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Abstract: In this paper it was investigated the formation of complex boriding diffusion layers on metastable austenite Cr-Mn-N steel 
powder method. Defined phase and chemical composition, thickness, microhardness and wear resistance obtained by layers of metastable 
austenite Cr-Mn-N steel. It is established that the application of an external magnetic field (EMF) leads to a redistribution of the proportion 
boride phases in the surface layers of the crystal lattice period changes. EMF allows in 1.5 – 2 times to reduce the period of saturation 
details, microhardness diffusion boride coatings increase to 20,5 – 21 GPa and increase their wear resistance in 2.4 – 3 times compared to 
steel without protective coating. Boriding a magnetic field will increase the microhardness boride coatings 6 – 7 GPa compared to the 
boriding without application of a magnetic field. 
KEYWORDS: BORIDING, BORIDE LAYER, COPPER, STRUCTURE, DIFFUSION, FRICTION, MICROSTRUCTURE, 
MICROHARDNESS, WEAR RESISTANCE, AUSTENITE Cr-Mn-N STEEL 
 

1. Introduction 
 
Austenite Cr-Mn-N steel refers to wear resistant steel in which 

metastable austenite during operation undergoes a phase change to 
create ε - martensite [1]. However, in the demanding conditions of 
intense loading at hydroabrasive wear in different corrosive 
environments, such as hydraulic gate fittings parts with Cr-Mn-N 
steel, a problem improvement operational characteristics [2]. An 
effective method is the use of chemical heat treatment (CHT) using 
boron and other saturation elements. CHT allows creating on the 
surface of the material structure, which is composed of highly rigid 
boride phases [3 – 4]. However, diffusive multicomponent boriding 
quite energy consuming process, therefore to reduce energy 
consumption necessary to use methods for intensification the 
process saturation. One of these methods is the application of an 
external magnetic field (EMF), the so-called magnetic thermo 
chemical treatment [5].  

To solve this problem, we used a complex diffusive saturation 
of the surface layer of Cr-Mn-N steel boron or boron and copper at 
simultaneous action of EMF. 

The aim of this work was to study diffusive boride coatings 
and coatings obtained after saturation with boron and copper on               
Cr-Mn-N steel, obtained in different physical - chemical conditions, 
namely: conducting saturation without the use of an external 
magnetic field (EMF), and at simultaneous application.  

 
2. Materials and experiment 

 
Processes boriding and complex saturation with boron and 

copper performed powder method in a special at a temperature of 
975 °C during 2, 4, 5 and 6 hours using fusible valves. Saturation 
steels boron or boron and copper performed in powder mixtures on 
the basis of technical boron carbide B4C with the addition of 
powders Cu2O, Cu3P, as a source of copper and fluoroplast as 
activating additions. 

To create a magnetic field coil (solenoid) used, which 
consisted of 635 windings tires aluminum alloy, the size of                
10x20 mm; the current strength – 60 A; the magnetic induction –              
35 mT. For magnetic thermochemical treatment in coil placed high 
temperature furnace with crucible and packed in them saturated 
mixture for boriding with samples of Cr-Mn-N steel. 

Investigation of the structure of boride coatings on Cr-Mn-N 
steel performed on microsections subjected a high temperature 
etching at 400°C at excerpt 30 minutes in the furnace                       
HSOL – 1,6.2,5.1/11 with followed by cooling to room temperature 

in air. Thermal etching, which is based on the chemical activity 
phases depending on their composition, led to the emergence of 
color painting phases, and allowed to determine their location in 
the structure of coatings. It should be noted that the sensitivity to 
thermal etching phase nucleation centers is much higher than a 
conventional chemical etching [6].  

Microhardness measurements were carried out on the 
equipment PMT – 3 no less than 15 – 20 fields of view at a load of 
0.49 – 0.98 N. Measuring accuracy microhardness was – ±300 MPa. 

Research of the chemical composition of coatings performed 
microrengenospectral analysis on electronic scanning microscope – 
SEM 106 with increasing in 2000 time, accuracy – 0.01% by 
weight. Determination of the chemical composition performed by 
EDS, calculation of quantitative chemical composition - the 
method of ZAF 

Phase composition, quantitative analysis phase, the periods of 
the crystal lattice, volume of elementary lattice phase, regions of 
coherent scattering in boride coatings were analyzed for X-ray 
diffractometer Ultima-IV of Rigaku (Japan), in the copper Kα 
monochromatic radiation. 

