these markers may peel off due to the abrasion of the NiTi implants
and tissue. On the other hand, the high price of these markers causes
the increase of the devices' costs. It is well known that tungsten
(W) has excellent X-ray radiopacity and MRI visibility. Furthermore,
previous study demonstrated that tungsten showed good biocom-
patibility and did not associate with local or systemic toxicity [5].
In another previous study, a W cladding NiTi alloy [6] and a W–NiTi
composite wire with a diameter of 0.74 mm [7] were proved to
have enhanced radiopacity compared with NiTi. However, further
studies about the composite's corrosion behavior and biocompatibil-
ity which are quite important factors for biomedical applications
were absent.

In the present study, we fabricated the NiTiW ternary alloy with
chemical composition of Ni43.5Ti45.5W11 (at.%) and further investigat-
ed its microstructure, X-ray radiopacity, mechanical properties, corro-
sion resistance in simulated body fluid, hemocompatibility and in vitro
cytocompatibility in order to evaluate their feasibility as potential bio-
materials comprehensively.
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Fig. 1. XRD pattern of NiTiW alloy.

Fig. 2. DSC curve of NiTiW alloy.
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2. Materials and methods

2.1. Materials preparation

Ni43.5Ti45.5W11 (at.%) (hereinafter abbreviated as NiTiW) alloy
ingot was fabricated from 99.8% purity Ti (Grade 0), 99.9% purity Ni
and 99.9% purity W by vacuum melting method, and then cut into
pieces and hot rolled into the plates with the thickness of 1 mm. Bio-
medical grade Ti–50.8 at.%Ni alloy sheet was purchased from Beijing
JIYI company, with the hot-rolling as the as-received condition. Samples
10 × 10 × 1mm3were cut for material characterization and in vitro bio-
compatibility evaluation,whereas sampleswith the standard size stated
in ASTM-E8M-09 [8], width of 12.5mmand gage length of 50mm,were
cut for the tensile testingwith a spark dischargingmachine. All samples
were polished up to 2000 grit with a series of silicon carbide sand paper
(from 400# to 2000#). The well-polished samples were then ultrasoni-
cally cleaned in acetone, absolute ethanol and deionized water for
15 min respectively. Ni50.8Ti49.2 (at.%) (abbreviated as NiTi) alloy
was used as the control group.

2.2. Materials characterization

2.2.1. X-ray diffraction
X-ray diffraction (XRD) (Rigaku DMAX 2400, Japan) was performed

using Cu Kα radiation (λ = 0.154 nm) to characterize the microstruc-
ture and phase composition of the alloys. The diffraction patterns
were measured between 2θ values of 10 degree and 90 degree at
steps 0.02 degree with a scanning speed of 2 degree per min.

2.2.2. SEM observation
A scanning electron microscope (SEM) (Hitachi S-4800, Japan) was

used for the characterization of microstructure, equipped with an
EDS-microanalysis unit for chemical microanalysis.

2.2.3. DSC measurement
DSC measurement was made with a differential scanning calorime-

ter (DSC) (Q100, Thermal Analysis, America). The running temperature
rangewas from 193 K to 493 Kwith the heating and cooling rate of 10 K
per min.

2.3. X-ray radiopacity test

The X-ray radiopacity was investigated using a dental X-ray unit
(Intr, Soredex, PaloDex Group Oy, Finland). For the investigations a
tube voltage of 70 kV, a tube current of 7 mA and an exposure time of
0.1 s were used.

2.4. Mechanical tests

2.4.1. Tensile test
The tensile stress was applied until the tensile strain reached to 8%,

and then the stress was removed. The tensile testing was performed
at room temperature (298 K) using a universal material test machine
(Instron 5969, America) at a strain rate of 3 × 10−4/s. The shape recov-
ery ratio (Rsb) was calculated according to the following equation:
Rsb = (εd − εs) / εd ∗ 100%, where εd is the applied prestrain (8% for
the present study); and εs is the residual strain after tensile test.

