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Abstract 

This research aimed to improve the properties of chromium nitride (CrN) film coatings by addition 

of zirconium (Zr) as the third element to form Cr-Zr-N ternary nitride. DC unbalanced magnetron 

sputtering method was used to form Cr-Zr-N film with various Zr/Zr + Cr atomic ratios.  Mechanical 

properties, surface morphology and crystal structure of the film were investigated. In the research, 

Cr-Zr-N film were categorised into 3 types with different Zr amount: low zirconium, (Zr/Zr + Cr = 0.29), 

medium zirconium (Zr/Zr + Cr = 0.44), and high zirconium (Zr/Zr + Cr = 0.74). All Cr-Zr-N films 

exhibited nano-crystalline structures with lower surface roughnesses than those of crystalline CrN film. 

With Zr addition, the highest hardness of Cr-Zr-N coating layer increased to 1762.7HV, in the low Zr 

film. Likewise, Young’s modulus value increased from 213.9 GPa for the Cr-N film to 269.0 GPa for 

the low Zr film. Both surface hardness and Young’s modulus slightly decreased when the amount of 

Zr in the ternary Cr-Zr-N film increased. The nano-crystalline Cr-Zr-N film exhibited better adhesion 

comparing to the binary Cr-N film. Scratch test showed the increased critical load (LC1) from 1.91 

N for the CrN film to 3.21 N for the ternary Cr-Zr-N film. 

1. Introduction  

 

 Steels have been widely used in diverse applications, including 

as structural parts in construction, dies and molds in production, and 

so on [1,2]. The properties of steels have been improved by several 

methods, including surface coating. One of the coating techniques, 

which has become of interest recently, is physical vapor deposition 

(PVD), which can provide several coating materials at a low temperature 

and can minimize environmental burdens [3,4]. PVD provides coating 

layer with various properties such as high surface hardness, excellent 

tribological properties and corrosion resistance [5-8]. Durability of 

film coated by PVD can be improved by controlling film structure and 

surface treatment prior to PVD [9,10]. Among various types of coating 

materials, chromium nitride (CrN) has been widely investigated as 

a protective coating due to its high level of hardness, excellent corrosion 

resistance and high oxidation resistance. However, the most important 

limitation of CrN usage is its degradation at temperatures above 

700°C. The structure of the CrN film formed by PVD has been reported 

to be columnar, which weakens some properties, such as the corrosion 

resistance of the film [11-16]. Many attempts have been performed 

to improve the properties of the coating film, including adjusting the 

coating parameters to avoid the formation of a columnar structure 

or forming a ternary nitride (A-B-N). There have been some reports 

that ternary nitrides, such as Cr-Ti-N, Cr-Al-N and Cr-W-N, have better 

properties than the CrN binary nitride, especially their thermal stability 

at temperatures above 700°C [17-23]. In this research zirconium (Zr) 

was selected as a ternary alloy to make the Cr-Zr-N ternary nitride, 

since ZrN has a good thermal and chemical stability, high mechanical 

strength and good corrosion resistance [24-29]. Moreover, the addition 

of Zr into other alloy systems, such as Cu alloys, has been reported to 

promote the formation of a refined microstructure [30,31]. Although 

the formation of Cr-Zr-N has been reported, there have been no reports 

on formation and properties of nano-crystalline Cr-Zr-N [32]. 

 In this research, the formation of a thin film of ternary nitride, 

in the form of Cr-Zr-N, was studied. The effect of the Zr amount added 

into the ternary nitride (as the Zr:Cr atomic ratio) on the structure, 

phase formation and mechanical properties were also investigated. 

 

2.  Experimental procedure 
 

2.1  Sample preparation 
 

 H13 tool steel was heat treated at 1000°C for 90 min, quenched 

in oil and then tempered twice at 550°C for 60 min. Subsequently, 

it was cut into disk shape pieces (25 mm diameter and 3 mm thickness), 

polished until 1 m alumina, rinsed in acetone and kept in desiccator. 

 

2.2  Coating 
 

 Samples were rinsed in acetone and attached in the sample holder 

of an unbalanced magnetron sputtering chamber with Cr and Zr targets. 

Evacuation of the coating chamber was performed using a rotary 
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and turbomolecular pump until the pressure reached 5.5  10-5 torr. 

Then, argon (Ar) was introduced to the chamber with a flow rate of 

40 sccm until the pressure reached the working pressure (8.5  10-3 torr). 

