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Abstract: Titanium-based nitride coatings on cutting tools, press molds and dies can be used to prolong their life cycle because of 
their superior corrosion and oxidation resistance. TiAlN/ZrN and TiCrN/ZrN multilayer coatings were prepared by RF magnetron 
sputtering, and their microstructural evolution and corrosion resistance during heat treatment were investigated. The TiAlN/ZrN and 
TiCrN/ZrN multilayer coatings are degraded by heating up to 600 ℃ with the formation of oxides particles on the surface. During the 
heat treatment, the TiCrN/ZrN and TiAlN/ZrN multilayer coatings show the lowest corrosion current density and the highest 
polarization resistance at temperature range of 400−500 ℃. Consequently, the TiAlN/ZrN and TiCrN/ZrN multilayer coatings show 
good corrosion resistance at temperature range of 400−500 ℃ during heating. 
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1 Introduction 
 

Titanium nitride(TiN) coating on materials has 
some excellent properties, such as high hardness, good 
wear resistance, chemical stability and corrosion 
resistance, which is widely used in industry of cutting 
tools, press dies, and decoration parts, etc[1−2]. However, 
TiN coating is degraded by oxidation at high temperature 
during working. So, it is very important to enhance its 
oxidation resistance for successful utilization. Recently, 
nanolayered, or multilayered coatings are known to 
exhibit superior oxidation resistance as compared with 
single layer coatings[3−4]. TiN and CrN coatings are 
reported to be stable up to 500 and 600 ℃, but TiAlN 
and TiCrN coatings show the stability up to 750 ℃ 
[5−10]. On the other hand, ZrN-based coatings have 
attraction for its superior corrosion and wear resistance, 
good hardness, low resistivity, and golden color[11−14]. 
In previous works, the preparation and characterization 
of TiN/ZrN and TiCN/ZrCN super lattice coatings were 
reported[15−17], but the TiAlN/ZrN and TiCrN/ZrN 
multilayer coatings has not yet been studied in detail. 

In this study, the TiAlN/ZrN and TiCrN/ZrN 
multilayer coatings were prepared by RF magnetron 

sputtering, and the microstructural evolution and their 
corrosion resistance during heating was investigated. 
 
2 Experimental 
 
2.1 Preparation of multilayer coatings by RF 

sputtering 
The commercially obtained press mold steel 

(SKD11) was used as a substrate after annealing at 1 030 
℃ for 1 h and then tempering at 520 ℃ for 1 h. All 
substrates were finely polished to 1 μm, and then 
ultrasonically cleaned in acetone for 10 min. TiAlN/ZrN 
coating was obtained by coating TiAlN onto SKD11 
plates, followed by deposition of ZrN with RF 
magnetron sputtering. TiCrN/ZrN coatings were also 
deposited by the same method. The experimental 
parameters of the deposition process are shown in Table 
1. The as-prepared TiAlN/ZrN and TiCrN/ZrN coating 
layers were heat- treated at different temperatures in tube 
furnace from 400 to 800 ℃ in flowing N2 gas. 
 
2.2 Analysis of microstructure, phase and oxidation 

resistance 
The microstructure of the coated layers was 

observed by FE-SEM and their crystalline phases were 
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Table 1 Operating parameters of RF magnetron sputtering 

Parameter Value 

Base pressure/Pa 2.0×10−5 

Working pressure/Pa 9.5 

Substrate SKD11, Si 

Rotational speed of substrate/ 
(r·min−1) 10 

TiAl, TiCr (50%:50%) 
Target (d 50.8 mm×6.35 mm) 

Zr(99.95%) 

Gas mixture/(cm3·min−1) 
Ar:20 (99.999%), 
N2:30 (99.999%) 

RF power/W 80 
Distance of cathode to substrate/

mm 50 

 
determined by X-ray diffraction. The glancing incidence 
angle was 1˚ and the scanning speed was 1−2 (˚)/min. 
The corrosion tests were performed in 0.9% NaCl 
solution from −2.0 to 3.0 V of transmission volt under 
free air condition at room temperature. Prior to corrosion 
test, all samples were cleaned with distilled water before 
loading the sample to the Tafel sample holder. The Tafel 
plot was obtained after the electrochemical measurements. 
The φcorr (corrosion potential) and Jcorr (corrosion current 
density) were deduced from the Tafel plot: 
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where ba and bc are the Tafel slopes or the Tafel constants, 
expressed in V/decade, and Rp is the polarization 
resistance expressed in Ω·cm2. The polarization 
resistance is calculated using the following equation: 
 
Rp=(∆φ/∆I)|∆φ→0                               (2) 
 
where ∆φ is the polarization potential and ∆I is the 
polarization current. If the polarization resistance 
increases the corrosion current decreases[18]. 
 