Testing of coatings on the wear resistance performed on 
friction machine [7]. 

 
3. Results and discussion 
 
Microstructural analysis established that after diffusion 

saturation Cr-Mn-N steel in boriding mixture during 5 hours formed 
diffusion layer with thickness up to 50 microns (Fig. 1, a), while the 
complex saturation with boron and copper during 5 hours diffusion 
saturation – up to 75 microns (Fig. 1, c). Overlay EMF at boriding 
during 2 hours leads to increases diffusion boride layer in 1.8 times 
(up to 90 microns) (Fig. 1, b), and in 1.3 times at the complex 
saturated with boron and copper (up to 100 micron) (Fig. 1, d).  

 Microstructure boride layer, shown in Fig. 1 (a) and Fig. 1 (b) 
has a layered structure and uniform distribution of phases over the 
cross section of a separate layer via presence inclusions of other 
phases, which are local dark zones in the structure layer. Coating 
consists of different phases with a grain size of 1 – 2 microns, 
multifaceted or droplike forms slightly elongated in the direction of 
the front diffusion of saturating elements. Typical for boride 
coating is  presence the diffusion micropores, which oriented along 
the subsurface (Fig. 1, b). Boride layer structure formed at complex 
saturation with boron and copper in conditions of action EMF, has 
more pronounced layered nature with greater uniformity within a 
separate layer and a less quantity micropores (Fig. 1, d). 
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                    а                                                 b 
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Fig.1. Microstructures complex boride coatings on Cr-Mn-N steel 
obtained in different physical - chemical conditions: a – boriding 

without action EMF, the duration of saturation 5 hours, x200;                 
b – boriding in EMF, the duration of saturation 2 hours, x200;                    

c – complex saturation with boron and copper without action EMF, 
the duration of saturation 5 hours, x200; d – complex saturation 

with boron and copper with simultaneous action EMF, the duration 
of saturation 2 hours, x200, (thermal etching) 

 Investigation of the distribution microhardness by section 
boride diffusion layer on Cr-Mn-N steel shown in Fig. 2. It is 
shown that boriding allows to get diffusion coating with 
microhardness of surface substratum up to 14.5 GPa, and formation 
boride layers in conditions of action EMF promotes improves 
microhardness of surface substratum up to 20.5 – 21 GPa. 
Microhardness surface layers obtained after complete saturation 
with boron and copper on Cr-Mn-N steel was 13.0 GPa, and these 
layers obtained in conditions of action EMF – 18.0 GPa (Fig. 2). So 
after boriding with simultaneous action EMF on surface Cr-Mn-N 
steel get boride layers, microhardness which was in 1.5 times 
higher than microhardness boride coating obtained without action 
EMF and in 7 times higher than the microhardness base                         
(2.5 – 3 GPa). At the complex saturation Cr-Mn-N steel boron and 
copper with simultaneous action EMF, observe formation more 
plastic boride diffusion layers with less microhardness in 1.2 times 
compared with boriding in conditions of action EMF (Fig. 2). 
Along with this application the complete saturation with boron and 
copper with simultaneous action EMF leads to increases the 
microhardness in 1.4 times compared with the complete saturation 
with boron and copper without action EMF and in 6 times 
compared with the material base. Application EMF can increase 
microhardness boride coatings on 6 – 7 GPa, compared with boride 
coatings obtained without action ZMP. Microhardness distribution 
in the coating depending on the distance from the surface has 
stepped character and indicates on different phase composition by 
section boride diffusion layer (Fig. 2). At this the maximum 
hardness is formed in the surface layer FeB phases, thickness 10 – 
15 microns. 