The coating process started with Ar ignition for achieving a stable 

plasma, then nitrogen (N2) was filled into the chamber. Since the heat 

of atomization of Zr (603.59 kJmol-1) is much higher than that of Cr 

(395.74 kJmol-1), the sputtering rate of the Zr target was much lower 

than that of the Cr target [33]. As a result, target poisoning was more 

likely to occur at the Zr target. In order to avoid poisoning at the Zr 

target, the N2 flow rate was reduced from 5 sccm when coating with 

CrN to 4 sccm for the Cr-Zr-N coatings. The current at the Cr and 

Zr targets was varied so as to control the Cr:Zr ratio in the resulting 

ternary nitride film. The coating parameters are listed in Table 1, 

while the electrical current and gas flow rates utilized are shown in 

Table 2. Since the constant current mode is selected for the power 

supplies, the voltages of the targets range from 300 V to 370 V. According 

to those parameters, samples can be categorized into 4 groups: no 

zirconium (NZ), low zirconium (LZ), medium zirconium (MZ) and 

high zirconium (HZ). 

 

2.3  Characterization 

 

 The microstructure of the coated samples was observed by a JEOL, 

model JSM-7100F, Field-emission scanning electron microscopy 

(FE-SEM) and a JEOL, model JEM 2100, Transmission electron 

microscope (TEM), while the surface roughness and morphology 

were observed by atomic force microscopy (AFM), Veeco model 

Dimension 3100. Ratio of Zr and Cr was measured by Energy Dispersive 

Spectrometer (EDS, Oxford Inca PentaFETx3). Phase and crystal 

structure were investigated by glancing incident angle X-ray diffraction 

(GIXRD, Rigaku D/Max 2200P/C) using CuK radiation with an 

incident angle of 3 deg. 

 Hardness of the coating layer was measured by the Nano indentation 

test (Hysitron, Triboscan). In order to avoid any effect from the substrate, 

the penetration depth of the indenter was limited to less than 10% of 

the film thickness. The coating film adhesion was assessed by scratch 

tests using a starting load of 1 N. The scratch load kept increasing 

until it reached 30 N.  The distance for the scratch test was fixed at 

40 mm with a stylus traveling speed of 50 ms-1.  

 

3.  Results  

 

3.1  Phase and microstructure 

 

 The average hardness of the H13 sample after heat treatment, 

as measured by Vickers’ microhardness using a load of 10 g, was 

525.4 HV, which confirms the existence of tempered martensite in 

the sample after heat treatment. The coated sample changed from 

a shiny metallic to a grey color. All coating layer homogeneously 

covers entire surface as can be seen in Figure 1. Thin metallic interlayer, 

having approximately 100 nm thickness, formed by Ar plasma prior 

to nitride coating, can be observed in the cross-section microstructure. 

The total layer thickness of NZ (718 nm) is thinner than those of LZ, 

MZ and HZ layer (1424 nm, 1421 nm and 1673 nm, respectively), 

due to the single target operation with low applied current. Increasing 

of Zr contents provides higher sputtering rate, resulting in the highest 

growth rate of HZ layer. Growth rates of layers with Zr addition in 

this experiment range from 0.26 nms-1 of LZ to 0.31 nms-1 of HZ which 

were around two-folds faster than that of NZ layer (0.13 nms-1). 

 

Table 1. Coating parameters. 

Parameters Details 

Base pressure 5.5  10-5 torr. 

Working pressure 8.5  10-3 torr. 

Pre-sputtering Ar gas, 15 min 

Coating time 90 min 

Pure Ar 99.99% purity 

Pure N2 99.99% purity 

Voltage 300 V to 370 V 

Growth temperature Room temperature 

 

Table 2. Electrical current and gas flow rate. 

 

  

  
 

Figure 1. Cross-sectional microstructure of the coating layer, as revealed by 

SEM analysis, for the (a) NZ (b) LZ, (c) MZ, and (d) HZ. 

 

 EDS analysis (Figure 2) assures presence of Cr, Zr and N in LZ, 

MZ and HZ layer, while only Cr and N were detected in NZ layer. 

Amount of Zr in the layer increased with increasing Zr current as 

can be seen that Zr/(Zr + Cr) ratio increases from 0.29 to 0.44 and 

0.74 for LZ, MZ and HZ, respectively. Noted that the applied current 

at the Zr target was much higher than that at the Cr target due to the 

higher heat of atomization of Zr (603.59 kJmol-1) than Cr (395.74 

kJmol-1) [33]. The higher heat of atomization of Zr leads to a lower Zr 

sputtering rate, although this can also be caused by poisoning of the 

Zr target due to reaction of N2 and the Zr target surface. The Gibb’s 

free energy of formation for ZrN (-481.2 kJmol-1) is 2.1-fold lower 

than that for CrN (-229.5 kJmol-1) [34] and so the Zr target has a higher 

risk of poisoning. To avoid this, the N2 flow rate was reduced from 

5 sccm (for CrN coating) to 4 sccm for the ternary Cr-ZrN coatings.  

