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Abstract: To improve the oxidation resistance and corrosion resistance of Zr-4 alloy, titanium nitride (TiN) coatings were
prepared on the Zr-4 alloy with a TiN ceramic target with different ratios of N2. Microstructure and high-temperature properties of
the TiN coated samples were studied by scanning electron microscopy (SEM), energy dispersive spectrometer (EDS), X-ray
diffraction meter (XRD), X-ray photoelectron spectroscopy (XPS), heat treatment furnace and autoclaves, respectively. The x
value of the TiN coatings (TiNx) ranges from 0.96 to 1.33. After the introduction of N2, TiN coating exhibits a weak (200) plane
and a preferred (111) orientation. The coating prepared with an N2 flow ratio of 15% shows an optimal oxidation resistance in the
atmospheric environment at 800 C. In either 1 200 C steam environment for one hour, or deionized water at 360 C and a
pressure of 18.6 Mpa for 16 d, the opitimized TiN coated samples have no delamination or spallation; and the gains in the masses
of samples are much smaller than Zr-4 alloy. These results demonstrate the effectiveness of the optimized TiN coating as the
protective coating on the Zr-4 alloy under extreme conditons.
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Introduction a

Zirconium alloys have been widely used for fuel
cladding tubes and other core components in nuclear
reactors due to their low thermal neutron absorption
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cross-section, high fuel compatibility and excellent
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the protective nuclear fuel cladding tube [3-6]. To delay

process, TiN coatings were deposited with a little N2.

the failure of zirconium alloy, coatings usually are

The features of TiN coatings including surface

deposited on the surface of zirconium alloy by the

morphology,

[7-9]

coating deposition technology

crystallographic

properties,

element

. Thus, the coating

content, stoichiometry of N/Ti, and high temperature

deposition technology is an effective way to improve

oxidation were studied. After oxidation, the corrosion

the physical and chemical properties of zirconium alloy

resistance of the optimized TiN coating with a superior

and prolong its service life.

oxidation resistance was investigated. The optimized

Among

many

coating

deposition

techniques,

physical vapor deposition (PVD) methods are the
popular technique, such as pulsed laser deposition
cathodic
sputtering

arc

ion-plating

[11]

and

[10]

TiN coating can be used as the protective coating on
the Zr-4 alloy under extreme conditions.

,

magnetron

2

Experimental

[12]

. Pulsed laser deposition can produce

refractory films, and also can achieve the coincident
ingredients between the film and the target

[13]

TiN coatings were deposited with a high purity TiN

. But it is

target (99.99% purity) in a pure Ar (99.99% purity)

difficult to prepare the large area film, and the

atmosphere and an N2/Ar mixed atmosphere by d.c.

uniformity of the film is poor

[14]

. Cathodic arc ion-

(direct-current) magnetron sputtering, respectively. The

plating has the advantages of high deposition rate and

flows of N2 and Ar were regulated by two different

high adhesion to the substrate

[15]

. Nevertheless, there

mass flow controllers, respectively. The diameter of the

are many micrometric and submicron particles on the

target was 7.62 cm (3 inches). The X-ray diffraction

surface of coatings prepared by cathodic arc ion-plating,

(XRD) pattern of the target is shown in Fig. 1. The

which break the continuity of the membrane. In

substrate was Zr-4 alloy with dimensions of 20 mm×20

addition, in the process of cathodic arc ion-plating, the

mm×5 mm. Before deposition, Zr-4 alloys were

target is easy to be poisoned
laser

deposition

. Compared with pulsed

polished,

ultrasonically

cleaned in an acetone and alcohol solution, and then
pre-sputtered in a pure Ar atmosphere with a negative

magnetron
quality

[20-21]

arc

mechanically

ion-plating,

[17-19]

cathodic

burnished,

magnetron sputtering can decrease the poisoning
degree of the target

and

[16]

, and the coatings prepared by

sputtering

show a better surface

. Since the techniques of pulsed laser

bias of 800 V for 10 min. During deposition, the
substrate temperature was kept constant at 300 C, and
the working time was 180 min.

deposition and cathodic arc ion-plating have been used
for preparing titanium nitride (TiN) coatings on the
surface of zirconium alloy, and TiN coatings have
excellent oxidation resistance and corrosion resistant
properties [7-9]. Hence, TiN coatings by magnetron
sputtering on the surface of Zr-4 alloy are worth
studying.
In this work, by using magnetron sputtering,
different TiN coatings were prepared on the surface of
Zr-4 alloys by using a TiN ceramic target in a pure Ar
atmosphere

and

an

N2/Ar

mixed

atmosphere,

respectively. In the reactive magnetron sputtering

18

Fig. 1 XRD pattern of the TiN ceramic target
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The total pressure was about 0.5 Pa. To perform the

3

Results and discussion

sputtering process in a nitrogen rich environment, the
flow rate of Ar was maintained at 40 cm3/min, and the

3.1 Surface morphology and microstructure

3

flow rate of N2 ranged from 0 to 10 cm /min. The
specific synthesis conditions are summarized in Table
1.