Investigation of the distribution of elements over the cross 
section diffusion layer on samples of Cr-Mn-N steel after boriding 
and complete saturation with boron and copper in different physical 
- chemical conditions shown on Table 1 – 4 and Fig. 3 – 4. The 
point X-ray spectral analysis boride coating established that 
chromium, which is the main alloying element in Cr-Mn-N steel 
with containing up to 15% weight, unevenly distributed over the 
cross section of the diffusion layer. The main concentration of 
chromium is concentrated in the central and near-boundary up to 
matrix part boride coating. Since the thickness boride coating 
dependent on the conditions of saturation and composition of 
saturating environment, then in boride layers at the general 
thickness of the coating 45 – 50 microns maximum chromium 
content of 18 – 20 % weight detected at a depth of 15 – 30 microns. 
Outside boride layer of the chromium content decreases sharply up 

to 6 % weight (Fig. 3, a; Table. 1). For boride layer thickness                   
85 – 90 microns obtained in conditions of action EMF, the main 
part of the chromium with content from 17 % weight up to                       
24 % weight focuses on the depth of 30 – 65 microns boride layer 
(Fig. 3, b; Table. 2). 

 
Fig.2. Change microhardness by thickness diffusion boride 

coatings on Cr-Mn-N steel obtained in different physical - chemical 
conditions: 1 – boriding without EMF; 2 – complex saturation with 
boron and copper without EMF; 3 – boriding at the simultaneous 
action EMF; 4 – complex saturation with boron and copper with 

simultaneous action EMF 

  
                    а                                                b 

Fig. 3. The structure of cross section with boride layers on                     
Cr-Mn-N steel: a – boriding without EMF, the duration of 

saturation 5 hours; b – boriding at the simultaneous action EMF, 
the duration of saturation 2 hours (chemical analysis determined in 

the points +1, +2, +3, +4, +5, +6, +7, +8, +9) 
Table 1. Chemical composition diffusion layer on Cr-Mn-N 

steel obtained after boriding without action EMF 
Table 2. Chemical composition diffusion layer on Cr-Mn-N 

steel obtained after boriding при накладанні ЗМП 
 

Elements 
Position 

+ 1 + 2 + 3 + 4 + 5 + 6 + 7 
% weight 

Si (K) 0,00 0,00 0,00 0,00 0,04 0,02 0,89 
V (K) 0,23 0,18 0,43 0,47 0,28 0,39 0,08 
Ti (K) 0,96 1,36 0,71 0,17 0,00 0,00 0,47 
Сr (K) 9,87 6,23 16,91 17,80 18,91 23,78 1,71 
Mn (K) 8,88 7,84 4,02 6,65 7,00 7,70 4,33 
Fe (K) 80,06 84,36 77,93 74,91 76,77 68,11 92,51 

At the complete saturation with boron and copper distribution 
of chromium over the cross section diffusion layer is more evenly 
and has a higher concentration of 12 – 14% weight with maximum 
chromium content up to 20% weight in the boundary zone boride 
layer with matrix. Outside the diffusion layer in the matrix alloy 
chromium content decreases sharply up to 1.6% weight. This 
distribution of chromium well correlates with X-ray phase analysis 
because high chromium content corresponds to the location phase 
(Fe, Cr)B, and the maximum chromium content corresponds the 
phase CrB. 

X-ray spectral analysis established the discrete distribution of 
copper over the cross section boride coating and concentration 

 
Elements 

Position 
  + 1   + 2   + 3   + 4   + 5   + 6   + 7   + 8    + 9 

% weight 
Si (K) 0,00 0,14 0,66 0,00 0,00 1,91 0,00 0,07 0,20 
V (K) 0,00 0,08 0,37 0,00 0,08 0,67 0,00 0,00 0,00 
Ti (K) 0,08 0,16 0,35 0,14 0,12 1,27 0,06 0,11 0,00 
Сr (K) 0,70 0,68 7,82 17,63 18,70 19,25 19,80 14,65 5,91 
Mn (K) 0,12 0,12 1,25 1,61 1,78 2,30 1,69 1,73 1,85 
Fe (K) 99,10 98,82 89,55 80,58 79,32 82,63 78,45 83,44 92,04 
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separate inclusions of copper in the surface areas boride phases 
(Fig. 4, Table 3, 4). The concentration of copper in separate areas 
of the surface substratum thickness up to 15 microns  
reaches  96 % weight, because on the X-ray diffraction fixed phase 
copper. Mostly copper located in the surface phase FeB. Outside 
inclusions of copper found gradual decrease its concentration over 
the cross section boride layer from 1.64% weight in the surface 
area up to 0.18% weight on the border with basis, and in the basis 
of copper were not found. 

