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Abstract – The composition, structure and abra-

sive wear resistance of steel 3 after high-power ion 

beam (HPIB) treatment of sample surface with 

boron nitride emulsion is investigated. It is shown 

that HPIB treatment is accompanied by the phase 

transformation of boron nitride (hexagonal boron 

nitride – cubic boron nitride). It leads to increase 

of hardness and wear resistance. Thickness of 

strengthening layer is about one micron. 

1. Introduction 

Various methods, such as mechanical, thermometal-

lurgical, physicochemical techniques and deposition 

of wear-resistant coatings, have been developed and 

successfully introduced today for modification of the 

surface of goods so as to improve their wear resistance 
[1–6]. The physicochemical methods include, specifi-

cally, plasma nitriding and borating with exposure, 

among other things, to concentrated high-energy beams 

(ion and electron beams, laser radiation) [6]. 

It is known that pretreatment of surfaces by the ion 

implantation or the exposure to pulsed beams before 
deposition of wear-resistant coatings can improve the 

adhesion and, hence, the lifetime of the coatings [7, 8]. 

Pulsed high-power ion beams (HPIB) are distinguished 

for some objective advantages among different types 

of concentrated energy flows. The path of ions in met-
als and semiconductors is comparable with the energy 

absorption depth determined by the heat conductivity 

of materials and the pulse length. This determines a 

high utilization of the energy carried by ion beams. 

The cross sectional area of the beam is units or tens of 

square centimeters, making it possible to treat large 
areas without sweeping of the beam [9].  

This study deals with the analysis of the composi-

tion, the structure and the wear resistance of the steel 3 

after it has been treated using one of the variants of the 

HPIB method. A specific feature of the experiment is 

that a boron nitride emulsion is deposited on the sur-
face of the steel 3.  

2. Experimental Method  

2.1. Treatment of the surface of the samples  

with a pulsed ion beam  

The test samples were plates 2×2 cm in size made of 
the steel 3. An emulsion of a boron nitride powder 

was deposited on the irradiated surface of the samples. 

The emulsion-coated samples were placed in the 
working chamber of a pulsed ion accelerator [9] and 

were exposed successively to three pulses. The ion 

beam parameters and the irradiation conditions are 

given in Table 1.  
 

Table 1. Parameters of the ion beam and the  irradiation 

conditions 
 

Ion energy 200 keV 

Ion beam current density 80–100 A/cm2 

Pulse length 80 ns 

Beam composition 70% С+, 30% Н+ 

Number of pulses 3 

Chamber working pressure (3–5) ⋅ 10–2 Pa 

2.2. Measurements of the nitrogen  

and boron concentrations  

The average concentrations of nitrogen and boron and 

the distribution of nitrogen in the depth of the samples 

were determined by the nuclear microanalysis method 

using a physical nuclear installation based on an EG-
2M Van de Graaf electrostatic accelerator and the 

N14(d, α)C12 and B10(d, α)Be8 reactions on a beam of 
deuterons having the energy E = 900 keV. The calcu-

lations were made using values measured on TiN0.82 

and B2O3 standard samples.  

2.3. Analysis of structure 

The structure was analyzed by the X-ray diffraction 

method in the sliding beam geometry (a Shimadzu 

XRD-600 diffractometer with CuK(α) radiation). The 
phase composition was analyzed using the PCPDFWIN 

databases and the Powder Cell 2.4 program for full-

profile analysis.  

2.4. Microhardness measurements  

The microhardness HV was measured using a PMT-3 

hardness meter. It was measured on the implanted side 
under loads of 0.15 to 0.01 kg. The hardness HV and 

the effective depth x (one-half of the penetration depth 

of the indenter) were measured at each load P. The 
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effective depth x = D/14, where D is the diagonal of 

the Vickers pyramid indentation [4]. 

2.5. Abrasive wear resistance tests  

The abrasive wear resistance of the samples was tested 

using an installation based on a centrifugal accelerator 

of hard particles [10]. Silicon carbide particles 100 μm 
in diameter hit the surface of the samples, which was 

limited by a diaphragm of diameter 16 mm, at a speed 

of 30 m/s and an angle of 45°. All the samples, includ-

ing the standard samples of the steel 3, were tested 

simultaneously. The tests included determination of 

the weight loss m by each sample after consumption 

of a certain dose Φ of the abrasive. Under the experi-
mental conditions the 1-mg weight loss by a sample 

corresponded to a linear wear x = 0.64 μm, while the 

1-kg dose Φ of the consumed abrasive corresponded 

to the dose Φ = 2.5 ⋅ 106 impacts of particles per cm2.  
 