2.4.2. Microhardness test
Vickers hardness was determined using a hardness tester (HMV-2T,

Shimadzu Corporation, Japan), with an applied 200 g load and a loading
time of 15 s. Six indentations were made for each sample and the diag-
onal lengths of the indentations were measured using a calibrated mi-
crometer attached to the eyepiece of the microscope. The Vickers
hardness number HV is computed using the formula of HV =
1.8544P / d2 where HV is the Vickers hardness number in kg/mm2, P is
the indenter load in kg and d is the diagonal length of the indentation
in mm [9].

2.5. Electrochemical tests

The electrochemical measurements were performed using an elec-
trochemical analyzer (CHI 650 C, CHI, Austin, TX, America) controlled
by a computer. The cell containing 200 ml electrolytes was maintained
at 37 °C. The sample was set as a ‘working’ electrode (anode), a plati-
num electrode acting as a ‘counter’ electrode and a saturated calomel
electrode (SCE) was used as the ‘reference’ electrode. The anodic polar-
ization curvesweremeasured from−0.6 V (vs. SCE) to+0.1 V (vs. SCE)
with a scan rate of 1 mV/s after dipping the specimen into the corre-
sponding electrolyte for 3600 s. The corrosion current density (icorr)
can be obtained from the anodic polarization plots. The electrolyte
was Hank's simulated body fluid (SBF) solution with a pH value of 7.4.
All the electrochemical measurements were carried out in triplicate.

2.6. Hemocompatibility evaluation

2.6.1. Platelet adhesion
Platelet-rich plasma (PRP) was prepared by centrifuging the whole

blood for 10 min at a rate of 1000 rpm/min. The PRP was overlaid



Fig. 3. SEM and EDS mapping of NiTiW alloy.
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atop the experimental alloy plates and incubated at 37 °C for 1 h.
The samples were rinsed with PBS to remove the non-adherent
platelets. The adhered platelets were fixed with phosphate-buffered
glutaraldehyde (2.5%) for 2 h at room temperature followed by dehy-
dration in an ascending ethanol series for 10 min each and dried
in hexamethyldisilazane (HMDS) solution. The surfaces of platelet
attached experimental alloy plates were observed by SEM (S-4800,
Hitachi, Japan). Six different fields were randomly counted and values
were expressed as the average number of adhered platelets per mm2

of surface.

2.6.2. Hemolysis test
For the hemolysis test, healthy human blood from a volunteer con-

taining sodium citrate (3.8 wt.%) in the ratio of 9:1 was taken and dilut-
ed with normal saline (4:5 ratio by volume). Samples were dipped in a
standard tube containing 10 ml of normal saline that were previously
Fig. 4. X-ray radiopacity of
incubated at 37 °C for 30 min. Then 0.2 ml of diluted blood was added
to this standard tube and the mixtures were incubated for 60 min at
37 °C. Similarly, normal saline solution was used as a negative control
and deionized water as a positive control. After this period, all the
tubes were centrifuged for 5 min at 3000 rpm and the supernatant
was carefully removed and transferred to the 96well plates for spectro-
scopic analysis at 545 nm using microplate reader (Bio-RAD 680).

2.7. In vitro cytocompatibility evaluation

2.7.1. Cell viability assay
The cell viability assay was carried out using Murine fibroblast cells

(L929) and Human Osteosarcoma cells (MG63). The cells were cultured
in Dulbecco's Modified Eagle's medium (DMEM) containing 10% fetal
bovine serum (FBS), 100 U/ml penicillin and 100 μg/ml streptomycin
at 37 °C in a humidified atmosphere of 5% CO2. For the cell viability
NiTi and NiTiW alloys.



Fig. 6. Vickers hardness of NiTi and NiTiW alloys.
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assay, the extract was prepared using DMEMwith a ratio of 1 ml/3 cm2

for 72 h. Cells were seeded in 96-well flat bottomed cell culture plates at
3 × 103 cells/100 μl and incubated for 24 h to allow attachment. Theme-
dium was then replaced with the extract and incubated for 1, 2 and
4 days. 10 μl MTT was added to each well and incubated at 37 °C
for 4 h. After that, 100 μl formazan solubilization solution was added
overnight in the incubator. The spectrophotometrical absorbance
was measured by microplate reader (Bio-RAD680) at 570 nm with a
reference wavelength of 630 nm. The control groups involved the use
of DMEM medium as negative control and 10% DMSO DMEM medium
as positive controls.