Small grains are observed in the surface morphology
of TiN coatings with different ratios of N2, as shown in
Fig. 2. Coatings with N2 ratios of 11% (Fig. 2c) and
15% (Fig. 2d) have fewer micro-particles and voids

Table 1 Parameters of the sputtering process
N2/%

compared with those with N2 ratios of 0% (Fig. 2a), 7%

Sample No.

Power /W

Negative bias /V

1

300

100

0

2

300

100

7

3

300

100

11

of coatings with different ratios of N2; these coatings

4

300

100

15

consist of elements Ti and N. Because nitrogen is the

5

300

100

20

lighter element, the EDS is less sensitive to it. Thus,

(Fig. 2b) and 20% (Fig. 2e). The surface morphology
of the coating with an N2 ratio of 15% (Fig. 2d) is the
smoothest and densest. Fig. 3 shows the EDS patterns

the intensities of element N of different coatings are all
A type of XD-3 X-ray diffractometer equipped with

lower than those of element Ti, as shown in Fig. 3. In

a CuKα radiation source was used to investigate the

addition, the intensity of element Ti of the coating with

phase structures of coatings, which was operated at 36

an N2 ratio of 15% (Fig. 3d) was the strongest. The

kV and 20 mA. The scanning speed was 2/min, and

deposition of TiN coatings by magnetron sputtering is

the 2 step was 0.02. A JSM-6490LA scanning

a non-equilibrium process, and different N2 flow ratios

electron microscope (SEM) equipped with an energy

can have effects on the coating characteristics such as

dispersive spectrometer (EDS) was used to detect the

the surface morphology, chemical composition and

surface morphology and element contents of coatings.

phase [22]. When the migration rate of the particles is

To study the stoichiometry and the chemical binding

greater than the evaporation rate, the coating can grow

state of the coatings, an axis ultra DLD type of X-ray

constantly. When staying on the surface of the

photoelectron spectroscope (XPS) was used. The size

substrate, the particles only have surface diffusion

of the mono-chromatized AlKα source of X-ray beam

energy and can find their thermodynamically stable

was 700 μm×300 μm. The vacuum degree of analysis

positions before the single layer deposition is

room was 0.67×106 Pa. High temperature oxidation

completed. Then these sputtered particles combine with

resistance of the TiN coated samples was tested in the

each other to form larger atomic clusters on the surface

SX2-2.5 furnace. The mass gains of the oxidized

of the substrate. Therefore, micro-particles and voids

samples were measured every 30 min on the BS210S

are often observed on the surface of the already formed

electronic balance with a 0.01 g precision. The

continuous coating, and it is easy to generate

corrosion resistance of the optimized TiN coated

dislocations at the edge of the holes due to the internal

samples was tested by a TGS-3B steam-heated

stress around the voids [10].

autoclave and a YYF-50 static autoclave, and the

There usually exists a Ti or Ti2N phase in the

samples were kept in the 1200 C steam environment

coatings by the reactive magnetron sputtering process

for 1 h and then in deionized water at 360 C and

from a Ti target in an N2/Ar mixed atmosphere. Due to

18.6 Mpa for 16 d, respectively.

the high thermal neutron absorption cross-section of

J. Chongqing Univ. Eng. Ed. [ISSN 1671-8224], 2018, 17(1): 17-26
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the metal Ti, the ceramic target (TiN) is usually used as

significant shift toward the stress-free position in the

the sputtering target to avoid Ti phase in the TiN

angular position of the Zr diffraction peaks. With the

coatings. As can be seen obviously in Fig. 4, the

addition of nitrogen molecules into TiN lattices, the

coatings only have TiN and α-Zr phases. The α-Zr

TiN grain growth is restricted, the TiN grain boundaries

diffraction peaks are from the substrate. Compared

increase, and the Ti lattices would distort within the

with Fig. 1, TiN diffraction peaks appear to be

nitrogen interstitial sites. The widened TiN peaks

broadened. After the addition of N2, the TiN (200)

suggest a high degree of lattice distortion or grain

plane is weakened, and the TiN (111) plane becomes

refining of the TiN coating. Based on the Bragg

the preferred orientation.

