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A B S T R A C T

Introduction. Control and management of technological residual stresses (TRS) are among the most 
critical mechanical engineering technology tasks. Boriding can provide high physical and mechanical 
properties of machine parts and tools with minimal impact on the stress state in the surface layers. The 
purpose of this work is to determine the temperature modes of diffusion boriding, contributing to a favorable 
distribution of TRS in the surface layer of die steel 3Kh2V8F. The paper considers the results of studies on the 
TRS determination by the experimental method on the UDION-2 installation in diffusion layers on the studied 
steel surface. Boriding was carried out in containers with a powder mixture of boron carbide and sodium 
fl uoride as an activator at a temperature of 950 °C and 1050 °C for 2 hours. The obtained samples of steels 
with a diffusion layer were examined using an optical microscope and a scanning electron microscope (SEM); 
determined the layers’ microhardness, elemental, and phase composition. The experiments resulted in the 
following fi ndings: as the boriding temperature rose from 950 °C to 1050 °C, the diffusion layer’s thickness 
increased from 20 to 105 μm. The low-temperature mode of thermal-chemical treatment (TCT) led to the 
formation of iron boride Fe2B with a maximum boron content of 6 % and a microhardness up to 1250 HV. 
A high-temperature mode resulted in FeB formation with a top boron content of 11 % and a microhardness up 
to 1880 HV. Results and Discussions. It is found that boriding at 950 °C led to a more favorable distribution 
of compression TRS in the diffusion layer. However, signifi cant TRS fl uctuations in the diffusion layer and 
the adjacent (transitional) zone could affect the operational properties after TCT at a given temperature. An 
increase in the TCT temperature led to tensile TRS’s appearance in the layer’s upper zone at a depth of up to 
50 μm from the surface. Despite tensile stresses on the diffusion layer surface after high-temperature TCT, the 
distribution of TCT is smoother than low-temperature boriding.

For citation: Mishigdorzhiyn U.L., Ulakhanov N.S., Tikhonov A.G., Gulyashinov P.A. The structure, phase composition, and residual stresses 
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Introduction

The quality of the surface layer of machine parts and tools is determined by many parameters (roughness, 
waviness, hardness, residual stresses, etc.). It is ensured by a sequence of mechanical and heat treatment op-
erations. Thermal-chemical treatment (TCT) of metals is used to harden the surface layers of forming tools, 
such as dies for stamping processes and injection molding [1-4]. In this case, the technological equipment 
durability and the quality of the products made with its help depend on the quality of the obtained diffu-
sion layers. That determines the need for an integrated approach to assess the properties of diffusion layers, 
including its’ physical and mechanical properties, structural, phase, and stress state. 

It is evident that after TCT there is a difference in the specific volumes of the diffusion layer and the base 
steel, under the influence of which residual stresses (RS) arise, which have a significant effect on the per-
formance of the coating and the product as a whole. It is known that compressive RS are more preferable in 
terms of fatigue crack retardation, which is also true for TCT processes [5, 6]. Thus, the authors [6, 7] found 
out that the processes of carburizing, nitriding, boriding, and borosiliconizing positively affect the distribu-
tion of RS on alloy structural steel (0.25 % C, 0.8 %Mn, 0.03 % Ti), and VKS-5, EP718, VNS-17 alloys.

RS measurement by Davydenkov’s method for combined processes, including carburizing and sub-
sequent grinding of 17CrNi6-6 alloy steel (EN 10084-2008 standard), is considered in [8]. The authors 
discovered that common and low-temperature carburizing leads to a favorable distribution of RS in the 
diffusion layer. Subsequent fine grinding with a CBN grinding wheel made it possible to maintain the RS 
distribution. A positive effect of this tool on the roughness of die steel (0.3 % C, 2 % Cr, 8 % W, 0.2 % V) 
after boroaluminizing is well known [9]. Thus, the initial roughness after TCT was reduced from 7.7 μm 
to 0.43 μm in terms of the Ra parameter. In the research [10, 11], the results of a favorable distribution of 
RS in the diffusion layer after combined treatment, including boriding followed by ultrasonic treatment of 
carbon steel, are also presented.

Thus, when developing methods for diffusion treatment on the surface of steel products it is necessary 
to focus on such RS distributions that ensure the desired performance properties of the machine units. A 
literature review of recent publications on the RS revealed a lack of publications on the RS determination 
after die steel (0.3 % C, 2 % Cr, 8 % W, 0.2 % V) boriding.

This work aims to determine the diffusion boriding temperature, which contributes to a favorable RS 
distribution in the surface layer of die steel (0.3 % C, 2 % Cr, 8 % W, 0.2 % V).

Methodology

Samples of die steel (0.3 % C, 2 % Cr, 8 % W, 0.2 % V) (Table 1) were subjected to TCT in powder 
mixtures using furnace heating. 