2.7.2. Cell morphology observation
In order to observe the cell morphologies on the alloy surfaces,

400 μl cell suspension was seeded onto the surface of alloy samples.
After 2 days' culture in a humidified atmosphere with 5% CO2 at 37 °C
in 24-well plates, the samples were taken out and rinsed 3 times with
phosphate buffer solution (PBS, pH = 7.4) and then subsequently
fixed in 2.5% glutaraldehyde solution (phosphate-buffered) for 2 h at
room temperature, followed by dehydration and dried, which is similar
to the procedure of platelet observation as mentioned above. The mor-
phologies of the cells were observed by SEM (S-4800, Hitachi, Japan).

3. Results and discussion

Fig. 1 shows the XRD pattern of the experimental NiTiW alloy. It can
be seen fromFig. 1 that theNiTiW alloy contains body-centered cubicW
precipitate and the monoclinic martensite (B19') phase peaks at the
room temperature. Moreover, it can be seen that the addition of W
causes the shift of the B19' peak position to lower angles, which indi-
cates that W dissolved in NiTi matrix. And according to the previous
studies, the solubility of tungsten in the NiTi matrix is among 0.3–
0.9 at.% and the excessive tungsten would form fine precipitates [6,10].

Fig. 2 shows the result of DSC measurement in both forward and re-
verse transformations which reflect one stage B2 → B19' martensitic
transformation for NiTiW upon cooling and heating. From the DSC
curves, it can be found that the martensite starting temperature (Ms),
the martensite peak temperature (Mp) and the martensite finishing
temperature on cooling are 337 K, 320 K and 305 K, respectively. The
austenite starting temperature (As), the austenite peak temperature
(Ap), and the austenite finishing temperature (Af) on heating are
332 K, 350 K and 363 K respectively. The temperature hysteresis
(Ap−Mp) is 30 K, the latent heats of A→Mand theM→ A transforma-
tions are about 18.9 J/g and 15.8 J/g, respectively.
Fig. 5. Shape recovery ratio measurements of NiTiW alloy.
The phase constitution of the NiTiW alloy is further characterized by
SEM observation (Fig. 3a) and EDS mapping (Fig. 3b–d). It is quite clear
that pureW particles of about 10–20 μm in average diameter randomly
scatter inside the NiTi substrate. Previous studies have shown that the
W precipitates have significant strengthening effect while maintaining
the shape memory ability of the NiTi matrix [7].

Fig. 4 shows the X-ray radiopacity and density (g/cm3) of the NiTi
(a) andNiTiW (b) SMAs. It is obvious that the increase of theW amount
results in a significant improvement of the radiopacity at the sameX-ray
dosage with the obvious increase of alloy density (from 6.48 ±
0.02 g/cm3 to 8.05±0.01 g/cm3). It iswell known that X-ray radiopacity
is desirable property for biomaterials, for example, most intra-oral ma-
terials must have excellent radiopacity in order to identify and distin-
guish an intra-oral material from surrounding anatomical structures
[11]. The deployment of stents is aided by observing the position of
the stent by radiograph. However, binary NiTi SMAs have relatively
poor radiopacity. As a result its image is difficult to see especially
when the devices are small as those for neurological procedures [12].
It has been reported that the radiographic visibility of self-expandable
intracranial NiTi stents is insufficient for assessment of conformability
and deployment characteristics in visualizing the small metallic stents
and enables accurate detection of adverse stentmechanics [13]. Consid-
ering the problems mentioned above, the substantial enhancement of
radiopacity of NiTiW SMAs is favorable for its potential biomedical
applications.
Fig. 7. Anodic polarization curves of NiTi and NiTiW alloy samples in Hank's solution.



Fig. 8.Morphologies of adhered human platelet on (a) NiTi and (b) NiTiW alloys.