3 Results and discussion 
 

The cross-sectional FE-SEM micrographs of 
TiAlN/ZrN and TiCrN/ZrN coatings are shown in Fig.1, 
respectively. However, their coating thickness is unclear 
at the SEM micorgraph. By previous TEM investigation, 
most of TiN-based multilayer coatings show a dense 
columnar structure with the mixture of two kinds of nano 
scaled nitrides. 

In case of coatings on SKD11, the peaks 
corresponding to the coatings can be hardly detectable 
because the peaks attributed to SKD11 are too strong. 

 

 

Fig.1 Cross-sectional FE-SEM micrographs of TiAlN/ZrN (a) 
and TiCrN/ZrN (b) coatings 
 
Therefore, TiAlN/ZrN and TiCrN/ZrN are coated on Si 
substrates for the analysis of the crystalline phases. In 
both cases, higher fraction of ZrN phase in (111) plane is 
found in the coating from XRD patterns of the as 
deposited films. 

The XRD patterns for phase change by the 
oxidation on the surface of the multilayer coatings are 
shown in Fig.2 in temperature range of 400−700 ℃. In 
case of the TiAlN/ZrN coating, there is no change in the 
XRD patterns below 500 ℃; however, some peaks for 
oxides (γ-Ti3O5, rutile TiO2, Ti2ZrO6) formed by 
corrosion are observed above 600 ℃. In the case of 
TiCrN/ZrN coating, the oxides peaks for Cr3O8, rutile 
TiO2, Ti2ZrO6 and TiO phases are observed above 500 ℃. 
The oxidation for TiAlN/ZrN or TiCrN/ZrN multilayer 
coatings may result from the residual oxygen in the 
furnace or oxygen impurity of N2 gas. 

Fig.3 and Fig.4 demonstrate the microstructural 
change on the surface of TiAlN/ZrN and TiCrN/ZrN 
coatings during heating, respectively. Smooth surface is 
observed both on the surface in as-deposited film or 
heat-treated specimen at 400 ℃. However, many of 
spherical particles with approximately 100−200 nm 
diameter are found on the surface heated above 500 ℃ 
and their particle size increases with heating temperature 
increasing. On thinking the relation between XRD 
patterns and microstructural change during heating, most 
of spherical particles are oxides particles of γ-Ti3O5,  
TiO, TiO2, Ti2ZrO6, and Cr3O8, which may be formed by 
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Fig.2 XRD patterns of TiAlN/ZrN (a) and TiCrN/ZrN (b) coatings heat-treated at 400−700 ℃ 
 

 

Fig.3 Microstructures of TiAlN/ZrN coatings heat-treated at 400 ℃ (a), 500 ℃ (b), 600 ℃ (c) and 700 ℃ (d) 
 
oxidation of TiAlN, TiCrN and ZrN. 

The Tafel plots obtained from multilayer coatings of 
TiAlN/ZrN and TiCrN/ZrN in 0.9% NaCl solution are 
shown in Fig.5 and Fig.6, respectively. The TiAlN/ZrN 
and TiCrN/ZrN coatings heat-treated at 600 ℃ to 700 ℃ 
show lowest passivation. On the other hand, the 
TiAlN/ZrN and TiCrN/ZrN coatings heat-treated at 400 
℃ to 500 ℃ show the highest passivation. 

The corrosion potential(φcorr) and corrosion current 
(Jcorr) for TiAlN/CrN and TiAlN/CrN coatings with 
different heat treatment temperatures are given in Fig.7. 
It can be seen that the corrosion resistance at 400−500 ℃ 
of TiAlN/ZrN and TiCrN/ZrN coatings is good by the 
ability to form a passive layer over the surface, however, 

above 600 ℃, the multilayer coatings of TiAlN/ZrN and 
TiCrN/ZrN are degraded by oxidation. 
 
4 Conclusions 
 

The TiAlN/ZrN and TiCrN/ZrN multilayer coatings 
are degraded by heating up to 600 ℃ with the formation 
of oxides particles on the surface. During the heat 
treatment, TiAlN/ZrN and TiCrN/ZrN multilayer 
coatings show the lowest corrosion current density and 
the highest polarization resistance in temperature range 
of 400−500 ℃. TiAlN/ZrN multilayer coatings are better 
in oxidation resistance than TiCrN/ZrN coatings during 
heating. Both TiAlN/ZrN and TiCrN/ZrN multi-layer  
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Fig.4 Microstructures of TiCrN/ZrN coatings heat-treated at 400 ℃ (a), 500 ℃ (b), 600 ℃ (c) and 700 ℃ (d) 
 

 
Fig.5 Potentiodynamic polarization curves of TiAlN/ZrN coatings with different heat treatment temperatures 
 

 
Fig.6 Potentiodynamic polarization curves of TiCrN/ZrN coatings with different heat treatment temperatures 
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Fig.7 φcorr (a) and Jcorr (b) of coating layers with different heat treatment temperatures 
 
coatings show good corrosion resistance in temperature 
range of 400−500 ℃. However, they are degraded above 
600 ℃ by the formation of titanium oxide particles on 
the surface. 
 