2.6. Analysis of the surface morphology  

The surface morphology of the samples was studied in 

a SMM-2000 (STM) scanning tunneling microscope. 

Average values (over five scans 20×20 μm) of the 
arithmetic mean roughness Ra, the range of heights Rz 

and the roughness asperity spacing Sm (by the average 

length of the asperity projections on the middle line of 

the profile) [11] were calculated for each test sample 

and each standard sample. The measurements were 

made each time the upper layer ~ (0.1–0.2) μm thick 

and a layer > 2 μm thick were removed by a jet of 
abrasive particles.  

3. Results and discussion  

The operation of high-power ion beams with the pa-

rameters given in Table 1 is based on quick heating 
(~1011 K/s) of the surface layer of a metal to a maxi-

mum depth of 3 μm and subsequent quick cooling of 
this layer after the beam is cut off or even at the trail-

ing edge of the current pulse. According to calcula-

tions, the cooling rate is over 109 K/s, which is much 

higher than traditional values. The beam causes the 

convective mixing of the material and the surface 
layer of boron nitride and the formation of thermoelas-

tic compression waves (a sharp increase in the pres-

sure, the density and the temperature). The combina-

tion of these processes leads to changes in 

physicochemical properties and, hence, the surface 

layer of the material acquires properties having practi-
cal significance.  

Figure 1 presents dependences of the nitrogen con-

centration (CN) and the hardness (HV) on the depth x. 

It is seen from this figure that the dependences of CN 

and HV exhibit the same behaviors: a thin surface zone 

(x < 1 μm) has the largest nitrogen concentration and 

an improved hardness. At x > 1 μm the average nitro-
gen concentration is several times lower and, corre-
spondingly, the hardness is worse. In this case, both 

the nitrogen concentration and the hardness have a 

small maximum at x ~ 2 μm. These unusual, but syn-
chronous, behaviors of CN and HV confirm that the 

hardness of the modified material (the steel 3) is un-
ambiguously connected with the amount of the sub-

stance supplied from the surface emulsion. 

 

 
 

 
 

The average atomic concentration of boron and the 

average nitrogen concentration are nearly equal. This 

fact and the improved hardness of the surface layer 
suggest that the surface modification of the material is 

due not only to the convective mixing of the target 

material and particles of hexagonal boron nitride (α-
BN), but also to the formation of cubic boron nitride 

(β-BN). Indeed, the x-ray diffraction analysis demon-
strated that the surface layer of the samples contained 

only the β-BN phase, i.e., the phase-chemical trans-

formation of α-BN to β-BN took place under the 
given HPIB treatment conditions (Table 1). 

Thus, the observed maxima of the hardness and the 

nitrogen concentration can only be connected with 
wave processes, which are accompanied by the mass 

transfer and phase-chemical transformations under the 

action of a high-power energy pulse to the surface. 

  Results of the wear resistance tests of the standard 

samples and the test samples in a jet of abrasive parti-

cles are shown in Figs. 2, a and b (dependences of m 

[kg] or x [μm] on Φ [kg] or Φ [particles/cm2]; the cor-
responding values are plotted on the axes (on the left 

and the right, at the top and the bottom respectively). 

 

Fig. 1. Dependences of CN 

and HV on the depth for sam-

ples No. 1 (a), No. 2 (b) and  

                 No. 3 (c) 
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It is seen from these figures that the dependence 

m = f(Φ) for the standard samples is linear and passes 
almost through the origin of the coordinates. In the 

case of the HPIB-modified samples the dependence 

m = f(Φ) includes an initial section of a less intensive 
wear and then it represents a straight line whose slope 

(i.e., the wear rate IП) differs little from ∂m/∂Φ = I0  
for the standard samples. 

The wear rate in the surface zone of the modified 

samples was estimated by the method described in [10]. 

This means that some layer mП, whose wear rate dif-

fers “on the average” from the wear rate of the base 

material, is present on the surface of the samples. The 
ratio of the wear rate (I) of the strengthened layer hav-

ing the thickness mП to the wear rate of the standard 

sample (I0), I / I0 = [(Δm/mП) + 1]–1, is calculated from 

the slope of the middle line m = f(Φ) for all the four 
standard samples and from the linear section of the 

dependence m = f(Φ), which passes through the origin 
of the coordinates (Fig. 2, a), of the same sample. 
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Fig. 2. Dependences of the wear rate (m [mg] on the left; m 

[μm] on the right) on the dose of abrasive particles (Φ [kg] 

  at the bottom; Φ [particles/cm2] at the top) 

The displacement of the straight lines on the ordi-

nate axis corresponds to Δm, while the average weight 
mП of the strengthened layer is determined from the 

section with points deviating from the straight-line 

dependence m = f(Φ) (Fig. 2, b). Thus, we have some 
layer of the weight mП with a constant wear rate  

I = ∂m/∂Φ, which is underlain by a material with, 
similarly, a constant (actually an “average”) wear rate 

IП approaching I0 = ∂m/∂Φ of the standard samples. 