  
                    а                                                b 

Fig. 4. The structure of cross section boride layers on Cr-Mn-N 
steel: a – complex saturation with boron and copper without action 
EMF, the duration of saturation 5 hours; b  – complex saturation 

with boron and copper with simultaneous action EMF, the duration 
of saturation 2 hours (chemical analysis determined in the points 

+1, +2, +3, +4, +5, +6, +7, +8) 
Table 3. Chemical composition of the diffusion layer on                 

Cr-Mn-N steel obtained after complex saturation with boron and 
copper without action EMF 

 
Elements 

Position 
+ 1 + 2 + 3 + 4 + 5 + 6 + 7 + 8 

% weight 
Si (K) 0,04 0,06 0,03 0,08 0,00 0,03 0,00 0,70 
V (K) 0,37 0,54 0,37 0,26 0,32 0,28 0,30 0,12 
Ti (K) 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
Сr (K) 14,99 12,69 11,49 11,58 11,96 19,41 20,09 1,61 
Mn (K) 1,38 3,86 3,32 1,16 5,34 5,35 5,44 3,37 
Fe (K) 81,59 81,90 83,25 86,64 81,80 74,55 74,00 94,19 
Cu (K) 1,64 0,96 1,54 0,28 0,58 0,37 0,18 0,00 

Table 4. Chemical composition of the diffusion layer on                 
Cr-Mn-N steel obtained after complex saturation with boron and 
copper with simultaneous action EMF 

 
Elements 

Position 
     + 1      + 2        + 3        + 4        + 5        + 6        + 7         + 8 

% weight 
Si (K) 0,03 0,64 0,43 0,08 0,03 0,00 2,53 0,21 
V (K) 0,00 0,00 0,16 0,18 0,22 0,25 0,39 0,67 
Ti (K) 0,07 0,00 0,22 0,06 0,08 0,04 0,10 0,07 
Сr (K) 0,54 0,39 3,28 12,92 13,10 25,77 26,57 50,62 
Mn (K) 0,84 0,84 3,32 13,53 6,46 5,44 13,42 4,40 
Fe (K) 2,63 2,17 56,60 70,64 79,71 68,05 54,76 44,03 
Cu (K) 95,89 95,96 35,99 2,59 0,40 0,45 2,23 0,00 

X-ray phase analysis of Cr-Mn-N steel with a diffusion 
coating established that at boriding without action EMF in the 
surface layer of 15 – 20 um formed phases FeB, (Fe, Cr)B and CrB 
(Fig. 5, a), and at the complex saturation with boron and copper 
without action EMF – phase FeB, (Fe, Cr)B and Cu (Fig. 6, a). 

At the application EMF observed an increase a thickness of 
the boride coating and particular interlayer phase FeB. As a result, 
on the X-ray diffractograms surface layers boride coatings obtained 
after boriding in conditions of action EMF fixed the presence of 
phases FeB and (Fe, Cr)B (Fig. 5, b). After complex saturation with 
boron and copper with simultaneous action EMF, since formed 
coating of greater thickness than the boridin, then on the X-ray 
diffractograms fixed the presence of phases FeB and Cu (Fig. 6, b). 

Overlay EMF leads to increases the separate layers boride 
phases and redistribution of quantitative correlation boride phases in 
the surface layers and changes of crystal lattice periods (Table 5). At 
the complex saturation with boron and copper volume share of 
copper in the surface layer, to the results of X-ray structural 
investigations was 2%, and at the CHT with simultaneous action 
EMF quantity of copper component in the surface phase FeB 
increased to 53.7%. 

