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Abstract: Chromium thin films were deposited on 304 stainless steel using the hollow cathode discharge (HCD) 

method. Chromium films were implanted with nitrogen ions at different energies ((15-25-35-45) keV) and at a dose of 

5×1017ions/cm2. The implanted films were characterized using x-ray diffraction (XRD), atomic force microscopy 

(AFM), microhardness testing, friction coefficient measurements, and wear mechanism study. The XRD results 

confirmed that increasing energy does not effect the formation of the CrN phase. AFM images showed that surface 

roughness changed proportionally to grain size after implantation. It was found that hardness increased as energy 

increased. From the friction coefficient measurement, it could be inferred that the friction coefficient decreased as 

energy increased. The wear mechanism for the un-implanted sample was abrasion, but it shifted to delamination and 

adhesive as energy increased. 
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1. INTRODUCTION 

In many tribological applications, metal nitride 

coatings are now commonly used [1]. Different 

techniques have been used for surface amendments such 

as sputtering, ion implantation and ion coating. Ion 

implantation is a very attractive technique for improving 

the surface characteristics of materials and can be used to 

introduce other chemical species and generate defects in 

target materials [2-5]. This technique is widely used to 

improve the surface mechanical properties of alloys 

containing a reactive metal such as nickel, titanium, 

aluminum, and chromium [6, 7]. Chromium coating is 

used in industry to improve wear, erosion, and corrosion 

properties. Nitrogen ion implantation on chromium 

surfaces and alloys usually improves hardness, wear 

resistance, and corrosion resistance. Chromium nitride 

coatings have been gaining popularity in recent years and 

are becoming important technological materials in the 

fields of cutting and forming tools, bearing and machine 

parts, dies and modulus [8]. The objective of this research 

was to determine the effect of nitrogen ion energy on the 

microstructure, surface morphology and mechanical 

properties of chromium thin film deposited on 304 

stainless steel. 

2. EXPERIMENTAL DETAILS 

Chromium thin films were deposited on 304 stainless 

steel by hollow cathode discharge (HCD) gun model 

DLKD-1800 with 15kW power. The substrates were cut 

into 10mm×10mm×1mm slabs, and then cleaned with 

acetone and ethanol in an ultrasonic bath for 30 min. The 

vacuum chamber base pressure was 2×10-3Pa. Prior to 

deposition, substrates were cleaned by argon ion 

bombardment produced in an electric discharge chamber 

for 30 min. The bias voltage and substrate temperature 

were fixed at -50V and 683K, respectively, during the 

deposition. The thickness of the deposited Cr layers was 

determined to be about 377±30nm by mechanical 

profilometer (DECTAK 3). Then a Kaufman ion source 

was used for ion implantation of the as-coated samples. 

The samples were implanted with nitrogen ions at 

different energies ((15-25-35-45) keV) with dose of 

5×1017ions/cm2. The working pressure was 9 ×10-3Pa. 

The implantation parameters are summarized in Table 1. 

The phase and crystalline structure of the samples were 

characterized by X-ray diffraction (XRD) using a Philips-

PW 1800 with Cu Kα radiation (40kV,30mA).Scanning 

was conducted from 20° to 80° at step size 0.02° and 1s 

per step. The topography and roughness of the samples 

were investigated using an atomic force microscope 
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(Auto probe CP) on non-contact mode, a scanning 

velocity of 1 Hz, and a 256 pixel power resolution. Nano-

indentation tests were carried out with a Berkovich 

tetrahedral indenter with a load 10 mN. Five indentations 

were taken and averaged for each sample. The hardness 

(H) and elastic modulus were derived according to Oliver 

and Parr model [9]. Friction and wear tests were 

performed using a pin-on-disk tribometer. A Si3N4 ball 

with a diameter of 2/2 cm was used as the counterpart. 

The normal loading was 3/2N, and the relative sliding 

speed was 0/08 m/s. The tests were carried out under 

atmospheric pressure at a temperature of 25C° and 50% 

relative humidity. Images of the wear track mechanism in 

the un-implanted and implanted samples with different 

energies were investigated by scanning electron 

microscopy (SEM) using a Hitachis-4160. 