equation [25]:

The preferred orientation of the coatings is important

n  2d sin  ,

(1)

in application, which is always affected by magnetron
sputtering process parameters, such as flow ratio of N2,

where λ, d and θ are the X-ray wavelength, lattice

and negative bias. Because the TiN (200) plane has the

space and diffration angle, respectively. The changes of

lowest surface energy, and the TiN (111) plane has the

 angle can reflect the corresponding variation of the

minimum strain energy, the TiN preferred orientation

lattice parameter.
The TiN crystal has a type of NaCl structure, and the

depends on the competition between the surface free
[23]

. According to the

lattice parameter is 0.424 0 nm at stoichiometric

, coatings produced by physical gas phase

composition [26]. Lattice constants calculated from TiN

deposition often have internal compressive stress on

the (200) plane are shown in Table 2. According to the

the level of (109 to 1010) Pa. There also exists a

correlative equation [25]:

energy and the strain energy
research

[24]

a

b

d

e

c

Fig. 2 Surface morphology recoded by the JSM-6490LA scanning electron microscope of the TiN coatings with
different ratios of N2: a) 0%; b) 7%; c) 11%; d) 15%; and e) 20%

20
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a

b

d

e

c

Fig. 3 EDS patterns of the TiN coatings with different ratios of N2: a) 0%, b) 7%, c) 11%, d) 15%, and e) 20%

Table 2 Lattice spacing (d) and lattice constant (a) of
the TiN coatings
Sample No.

d/nm

a/nm

1

0.212 5

0.425 0

2

0.212 4

0.424 8

3

0.212 2

0.424 4

4

0.212 3

0.424 6

5

0.212 2

0.424 4

The lattice parameter of the coating ranges from

Fig. 4 XRD patterns of the TiN coatings with

0.424 4 nm to 0.425 0 nm with the increase of nitrogen

different ratios of N2

flow ratio from 0% to 20%. One reason for the lattice
expansion phenomenon is the difference of the thermal
a  d (h 2  k 2  l 2 )1/ 2 ,

(2)

expansion coefficients between the coating and the
substrate, causing micro strain in the coating. Another

where h, k, and l represent the indices of crystal faces.

reason can be the decrease of the average grain size.
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Therefore, the lattice parameter can be regarded as a

direction of lower binding energy constantly, which

tool for identifying the structural disorder in the coatings.

can be associated with the formation of TiN bonds and
vacancies [30]. Furthermore, the variability of the

3.2 Chemical binding states

valence state of Titanium and the tendency to vacancy
formation in its compounds, in a nitrogen rich ambient,

The N/Ti ratios of the TiN coatings calculated from

provides a large possibility for the formation of various

XPS data are shown in Fig. 5, which suggest the

stoichiometric and over-stoichiometric compounds or

composition of stoichiometric and over-stoichiometric

phases in TiN coatings [31-32].

TiNx coatings. After the reactive gas N2 is introduced
in the sputtering process, the TiN coating growth on
the surface of Zr-4 alloy is in a nitrogen rich ambient.
The composition of the gas phases can influence many
parameters such as the sputtering yields, the nature of
the extracted ions from the plasma, the secondary
electron emission coefficients, and the composition of
the coatings [27]. Nitrogen molecules from the gaseous
phase can be physically adsorbed in the grain
boundaries. Then nitrogen molecules and titanium
atoms combine to form the over-stoichiometric TiNx

Fig. 5 Evolution of the N/Ti ratios versus different

coatings. When the flow ratio of N2 reaches 20%, the

ratios of N2 on the deposited TiN coatings

molecules of nitrogen in the chamber have reached a
super-saturation state, and the collisions of sputtering
particles and nitrogen molecules increase significantly.
Therefore,

the

increased

collision

scattering

phenomenon results in the decrease of the energy of the
particles and gas molecules [28].
Fig. 6 shows the chemical binding states of TiN
coatings. Due to the spin-orbit coupling effect, the Ti
2p energy level is divided into the stages of Ti 2p 3/2 and
Ti 2p1/2, which exhibits a bimodal structure in the XPS
narrow-peak spectra. Generally, the area changes of
XPS narrow-peak spectra, to a certain degree, reflect
the variations of the element content, and the main

Fig. 6 X-ray photoelectron spectra of Ti 2p for the

contribution to the relative areas comes from the

TiN coatings with different ratios of N2

heights of the peaks

[29]

