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A Study of ZrN/Zr Coatings Deposited on
NiTi Alloy by PIIID Technique

Yan Cheng and Y. F. Zheng

Abstract—ZrNx/Zr ceramic/metal coatings were deposited
onto NiTi shape-memory alloy using plasma immersion ion im-
plantation and deposition technique in order to prolong the ser-
vice lifetime of NiTi implants in clinical application. The surface
characteristics and microstructure were investigated by atomic
force microscope, X-ray diffraction, and X-ray photoelectron
spectrometry. The results showed that the coating surface has a
mean roughness of 7.487 nm and root-mean-square roughness of
9.065 nm over the area the image and a cubic face-centered lattice
of NaCl-type ZrN0.83 coating was obtained. The electrochemi-
cal test demonstrated that the ZrN0.83/Zr coating can greatly
improved the corrosion-resistant property in Hank’s solution,
which has a great significance for the biomedical application of
NiTi alloy.

Index Terms—Coating, corrosion resistance, NiTi alloy, ZrN.

I. INTRODUCTION

UNIQUE shape-memory effect, superelasticity, and excel-
lent biocompatibility are displayed by NiTi. However, it

contains a large amount of Ni, and its use in subjects with high
Ni sensitivity and long-term stability is questionable, though
most studies have shown that NiTi is highly stable in the body
with minimal Ni release [1]–[3]. Currently, much work has
been done to modify the surface property of NiTi alloy [4]–[6].
As surface coating is an effective method to improve the
durability of the materials used in the aggressive environments,
therefore by selecting proper coating methods and coating
materials, we may simultaneously prolong the service life of
the substrate materials and increase the commercial value of
the products.

The transition metal nitride coatings have widely used in bio-
medical materials in the current decade. For some requirements
according to film qualities, Zr-based coatings outperform Ti-
based ones. More recently, ZrN started to attract more attention
for its excellent erosion resistance and biocompatibility, high
hardness, good lubricity, and ductility. These properties make it
an attractive biomedical coating material. It has been reported
that ZrN coating showed higher corrosion protection ability
compared to that of TiN coating deposited on 316L stainless
steel [7] and the bilayer ZrN/Zr coating showed the highest
corrosion resistance among the three Zr-, ZrN-, and ZrN/Zr-
coated specimens [8], [9]. Thus, we choose ZrN/Zr coating to
modify the NiTi alloy.
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There are so many methods to deposit ZrN on different
substrates, such as unbalanced magnetron sputtering, ion plat-
ing, ion-beam-assisted deposition, cathodic-vacuum-arc evapo-
ration, etc. [10]–[13]. However, to our knowledge, there is no
report about employing the plasma immersion ion implantation
and deposition (PIIID) to deposit ZrN coatings. It is well
known that PIIID is a novel method combining the deposition
process with the implantation process that cannot only insure
excellent bonding strength between the coatings and underlying
materials, but also overcome the line-in-sight shortcoming.
It has been developed rapidly for the complex-shaped three-
dimensional biomedical devices [14], [15]. In this paper, we
deposit ZrN/Zr coatings on NiTi alloy by PIIID technique and
study the surface characteristics and properties.

II. EXPERIMENT

The chemical composition of the experimental alloy is
Ti-50.6at.%Ni. Prior to deposition, the samples were first
ground by 240, 400, 800, 1200, and 2000 grit abrasive papers
and then polished with diamond paste. Finally, the specimens
were ultrasonically cleaned in acetone, alcohol, and distilled
water successively and dried. To synthesize the ZrN film, the
work chamber was first vacuumed to a pressure of 8 × 10−4 Pa,
and then Ar gas was introduced into the chamber. After the
specimens were biased to −1000 V for 10 min to sputter
clean its surface, a thin pure zirconium film about 200 nm was
deposited on the surface of NiTi substrate. After that, nitrogen
gas was introduced as reactive gases to deposit ZrN coatings.
Nitrogen-to-argon gas flow ratio is 1/1. Under this condition,
the argon gas was used to sputter zirconium target to generate
zirconium plasmas. The target current and voltage were kept
at 2.4 A and 380 V, respectively. Nitrogen plasmas were gen-
erated in the implanter simultaneously by electron cyclotron
resonance (ECR) microwave plasma source at 2.54 GHz and the
zirconium plasmas were generated by the magnetron sputtering
apparatus. The samples were mounted in the middle of the
chamber. No external heating or cooling was employed. Square
high pulse negative bias voltage was varied with a length of
5 µs at a repetition rate of 300 Hz and −70-V dc bias voltage
were applied to the samples. The negative bias voltage is set
to be 20 kV. A −70-V dc bias voltage applied to the sample
on top of the −20-kV pulses can accelerate the depositing rate.
The implantation and deposition time was 40 min, and about
2.5-µm thickness of ZrN film was obtained.