 

3. RESULTS AND DISCUSSION 

3.1 Crystal structure 

Figure 1 shows the XRD patterns of un-implanted and 

implanted samples with nitrogen ions at different 

energies 15, 25, 35 and 45 keV with dose of 5×1017 

ions/cm2. In all XRD patterns, in addition to three peaks 

at 2θ=44.63o, 2θ=50.70o, and 2θ=75.00o which were 

related to the 304 stainless steel substrates, peaks of 

Cr(110) and Cr(200) with cubic structures were observed 

at 2θ=44.38o and 2θ=64.58o, respectively (ref. code 01-

085-1335). Increasing energy does not affect the 

formation of the CrN phase, but depth of influence and 

range of distribution of nitrogen ions can change in 

chromium layers. If the CrN phase is formed, it will 

probably have an amorphous structure. 

 
Figure 1:  XRD patterns of as-coated and implanted samples 

with nitrogen ion. 

 

3.2. AFM analysis 

The effects of changing the energies of nitrogen ions on 

the microstructure of various samples are shown in 

Figure 2. Topography of the surface samples was 

analyzed by AFM, and the dimensions of the scan area 

were 2µm ×2µm. Figure 2 also presents the changes in 

grain size and sample surface shape which occurred as 

energy increased. Figure 2a shows the image related to 

as-coated sample C1. It is obvious that the sample had a 

columnar structure and that grains grew in the form of a 

pyramid with wide peaks and are almost condensed. 

Images from the implanted samples are given in Figures 

2(b-e). A common behavior can be seen in all images; in 

all samples, nano-particles grew parallel to each other, 

similar to prayer beads, which may be due to the 

presence of parallel microgrooves on the sample surface 

which were created while polishing. The grooves can act 

as active zones for nucleation and growth. In comparing 

images related to sample C1(Fig. 2a) and sample C2(Fig. 

2b), it is evident that the applied energy is used to 

compress the grains and shrink their size through the 

surface diffusion of atoms. Increasing the energy in 

sample C3(Fig. 2c) leads to the absorbed atoms having 

more mobility and caused the grains to combine with 

each other. The grains grow shows a hillock structure  in 

sample C4(Fig. 2d), and there are deep grooves between 

the grains because of the displacement of grain 

boundaries. In sample C5(Fig. 2e) because of sputtering 

induced by ion bombardment, a distance between the 

grains appears which leads to the formation of columnar 

structure. 

 

 

 
 

temperature 

  (K) 

Fluxes 

(ions/cm2) 

Energy 

(keV) 
Sample 

- -  Unimplanted C1 

398 5×1017 15 C2 

400 5×1017 25 C3 

400 5×1017 35 C4 

403 5×1017 45 C5 

Table 1:  The process parameters during implantation. 
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Figure 2: 2D and corresponding 3D height AFM images of as-

coated and implanted samples with nitrogen ion: (a) sample c1, 

(b) sample c2, (c) sample c3 , (d) sample c4 and  (e) sample c5 
 

Table 2 shows the values of average (Ra) and root mean 

square roughness (rms) as well as grain size for as-coated 

and implanted samples. It is obvious that energy 

increased leads to decrease of roughness, except in 

sample C4 in which roughness suddenly increases by a 

higher rate of sputtering. However, induced stress by 

implantation can also influence this increase [10]. From 

Table 2, it can be seen that there is a direct relationship 

between roughness value and grain size, which is in 

accordance with literature [11]. 

 
Table 2: variation of average roughness and root mean square 

roughness as well as grain size 

 

3.3. Mechanical properties  

3.3.1. Micro-hardness and Young’s modulus 

Table 3 shows the results of micro-hardness and Young’s 

modulus for as-coated and implanted samples in 10 mN 

loads. It was observed that hardness and Young’s 

modulus increases as energy increases, possibly because 

of the deeper penetration of nitrogen ions and the 

thickening of the amorphous nitride  layer [12]. Overall, 

factors like surface roughness, ion concentration of the 

nitrogen, and grain size have the greatest impact on 

hardness and Young’s modulus. According to the 

hardness values obtained in this study, it can be said that 

grain size has the strongest effect on hardness. 