 
                    а                                                    b 

Fig. 5. X-ray diffraction picture taken from the surface of the             
Cr-Mn-N steel with boride coatings obtained after: a – boriding, 

the duration of saturation 5 hours; b – boriding with simultaneous 
action EMF, the duration of saturation 2 hours 

  
                    а                                                    b 

Fig. 6. X-ray diffraction picture taken from the surface of the             
Cr-Mn-N steel with boride coatings obtained after: a – complex 

saturation with boron and copper without action EMF, the duration 
of saturation 5 hours; b – complex saturation with boron and 

copper with simultaneous action EMF, the duration of saturation        
2 hours. Diffraction peaks Cu correspond crystallographic planes: 

(111) (200) (220) (311) (222) 
Table 5. Parameters of crystalline lattice phase and quantity 

phase analysis of the surface Cr-Mn-N steel after boriding and 
complex saturation with boron and copper in different physical - 
chemical conditions 

Process 
saturation 

Name 
phase 

Parameters of crystal 
lattice, Å 

Volume 
(A3) 

Contents 
phases 

(%) а b c 
Boriding 

without EMF 
FeB 4,106 5,558 2,947 67,26 24 

FeCrB 14,537 7,316 4,211 447,90 20 
CrB 2,959 7,664 2,951 66,93 56 

Boriding with 
simultaneous 
action EMF 

FeB 4,105 5,540 2,950 67,09 97  

FeCrB 14,520 7,370 4,142 443,00 3 

Complex 
saturation with 

boron and 
copper without 

action EMF 

FeB 4,105 5,540 2,950 67,09 76 

FeCrB 14,520 7,370 4,142 443 22 

Cu 3,615 3,615 3,615 47,24 2 
Complex 

saturation with 
boron and 

copper with 
simultaneous 
action EMF 

FeB 4,086 5,504 2,950 66,35 46,3 

Cu 3,614 3,614 3,614 47,20 53,7 

Boriding and complex saturation with boron and copper 
allows to increase the wear resistance of Cr-Mn-N steel as at the 
simultaneous action EMF, and without its influence (Fig. 7). Thus, 
the rate of wear Cr-Mn-N steel without coating for the first hour 
was 2,15 ∙ 10-6 kg/m2 ∙ sec., while at the boriding without action 
EMF wear rate was 1,67 ∙ 10-6 kg/m2 ∙ sec., and at the complex 
saturation with boron and copper without action EMF –                   
1,39 ∙ 10-6 kg/m2 ∙ sec. Application boriding with the simultaneous 
action EMF leads to decrease the rate of wear for the first hour to 
0,86 ∙ 10-6 kg/m2 ∙ sec., and at the complex saturation with boron 
and copper with simultaneous action EMF to 0,65 ∙ 10-6 kg/m2 ∙ sec. 
The results show that the lowest rate of wear by the end of period 
burnishing inherent boride coating obtained at complex saturation 
with boron and copper with simultaneous action EMF. At this the 
rate of wear layers saturation copper obtained with simultaneous 
action EMF in 4 times less than without coating. Continue the wear 
up to 2 hours showed that the rate of wear of the surface layers 
during this period was: Cr-Mn-N steel without saturation                       
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1,53 ∙ 10-6 kg/m2 ∙ sec., boriding without action EMF –                         
1,39 ∙ 10-6 kg/m2 ∙ sec., complex saturation with boron and copper 
without action EMF – 0,97 ∙ 10-6 kg/m2 ∙ sec., boriding with the 
simultaneous action EMF – 0,78 ∙ 10-6 kg/m2 ∙ sec., complex 
saturation with boron and copper with simultaneous action EMF – 
0,59 ∙ 10-6 kg/m2 ∙ sec. On step 5 hour the wear rate diffusion layers 
was respectively of Cr-Mn-N steel without saturation                           
1,47 ∙ 10-6 kg/m2 ∙ sec., boriding without action EMF –                       
0,92 ∙ 10-6 kg/m2 ∙ sec., complex saturation with boron and copper 
without action EMF – 0,67 ∙ 10-6 kg/m2 ∙ sec., boriding with the 
simultaneous action EMF – 0,61 ∙ 10-6 kg/m2 ∙ sec., complex 
saturation with boron and copper with simultaneous action EMF – 
0,51 ∙ 10-6 kg/m2 ∙ sec. 