A Digital Instruments Nanoscope 3 atomic force microscope
(AFM) was used for surface observations of samples. Phase
composition and crystallographic orientation of the films were
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Fig. 1. Three-dimensional and section analysis of AFM images.

Fig. 2. XRD spectrum of ZrN/Zr coating deposited on NiTi alloy.

determined by X-ray diffraction (XRD) using Cu Kα radiation.
The chemical composition was measured by X-ray photoelec-
tron spectrometry (XPS).

Tafel curves was obtained through an Edgerton, Germe-
shausen, and Grier (EG&G) Princeton Applied Research model
283A potentiostat/galvanostat controlled from a computer. The
electrochemical measurements were performed in a standard
three-electrode cell with 1-cm2 platinum counter electrode and
a saturated calomel electrode (SCE) as reference electrode. The
electrolyte is Hank’s solution. All the corrosion experiments
were conducted at 37 ◦C ± 0.5 ◦C.

III. RESULTS AND DISCUSSION

A. Surface Morphology and Microstructure of Coating

AFM has been used as a technique to obtain atomic or
near-atomic resolution image of the surface and determines
topographical height variations by scanning a small probe tip
across a surface. The use of the AFM was preferred since it
allowed simultaneous high-quality surface imaging as well as
determination of surface roughness in a nondestructive manner.
Fig. 1 is the three-dimensional AFM image and sectional view
of the ZrN coating. Small round morphology clusters with
nanoscale size were distributed around the surface uniformly.
A color change is observed in the three-dimensional AFM
image, which indicates that the surface of the coating is not

Fig. 3. XPS Survey spectrum of the as-deposited and sputtered for differ-
ent time.

TABLE I
ELEMENT COMPOSITIONS OF THE COATING

SPUTTERED FOR DIFFERENT TIME (AT%)

quite smooth, the darker site is the deepest and the whiter
site is the shallowest. The sample has a mean roughness of
7.487 nm and root-mean-square roughness of 9.065 nm over
the area the image. Clearly, grooves exist in the surface that
may be originated from substrate. From the sectional analysis
[Fig. 1(b)], we can see that the vertical distance between the
deepest (groove) and the shallowest (ridge) is about 30 nm.

The surface morphology and roughness of the coatings
strongly determine the biocompatibility. It has been reported
that the surface roughness under 10 nm can significantly affects
the microstructure of the interface, because defects, such as
vacancy, grain boundary, and step, are the active absorbance
sites for the bimolecular [16]. Thus, we can deduce that the
deposited coatings obtained by us may have a great influence
on its biocompatibility.
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Fig. 4. X-ray photoelectron spectrum of the N 1s and Zr 3d peaks for (a) the as-deposited ZrN coating and (b) after 10 min of sputtering.

By means of XRD technique, the different phases present
in the films were identified. Fig. 2 shows an XRD pattern
taken from one of the samples of ZrN deposited on NiTi
alloy. The uncoated NiTi substrate is as comparison. It was
observed that the peaks with greater intensity were given at
2θ angles of 33.83, and 71.10 corresponding to (111) and (311)
planes. Obviously, ZrN (111) peak is dominant indicating that
the preferred orientation is ZrN (111). Indexing the diffraction
pattern showed that the ZrN coatings possessed the B1 NaCl
structure. The peaks observed at 2θ angles of 31.55, 35.96, and
65.93 are assigned to Zr(100), Zr(002), and Zr(200). Clearly,
the results of the XRD verified that the coating is composed of
ZrN and Zr.