Decreasing grain size according to the Hall-Petch 

equation and nitrogen sediment in the chromium layer 

causes increase in hardness and Young’s modulus [10]. 
 

Table 3: Microhardness and Young’s modulus of as-coated and 

implanted samples as a function of energy ion implantation. 

 

Figure 3 shows atomic force microscopic images of 

indentations created in the surfaces of samples C2 and C5 

after the micro-hardness test with a 10mN load. A 

decrease in the indentation area was seen when energy 

increased from 15keV to 45keV, illustrating the increase 

in hardness. 

 
Figure 3: Atomic force microscopic images of indentations 

created in the surfaces of samples: (a) Sample c2 and (b) sample 

c5. 

3.3.2. Friction coefficient 

Figure 4 shows a diagram of the friction coefficient 

versus distance for as-coated and implanted samples. It 

can be seen that the friction coefficient in implanted 

samples decreases in comparison with that of the as-

coated samples. Generally, the friction coefficient 

depends on the two factors of surface roughness and 

hardness. Sample C5 had the lowest friction coefficient 

because of its less surface roughness and more hardness 

compared with other samples. Scanning electron 

microscopy was used to study the wear mechanism. 

 
Figure 4: Friction coefficient as a function of sliding distance. 

Grain 

Diameter 

[nm] 

Surface Roughness 

[Aº]aR       [Aº]msr 

Sample 

150±12 15.9               12.4 1C 

143±22 15                  12 2C 

138±18 9.4                 7.5 3C 

134±14 28.6              23.6 4C 

132±27 14.5               11.6 5C 

Young’s modulus (GPa) 

10mN 

Hardness(GPa) 

10mN 

Sample 

223.3±9.6 5.33±0.68 1C 

253.1±5.8 5.59±0.25 2C 

255.4±1. 5 5.75±0.05 3C 

263.9±2.0 17.32±0.24 4C 

264.1±6.5 19.57±0.7 5C 
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3.3.3. Wear mechanism 

Wear grooves created on the surface of as-coated and 

implanted samples are shown in Figure 5. Fractures can 

be seen on the surface of sample C1(Fig. 5a), which 

indicate abrasion wear in this sample, probably because 

of the application of high power or the brittle material 

forming the layer. Pitting is observed on the surface of 

sample C3(Fig. 5b) which was refilled, but caused hard 

coarseness on the sample surface; therefore, wear in this 

sample is of the abrasion type. Some smashing and 

pitting was seen on the surface of sample C4(Fig. 5c) 

which shows delamination wear. Some areas of the 

surface of sample C5(Fig. 5d) were cut out and 

subsequently re-attached; therefore, wear is of the 

adhesive type. The wear mechanisms in samples C1 and 

C3 were not much different, but with increasing energy 

(samples C4 and C5), because of the mechanical work 

(displacement of atoms), wear types are delamination and 

adhesive, respectively. The surface of the sample which 

is undergoing nitrogen ion implantation is affected by 

compressive stress, and this could lead to improved wear 

resistance. Generally, factors which are effective in 

improving wear resistance are hardness increase and 

friction decrease, because a decrease in the friction 

coefficient means a decrease of transfer tangent power in 

the surface of the samples. Images also show that the 

wear track decreases as energy increases, which indicates 

the improvement of wear resistance. 

 

 

 

 
Figure 5: The morphologies of grooves wear formed. (a) 

sample c1, (b) sample c3, (c) sample c4 and (d) sample c4 

4. CONCLUSIONS 

XRD patterns showed that increasing nitrogen ion energy 

had no effect on forming the CrN phase, but penetration 

depth and diffusion domain of atoms changed. 

Calculating grain size by atomic force microscopic 

images illustrated that generally, the grain size decreased 

in implanted samples. Nitrogen sediment in the solid 

solution after the nitrogen ion implantation caused 

hardness to increase. Nitrogen ion implantation caused 

the friction coefficient to decrease. The value of decrease 

in vertical power ranged from 0.5 in sample C1 to 0.23 in 

sample C5. The wear mechanism for sample C1 is 

abrasion, but with increased energy, the wear mechanism 

shifted to delamination and adhesive. 
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