558 H. Li et al. / Materials Science and Engineering C 60 (2016) 554–559
The shape recovery ratio measurements were illustrated in Fig. 5.
NiTiW alloy exhibits excellent shape memory effect, and a maximum
shape recovery ratio of about 30% was obtained with a total prestrain
of 8% for the NiTiW alloy sample.

Fig. 6 shows the microhardness (HV) of NiTi and NiTiW alloys. It can
be seen from Fig. 6 that the NiTiW alloy has higher microhardness than
that of NiTi binary alloy, which attributes to the strengthening effect of
the W [7].

Fig. 7 shows the potentiodynamic curves of NiTi and NiTiW shape
memory alloys. The corrosion current density (icorr) for the NiTiW alloy
and NiTi alloy are (0.15 ± 0.03) μA/cm2 and (0.13 ± 0.03) μA/cm2,
respectively. The corrosion current densities of NiTi and NiTiW shape
memory alloys have no statistical differences (P N 0.05). The results indi-
cates that the NiTiW shapememory alloy has quite low corrosion current
density and thus has excellent corrosion resistance.

Fig. 8 shows the morphologies and the number of adhered platelets
on NiTiW alloys after incubation in PRP for 1 h. The results demonstrat-
ed that the platelets present round shape with no pseudopodia spread-
ing on the surface of alloys.Moreover, there are no statistical differences
(P N 0.05) among the NiTiW alloys and the control commercial NiTi
(at.%) alloy (4000–5000/cm2), indicating their excellent anti-platelets
adhesion property and antithrombotic properties in vivo [14].

Fig. 9 shows the hemolysis of the NiTiW alloys and the control group
NiTi alloy. The hemolysis rates of NiTiW and NiTi are quite low (b0.5%),
which are far below the safe value of 5% and means that the NiTiW
alloys would not lead to severe hemolysis according to ISO 10993-
4:2002. Therefore, it indicated that the NiTiW alloys have no destructive
effect on erythrocyte.
Fig. 9. Hemolysis rate of NiTi and NiTiW alloys.
The cell viability assay results of the NiTiW alloys are shown in
Fig. 10 [(a) L929 cells and (b) MG63 cells]. The cell viability for both
the L929 cells and the MG63 cells are all above 90% during the testing
timeperiods and there have no statistical differences (P N 0.05) between
the NiTiW alloys, NiTi alloy and the negative cell groups.

Fig. 11 shows the cellmorphologies of L929 (a, b) andMG63 (c, d) on
NiTi and NiTiW SMAs, it can be seen that the cells on the alloy surfaces
were spread out and in close contact with one another, displayed large
Fig. 10. Cell viability of NiTi and NiTiW alloys: (a) L929 cells; (b) MG63 cells.



Fig. 11. Cell morphology on NiTi (a, c) and NiTiW (b, d) alloys: (a, b) L929 cells; (c, d) MG63 cells.
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and irregular membranous extensions with filopodia, indicating their
good cell adhesion and proliferation. The cell viability assay and cell
morphology results demonstrate that the NiTiW SMAs have excellent
cytocompatibility and they are safe as potential biomaterial according
to ISO 10993-5:2009.

4. Conclusions

In the present study, a novel kind of NiTiW shapememory alloywith
chemical composition of Ni43.5Ti45.5W11 (at.%) has been successfully
developed with excellent X-ray radiopacity. NiTiW alloy presented an
excellent corrosion resistance in simulated body fluid, comparable to
that of NiTi alloy. Hemocompatibility tests indicated that the NiTiW
alloy has quite low hemolysis (lower than 0.5%) and the adherent plate-
let showed round shape without pseudopod. Besides, in vitro cell viabil-
ity tests demonstrated that the cell viability is all above 90%, and the
cells spread well on the NiTiW alloy, having polygon or spindle healthy
morphology. The excellent X-ray radiopacity and biocompatibilitymake
the NiTiW alloys show obvious advantages in interventional therapy
where radiopacity is quite important factor in order to guarantee suc-
cessful implantation.
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