References 
 
[1] DANISMAN S, SAVAS S. The effect of ceramic coating on 

corrosion and wear behaviour [J]. Tribology in Industry, 2005, 27: 
41−48. 

[2] YONGQING F, HEJUN D, SAM Z. Deposition of TiN layer on TiNi 
thin films to improve surface properties [J]. Surface and Coating 
Technology, 2003, 167: 129−136. 

[3] STEYER P, MENDIBIDE C, MILLET J P, MAZILLE H. 
Improvement of high temperature corrosion resistance of tool steels 
by nanostructured PVD coating [J]. Mater Sci Forum, 2003, 426: 
2503−2508. 

[4] CARVALHO S, REBOUTA L, CAVALEIRO A, ROCHA L, GOMEZ 
J, ALVES E. Microstructure and mechanical properties of 
nanocomposite TiAlN coatings [J]. Thin Solid Films, 2001, 398: 
391−396. 

[5] DOBRZANSKI L A, LUKASZKOWICZ K, MIKULA J, PAKULA 
D. Structure and corrosion resistance of gradient and multilayer 
coatings [J]. Journal of Achievements in Materials and 
Manufacturing Engineering, 2006, 18: 75−78. 

[6] DING X, TAN A L K, ZENG X T, WANG C, YUE T, SUN C Q. 
Corrosion resistance of CrAlN and TiAlN coating deposited by 
lateral rotating cathode arc [J]. Thin Solid Films, 2008, 516: 
5716−5720. 

[7] YANG Q, SEO D Y, ZHAO L R, ZENG X T. Erosion resistance 
performance of magnetron sputtering deposited TiAlN coatings [J]. 
Surface and Coatings Technology, 2004, 188/189: 168−173. 

[8] ZHANG G A, YAN P X, WANG P, CHEN Y M, ZHANG J Y. The 
structure and tribological behaviors of CrN and Cr-Ti-N coatings [J]. 
Applied Surface Science, 2007, 253: 7353−7359. 

[9] MO J L, ZHU M H, LEI B, LENG Y X, HUANG N. Comparison of 
tribological behaviours of AlCrN and TiAlN coatings-eposited by 
physical vapor deposition [J]. Wear, 2007, 263: 1423−1429. 

[10] DING X Z, ZENG X T. Structural, mechanical and tribological 
properties of CrAlN coatings deposited by reactive unbalanced 
magnetron sputtering [J]. Surface and Coatings Technology, 2005, 
200: 1372−1376. 

[11] BUDKE E, KREMPEL-HESSE J, MAIDHOF H, SCHUSSLER H. 
Decorative hard coatings with improved corrosion resistance [J]. 
Surface and Coatings Technology, 1999, 112: 108−113. 

[12] JOHNSON P C, RANDHAWA H. Zirconium nitride films prepared 
by cathodic arc plasma deposition process [J]. Surface and Coatings 
Technology, 1987, 33: 53−62. 

[13] WIIALA U K, PENTTINEN I M, KORHONEN A S, AROMAA J, 
RISTOLAINEN E. Improved corrosion resistance of physical vapour 
deposition coated TiN and ZrN [J]. Surface and Coatings Technology, 
1990, 41: 191−204. 

[14] VAN LEAVEN L, ALIAS M N, BROWN R. Corrosion behavior of 
ion plated and implated films [J]. Surface and Coatings Technology, 
1992, 53: 25−34. 

[15] PROBST J, GBURECK U, THULL R. Binary nitride and oxynitride 
PVD coatings on titanium for biomedical applications [J]. Surface 
and Coatings Technology, 2001, 148: 226−233. 

[16] GRIMBERG I, ZHITOMIRSKY V M, BOXMAN R L, 
GOLDSMITH S, WEISS B Z. Multicomponent Ti-Zr-N and 
Ti-Nb-N coatings deposited by vacuum arc [J]. Surface and Coatings 
Technology, 1998, 108/109: 154−159. 

[17] HOLLECK H. Metastable coatings—Prediction of composition and 
structure [J]. Surface and Coatings Technology, 1988, 36: 151−159. 

[18] WILLIAMGRIPS V K, BARSHILIA H C, EZHILSELVI V, 
KALAVATI, RAJAM K S. Electrochemical behavior of single layer 
CrN, TiN, TiAlN coatings and nanolayered TiAlN/CrN multilayer 
coatings prepared by reactive direct current magnetron sputtering [J]. 
Thin Solid Films, 2006, 514: 204−211. 

(Edited by YUAN Sai-qian) 

 
 