B. Chemical Composition

The element composition of ZrN coatings is studied by XPS.
Fig. 3 show the XPS survey spectrum of ZrN coatings on NiTi
alloys as-deposited and sputtering with argon for 1 and 10 min.
Clearly, photoelectron peaks from zirconium, nitrogen, oxygen,
and carbon are detected in the as-deposited film. The presence
of carbon maybe results from the coating surface contaminated
in air. The existence of oxygen on the surface of ZrN thin
films is because zirconium thermodynamically prefers to react
with oxygen to nitrogen. It has been reported that the amount
of oxygen and nitrogen presented in the coating determine its
color. The thin-film color turns more yellowish and less bright
with the increase of the nitrogen content. In this paper, the
coating exhibits a goldlike color.

After 1 and 10 min ion sputtering, the peaks of C and O
become quite weak. The chemical composition of the coating
sputtered for different time is listed in Table I. Obviously,
the depth distribution of various elements, as described above,
indicates that the composition of the near-surface region is sig-
nificantly different from that of the bulk ZrN. Most of oxygen
and carbon exist only at the outmost surface of the coating, and
the inner coating has a uniform element distribution with the
ratio of Zr/N near 1.2, which is ZrN0.83.

The formation of ZrN can be confirmed by XPS analysis.
The electron peaks of Zr 3d and N 1s before and after sputtered
are shown in Fig. 4. It can be seen that both the Zr 3d and
N 1s peaks present broad shape, which is in agreement with
that reported by Miloiev et al. [17]. The XPS spectrum of the
Zr 3d peaks for the as-deposited surface consists of two sets
of double peaks, the peaks located at 180.13 and 182.56 eV
are attributed to the bonding between Zr and N, in the form of
ZrN, whereas the peaks located at 182.36 and 184.79 eV are
attributed to Zr(NO) surface layer. The presence of oxynitride
is reflected also in the shape of the N 1s spectrum, which has
peaks at lower binding energy of 396.2 eV and higher binding
energy of 400.1 eV.

After sputtering 10 min, the Zr 3d and N 1s spectra become
quite narrow compared to that of the as-deposited sample.
The Zr 3d spectrum contains a high-intense doublet located
at 179.78 and 182.21 eV attributed to ZrN and a quite weak
doublet attributed to Zr(NO). This result indicates that the
bulk coating mainly consists of ZrN0.83 with little zirconium
oxynitride existence.
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Fig. 5. Tafel plots of the uncoated and coated samples.

C. Anticorrosion Property in Hank’s Solution

According to the aforementioned results, we found that a
cubic face-centered lattice of NaCl-type ZrN0.83 coating was
obtained. It has been reported that the NaCl-type ZrNx com-
pound is characterized by a fairly wide homogeneity range
(0.65 < x < 1) and has a variety of physicochemical, mechan-
ical, and electrophysical properties [18], [19].

In this paper, we investigate the anticorrosion behavior of the
coated sample in the Hank’s solution, the uncoated NiTi alloy
is as comparison. Fig. 5 shows the Tafel plots of the uncoated
and coated samples studied in Hank’s solution. As we can see
that the coated sample has a higher corrosion potential and low
corrosion current density compared to the uncoated sample.
The corrosion current density is about one order of magnitude
lower than that of the NiTi substrate. This result indicates that
the ZrN/Zr coating deposited by PIIID method can effectively
improves the anticorrosion property of NiTi alloy.

IV. CONCLUSION

The ZrN/Zr coatings were synthesized on the surface of
NiTi alloy using PIIID method. The surface features small
round-shaped clusters of uniform nanoscale size. The mean
roughness and root-mean-square roughness are 7.487 and
9.065 nm over the image area. The coating is composed of
ZrN0.83 and Zr phases, and the ZrN0.83 coatings possessed the
B1 NaCl structure with (111) preferred orientation. The electro-
chemical experiment shows that the ZrN/Zr coating deposited
by PIIID method can effectively improves the anticorrosion
property of NiTi alloy.
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