Sample Current  

at Cr target  

(A) 

Current  

at Zr target  

(A) 

Nitrogen  

flow rate  

(sccm) 

Argon  

flow rate  

(sccm) 

NZ 0.4 - 5 40  

LZ 0.4 0.4 4 40 

MZ 0.3 0.7 4 40 

HZ 0.2 0.7 4 40 
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Figure 2. Representative EDS profile of the 0.8:1 Cr: Zr ratio (sample No. 3). 

 

 
 

Figure 3. GIXRD profiles of (a) NZ (b) LZ, (c) MZ, and (d) HZ. 

The GIXRD profiles of the layers are shown in Figure 3. The 

results revealed formation of crystalline CrN on NZ layer whereas 

broadened peak at a diffraction angle (2) of around 30 degree to 

36 degree was detected in LZ, MZ and HZ layer. The disappearance 

of CrN peak in the LZ, MZ and HZ layer will be discussed later. 

The broadened peaks reflect that atoms in the film do not have enough 

periodicity to be detected by the GIXRD. The average crystallite 

size of the coating layer calculated by Scherrer equation is equal to 

4.07 nm. Microstructure observed by TEM of MZ samples (Figure 4) 

confirms formation of nanocrystalline structure with average crystal 

size of 9.1 nm and 2.8 nm for standard deviation (STD). The histogram 

of crystal size distribution in the MZ sample is presented in Figure 5. 

The interplanar distance was approximately 0.26 nm which accorded 

to the d-spacing of (111) plane of CrN and ZrN mixture.  

 According to GIXRD result, increasing of Zr amount in Cr-Zr-N 

film shifts the broadened peaks to a lower angle which indicates an 

increasing of lattice parameter. This can be explained by substitution 

of large Zr atoms (diameter of 159 pm) for Cr atoms (124 pm) resulting 

in an enlarged lattice parameter and increased randomness of the 

crystal structure [35]. The Zr atoms added into the Cr-Zr-N film also 

blocks growth of grain. Therefore, amount of Zr in the Cr-Zr-N film 

plays an important role in the formation of nano-crystalline structure. 

Indeed, addition of the third element such as Zr, B, and Nb has been 

reported in other systems that these additional atoms can retard atomic 

diffusion which increases the plausibility of fine featureless and nano-

crystalline formation. Another factor that supports the formation of 

a nano-crystalline structure is a high cooling rate. Since the thin film 

coating by PVD in this research did not use any auxiliary heater or any 

bias voltage at the substrate, the substrate temperature was comparatively 

low (less than 90°C by measuring a dummy sample), leading to a low 

atomic mobility on the surface [22,30,36]. Combining these two 

plausible reasons, the nano-crystalline Cr-Zr-N can be fabricated by 

optimization of the Zr amount and lowering the substrate temperature. 

Schematic illustration of film formation mechanism is shown in 

Figure 6. 

            

 

Figure 4. TEM microstructure (Left) and HR-TEM (Right) of MZ sample.
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Figure 5. Crystal size distribution in the MZ sample. 

 

 
 

Figure 6. Schematic illustration of film formation mechanisms. 

 

 The surface morphology of the coating layer, as observed by 

AFM, showed a reduced surface roughness with increasing amounts 

of Zr in the coating layer (Figure 7), decreasing from a roughness 

average (Ra) of about 2.4 nm in the NZ film to 1.6 nm in the LZ film 

and to 1.4 nm for HZ film. Likewise, the root mean square roughness 

(Rrms) was also reduced in the same trend, from 3.2 nm in the NZ film 

down to 2.0 ± 0.08, 1.9 ± 0.05 and 1.8 ± 0.06 nm in the Cr-Zr-N films 

with LZ, MZ and HZ film, respectively. Thus, the formation of fine 

crystals in the LZ, MZ and HZ layer reduced the surface roughness, 

in comparison with the coarse crystals in NZ layer. This result agreed 

with Z. Xin et al. report, which revealed that surface roughness of film 

tended to reduce with the fine structure [37].  

 

3.2  Mechanical properties 
 

 The proportion of Zr in the Cr-Zr-N film is not only affected the 

surface morphology but also mechanical properties of the coating layer 

due to the formation of a nano-crystalline structure as shown in Table 3. 