 
Fig. 7. Histogram of wear boride coatings on Cr-Mn-N steel 

obtained in different physical - chemical conditions: 1 – Cr-Mn-N 
steel without coatings; 2 – boriding without action EMF;                            

3 – complete saturation with boron and copper without action 
EMF; 4 – boriding with simultaneous action EMF; 5 – complex 

saturation with boron and copper with simultaneous action EMF 
Wear resistance Cr-Mn-N steel after boriding increases in               

1.6 times, at this the coefficient of friction is 0.53 and boride 
diffusion layers obtained with simultaneous action EMF increase 
wear resistance Cr-Mn-N steel in 2.4 times, at this the coefficient 
of friction is 0.48. Application the complex saturation with boron 
and copper leads to increases the wear resistance Cr-Mn-N steel in             
2.2 times, at this the coefficient of friction is 0.42. Boride layers 
formed on Cr-Mn-N steel in conditions of action EMF at complex 
saturation with boron and copper allow increase wear resistance 
Cr-Mn-N steel in 3 times, at this the coefficient of friction is 0.41. 

At all stages lowest wear rate was detected in boride layers 
obtained at the complex saturation with boron and copper with 
simultaneous action EMF (Fig. 7). 

 
4. Conclusions 
 
Formation of diffusion boride coatings on Cr-Mn-N steel in 

conditions of action EMF allows in 1.5 – 2 times decrease the 
duration of saturation the details setting coating thickness and 
obtain more homogeneous structure boride layer with high 
hardness and wear resistance. 

At the boriding without action EMF on Cr-Mn-N steel in the 
surface diffusion layer up to 15 – 20 microns formed phases FeB, 
(Fe, Cr)B та CrB, and at complete saturation with boron and 
copper without action EMF formed phase FeB, (Fe , Cr)B and Cu. 

The application of an external magnetic field leads to increase 
layers boride phases in the coating. Observed the increase of 
volume phase FeB and on the diffractograms surface layers boride 
coatings, obtained after boriding in conditions of action EMF fixed 
the presence of phases FeB and (Fe, Cr)B. After complex saturation 
with boron and copper with simultaneous action fixed the phase 
FeB and Cu. 

At the boriding Cr-Mn-N steel the maximum quantity of 
chromium 19% weight in boride coatings focuses on the depth                   
15 – 25 microns, and at the complex saturation with boron and 
copper – on the depth 45 microns in the quantity of 20% weight. 

The application boriding with simultaneous action EMF             
Cr-Mn-N steel leads to diffusion redistribution Cr in the coating with a 
maximum concentration Cr of 24% weight on the depth 65 microns, 
and at the complex saturation with boron and copper with simultaneous 
action EMF – 50.5% weight Cr on the depth 60 microns. 

It is shown that the microhardness of the surface layers               
Cr-Mn-N steel after boriding was 14.5 GPa, and at the boriding 
with simultaneous action EMF increased to 21.0 GPa. 
Microhardness surface layers obtained after complete saturation 
with boron and copper on Cr-Mn-N steel was 13.0 GPa, and layers 
obtained at the complex saturation with boron and copper with 
simultaneous action EMF – 18.0 GPa. In this way boriding and 
complex saturation with boron and copper with simultaneous action 
EMF allows increase the microhardness of the surface boride layers 
in 1.5 and 1.4 times respectively. 

Wear resistance of Cr-Mn-N steel after boriding increase in 1.6 
times, at this the coefficient of friction is 0.53, and at the boriding 
with simultaneous action EMF wear resistance Cr-Mn-N steel 
increase in 2.4 times, at this the coefficient of friction is 0.48. The 
complex saturation with boron and copper leads to increases the wear 
resistance Cr-Mn-N steel in 2.2 times, at this the coefficient of 
friction is 0.42, and at the complex saturation with boron and copper 
Cr-Mn-N steel with simultaneous action EMF wear resistance 
increase in 3 times, at this the coefficient of friction is 0.41. 

The best wear resistance in conditions of dry friction have 
boride phases formed on Cr-Mn-N steel at complex saturation with 
boron and copper with simultaneous action EMF. It is explained of 
the change phase composition, morphology, increase a 
microhardness the diffusion coating and the presence separate 
accumulations of copper in surface zones boride layers, which 
performing the role of solid oils. 
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