All the three estimates of the relative wear rate in the 
surface zone of the samples are given in Table 2.  

 
Table 2. Wear parameters of the modified surface layer 

 

No.
mП, 

μm 

Δm, 

μm 

I = ∂m/∂Φ,

μm/kg 
I / I0 

I / I0 = 

= [(Δm/mП) + 1]–1

1 0.50 0.81 0.18 0.50 0.38 

2 0.25 0.38 0.18 0.50 0.40 

3 0.25 0.44 0.16 0.44 0.36 

 
It is seen from this table that the strengthened layer 

(mП) is 0.25–0.50 μm thick. The wear rate decreases at 
a depth greater than this layer. The same regularity is 

observed for the nitrogen distribution in depth (Fig. 1). 
The nitrogen concentration drops abruptly at 

x > 0.5 μm.  
The study of the wear surface morphology pro-

vides additional information about the wear mecha-

nism. It is seen from Table 3 that the character of the 

surface roughness after removal of wear particles (Ra, 

Rz and their ratio) is practically the same for all the 
samples both at the beginning of the wear process near 

the initial surface (Φ = 1 kg, х = 0.1–0.2 μm) and at 

later stages (Φ = 18 kg, х ~ 6 μm). 

 

Table 3. Roughness parameters of the surface of the samples 

after their abrasive wear 
 

Ra, nm Rz, nm Ra /Rz 

Ф, kg No. 

1 18 1 18 1 18 

1 50 52 240 200 0.21 0.26

2 51 54 190 230 0.27 0.23

3 41 55 150 270 0.27 0.20

Standard sam. 59 61 205 225 0.29 0.27

 
Since at a depth less than a micrometer the rough-

ness can still be influenced by the initial surface relief 
formed during preparation of the sample, additional 

information about the wear progress and the effect of 

pulses on the wear can possibly be obtained only from 

the roughness parameters at the stationary stage of the 

wear (∂m/∂Φ = const).  
In our experimental conditions, the wear rate IП 

[mg/kg] can be written as IП [μm3/particle], i.e., the 
volume of the material removed by one particle (Ta-

ble 4). 
It follows from Table 4 that one abrasive particle 

removes 16 μm3 of the sample material on the aver-
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age. It is also possible to independently estimate the 

average size of wear particles from Sm denoting the 
average asperity spacing on the wear surface profile, 

which can be compared with the diameter of a defect 

formed on the surface [11]. The average volume of a 

wear particle, which was calculated from Sm, equals 

18 μm3 (Table 4). 
 

Table 4. Wear parameters at the stationary stage 
 

No. СВ, at % Sm, μm π(Sm/2)3, μm3 IП = ∂m/∂Φ, 

μm3/particle 

1 0.05 4.1 27 18 

2 0.09 3.2 13 16 

3 0.17 3.1 12 15 

St. sam.  2.8   

 

This means that one abrasive particle forms ap-

proximately one wear particle. With this wear mecha-

nism, the coarser is the wear particle, the larger is the 
wear rate. In the general case, the number of particles 

bombarding some portion of the surface is propor-

tional to the surface area of this portion (in this case 
2

m
S ), while the volume removed in this portion of the 

surface is 3

m
S . Thus, the wear rate is 

( )3 2particle ~ ~∂
m m m

V S S S . 

This relationship between Sm and the wear rate (IП) in 

the same conditions is observed in the modified and 
the standard samples (Table 4). However, different 

values of IП and, correspondingly, Sm (for the samples 

1, 2, and 3) can result from different average concen-

trations of boron (see Table 4) or different concentra-

tions of β-BN particles. If so, nitrogen, boron or BN 
particles enrich the boundaries of structural elements 

(grains, subgrains, etc.) in the steel 3 and impede the 

formation and the propagation of microcracks, which 
appear upon impacts and, finally, form the free surface 

of separating particles. 

4. Conclusion  

From the above results, it was possible to see how 

HPIB influence materials taking the steel 3 with a 
boron nitride emulsion on its surface as an example.  
 

It was shown that this treatment indeed can lead to a 

useful modification of the surface layer of the mate-
rial, namely the increase in its hardness and wear re-

sistance. A thin (< 1 μm) layer immediately adjacent 
to the surface becomes especially hard.  
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