 Hardness and Young’s modulus, as measured by the Nano indentation 

test with a limited penetration depth to eliminate any effect from the 

substrate. The load and displacement curves of MZ were shown in 

Figure 8. To confirm the reliability of test results, the measurements 

were done at least 3 times.  The maximum depth is limited to 10 percent 

of the coating thickness in order to avoid the substrate effect. For MZ 

coatings, the penetration depth was set to be 130 nm.  The loading path 

shows elastic and plastic behavior while the unloading path shows the 

elastic behavior of the coatings. Hardness of the coating were calculated 

by these behaviors.  The slopes of unloading paths were employed in 

Young’s modulus calculation [38]. In this research, Young’s modulus 

values of the coatings were calculated by using Triboscan software, 

according to Equation 1 and 2. 

 

 
1

E*  = 
1-υ2

E
+

1-υ'
2

E'
  (1) 

 

 Where, E* is the reduced elastic modulus, E is Young’s modulus 

of the coating, E’ is Young’s modulus of the indenter,  is poisson 

ratio of coating, and, ’ is poisson ratio of the indenter. 

 

 E*=
dP

dh

1

2hp

1

β
√

π

24.5
  (2) 

 

 Where, E* is the reduced elastic modulus, 
𝑑𝑃

𝑑ℎ
 is slope of unloading 

path, hp is the peak depth, and, b is the indenter constant. 

 

       

Figure 7. Surface morphology (AFM analysis) (a) NZ and (b-d) the Cr-Zr-N films with (b) LZ, (c) MZ, and (d) HZ.  

 

Table 3. Properties of the coating film. 

 

Sample Zr/(Zr+Cr) ratio 
 Surface roughness (nm)  Critical load (N)  

Hardness (HV) Young’s modulus (GPa) 
 Ra Rrms  LC1 LC2  

NZ 0  2.4 3.2  1.91 6.69  1290.1 213.9 

LZ 0.29  1.6 2.0  2.95 6.37  1762.7 269.0 

MZ 0.44  1.4 1.9  3.21 6.12  1610.8 253.6 

HZ 0.74  1.4 1.8  2.18 6.55  1451.3 229.2 
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Figure 8. Load and displacement curves of MZ sample. 

  The measured hardness of the coating layer increased from 

1290.1 HV of NZ sample to 1762.7 HV of LZ sample. However, 

increasing amount of Zr slightly decreases hardness. Likewise, the 

Young’s modulus also increased from 213.9 GPa of NZ sample to 

269.0 GPa of LZ sample, then decreased at higher Zr levels. The 

decreasing of hardness of nanocrystalline CrZrN film with increasing 

Zr content is due to the lower hardness of ZrN than that of CrN [39]. 

The adhesion of the coating film was higher in the Cr-Zr-N films 

than the CrN one, as seen by the increasing LC1 from 1.91 N for NZ 

sample to the maximum value of 3.21 N for MZ sample. This can be 

explained by the definition of LC1, which is the critical load when 

the first crack forms in the coating layer. Figure 9 shows relation of 

Young’s modulus and critical load (LC1 and LC2). Films with high 

hardness and Young’s modulus values can endure crack formation 

resulting in a higher LC1 value. However, after the crack forms they 

have a low ductility, and so only a small amount of plastic deformation 

can occur and this results in the delamination (low LC2 value) of 

the nanocrystalline Cr-Zr-N film from the H13 substrate. 

    

 

Figure 9. Relation of the critical load, (a) LC1, and (b) LC2, with the Young’s modulus.

 

4.  Conclusions 
 

 Nanocrystalline ternary nitride films, comprised of Cr-Zr-N at 

different Zr: Cr ratios, were fabricated by unbalanced DC Magnetron 

sputtering. The nanocrystalline film formation was seemingly due 

to limited atomic diffusion caused by the Zr atoms acting as a barrier 

and also by the low substrate temperature. The amount of Zr added 

into the CrN could be increased up to a 2.8:1 atomic ratio of Zr:Cr. 

The surface hardness and Young’s modulus of nanocrystalline 

Cr-Zr-N films were higher than in the binary Cr-N film by about 36.6% 

and 28.5%, respectively. The surface roughness of the Cr-Zr-N coating 

layer was also reduced compared to that for CrN, while the adhesion 

of the coating layer, in terms of the LC1, was increased due to the higher 

hardness and Young’s modulus of the nanocrystalline film. However, 

the LC2 did not remarkably change upon the addition of Zr to CrN.  
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