. With the increase of N2 flow

ratio, the intensities of Ti 2p3/2 and Ti 2p1/2 peaks
increase. When the N2 flow ratio is 15%,

the

intensities of Ti 2p3/2 and Ti 2p1/2 peaks are the
strongest, which is consistent with the results in Fig. 3d.
The two peaks of Ti 2p energy level move toward the

22

3.3 High

temperature

oxidation

and

corrosion

resistance
Fig. 7 shows the mass gains of Zr-4 alloy and TiN
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coated samples over time at 800 C. Before 120 min,

Sample 4 in a static autoclave of 360 C deionized

the mass gains of the TiN coatings increase slowly.

water at 18.6 Mpa for 16 d are much lower than those

After 120 min, the mass gains of the TiN coatings

of Zr-4 alloy, and the TiN coated sample is not subject

increase quickly. In the whole oxidization process, the

to shedding or debonding phenomenon, which is

mass gain of Sample 4 is the smallest, and there is no

consistent
[8-9]

with

cracking and no debonding by visual examination.

research

However, the high temperature oxidation properties of

depositing on the surface of Zr-4 alloy shows a good

TiN

coatings

critically

depend

on

the

.

Thus,

the findings of other related
the

optimized

TiN

coating

actual

adhesion to the substrate and has a better oxidation and

composition, structure and chemical binding state. Due

corrosion resistance in high temperature and high

to Samples 1 and 2 having many defects (as seen in

pressure conditions.

Fig. 2), the mass gains of Samples 1 and 2 are higher
than other TiN coated samples. According to the

4

Conclusions

intensities of element Ti and the stoichiometry of N/Ti
(as seen in Fig. 3d and Fig. 6), Samples 3 and 4 possess

1) TiNx coatings with an x value from 0.96 to 1.33

more saturated Ti-N bonds than other TiN coated

were prepared in this work. After the introduction of N2,

samples, which results in Samples 3 and 4 having a

the TiN coatings exhibited a weak (200) plane and a

smaller mass gain under a high temperature oxidation

preferred (111) plane.

condition. When the ratio of N2 reaches 20%, the

2) With the increase of N2 ratio, Ti 2p moves toward

collision scattering phenomenon occurs, causing the

the lower binding energy direction constantly, which

decrease of the energy of the particles and gas

can be associated with the formation of TiN bonds and

molecules, and increase of the porosity of the

vacancies.

coating

[28]

. Therefore, the mass gain of Sample 5 is

larger than that of Sample 4.
Due to the superb oxidation resistance properties of
Sample 4 in an atmospheric environment at 800 C,
Sample 4 was chosen to evaluate the out-of-pile
corrosion test in 1 200 C steam environment and at
360 C and 18.6 Mpa conditions. Zr-4 alloy was also
tested under the same conditions for a comparison.
As shown in Table 3, the mass gain of the TiN
coated sample (4.318 5 g/dm2) in the 1 200 C steam
environment for 1 h is lower than that of Zr-4 alloy
(4.572 0 g/dm2) and the standard line (3.538 98 to
4.325 42) g/dm2), and there is no spallation or
delamination on the surface of the TiN coated sample.

Fig. 7 Mass gains in the atmospheric environment at 800 C

The result shows that TiN coating has a protective

of uncoated Zr-4 alloy, and TiN coated samples of different

effect for Zr-4 alloy under a high temperature oxidation

N2 ratios: Sample 1. 0%, Sample 2. 7%; Sample 3. 11%;

condition. As seen from Table 4, the mass gain

Sample 4. 15%, and Sample 5. 20%

(0.16 mg) and the mass gain ratio (0.001 27%) of

J. Chongqing Univ. Eng. Ed. [ISSN 1671-8224], 2018, 17(1): 17-26
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Table 3 Zr-4 alloy and Sample 4 in 1 200 C steam environment for 1 h
Surface area

Specimen

Mass gain of 0.5 h

2

Mass gain of 1.0 h

2

/mm

/(g/dm )

/(g/dm2)

CP1200 (standard line)

460

2.502 5 to 3.058 6

3.538 98 to 4.325 42

Zr-4 alloy

460

3.038 2

4.572 0

Sample 4

460

3.058 8

4.318 5

Table 4 Zr-4 alloy and Sample 4 at 360 C and 18.6 Mpa for 16 d
Specimens

Original mass /g

Mass of 16 d /g

Mass gain/mg

Rate /%

Combining
conditions

Zr alloy

12.644 44

12.644 92

0.48

0.003796

Sample 4

12.601 44

12.601 60

0.16

0.001270

3) The TiN-coated sample prepared with a 15% flow

No shedding
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