The powder method was carried out in containers with a fusible seal (Fig. 1) [12]. The parts were packed 
in a container with a fusible glass sealed lid. The container was then loaded into a preheated furnace. After 
the exposure, the container was cooled outside the furnace in still air.

Boriding was carried out in a powder mixture of boron carbide and sodium fluoride as an activator  
(96 % B4C + 4 % NaF) at 950 °C and 1050 °C for 2 hours.

The microstructure was investigated using optical and scanning electron microscopy (SEM). The 
microhardness was determined using a PMT-3M microhardness tester at a load of 100 gf. EDS analysis 
was carried out on the JSM-6510LV JEOL SEM with an INCA Energy 350 microanalysis system at an 

T a b l e  1 
Chemical composition of 3Kh2V8F/3Х2В8Ф steel, wt. %

C Si Mn P S Cr Ni Cu W V

0.3–0.4 0.15–0.4 0.15–0.4 > 0.03 > 0.03 2.2–2.7 > 0.35 > 0.03 8.5–10.0 0.3–0.6
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Fig. 1. Parts packing scheme for saturation from powder mixtures 

accelerating voltage of 10 keV in SE mode at the Research Center “Progress”, ESSUTM. EDS analysis 
results were presented with an accuracy of tenths of a percent. In this case, the error probability was  
1–5 % by weight. Phase analysis was carried out on a D8 ADVANCE Bruker X-ray diffractometer in 
copper radiation with an interval of 10–70° at the Research Center of BINM SB RAS.

RS in boride layers after TCT were measured using a UDION-2 installation for RS testing by a 
mechanical method, which was developed at INITU (Fig. 2) [13, 14].

The research focuses on the subsurface RS measurement 
as the main source of the mechanical components’ 
destruction.

The RS examination was carried out on flat samples 
such as plates. This mechanical method for RS determining 
upon this particular shape is also known as a strip method. 
The method is a procedure of the samples’ deformations 
recording during continuous removal of stressed zones 
depending on the thickness of the removed layer. Strain 
gauges with a data collection system were used to register 
the samples’ deformation and electrochemical etching 
or anodic dissolution was used to remove layer from the 
samples.

Elementary strip samples were prepared to determine 
the RS after TCT, (Fig. 3).

Dimension parameters of the sample strips (thick
ness h and width b) were measured, as well as its initial 
deformations (deflection arrow f 

0) (Fig. 5) necessary for the 
subsequent RS calculation. Then the samples were dipped 
into protective rubber enamel and dried. After drying, the 
protective enamel was removed from the investigated 
surface by a blade in a rectangular shape of 30 mm long 
and with the same width as the strip.

A two-armed lever was mounted to one end of the 
sample strip to transmit deformations to strain gauges, 
while the other end of the sample was fixed to the bracket 
of the metrological frame of the UDION-2 installation 
(Fig. 4).

Fig. 2. Installation UDION-2/УДИОН-2 for mea-
suring residual stresses by mechanical method: 

1 – scrubber; 2 – device for sample fixing (met-
rological frames); 3 – bracket; 4 – fume hood; 5 
– bath with electrolyte solution; 6 – thermostatic 
bath; 7 – bath lifting device; 8 – personal com-
puter; 9 – strain gauge modules of the data collec-
tion system; 10 – electrochemical circuit power 

supply 
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Fig. 4. The device (metrological frame) of the UDION-2/УДИОН-2 in-
stallation for the study of residual stresses in flat samples during the elec-

trochemical method of removing layers

Fig. 3. Samples-strips after boriding for determination of residual stresses by mechanical method: 
а – 950 °С, 2 h; б – 1050 °С, 2 h

                                a                                                                                   b
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Metrological frames with the samples were installed and fixed in a fume hood on brackets above a bath 
with electrolyte solution, set up on the stage of the lifting device (Fig. 2). The strain gauges were connected 
to the LTR-EU-2-5 “L Card” Data Acquisition System (DAS). The Mastech HY3010 current source was 
connected to the terminals.

DAS of the UDION-2 installation controlled by the ACTest software provides obtaining, processing, 
visualization, and storing information from the strain gauges during the experiment. The processed 
information obtained from the strain gauges and the measured parameters of the samples, essential for the 
subsequent RS calculation, were stored in the database “Parameters of the UDION samples”.

After preparatory operations, the experiment was launched: the supply and exhaust ventilation system 
were switched on, the test scenario was activated, the stage of the lifting mechanism with the baths was 
raised so that the samples were completely immersed in the solution. The current source was switched on 
and the DAS was started, layer-by-layer electrochemical etching (anodic dissolution) was performed. The 
composition of the electrolyte used and the modes of anodic dissolution are shown in Table 2.

T a b l e  2
Electrolyte composition and parameters for electrochemical etching (anodic dissolution)  

of samples after chemical heat treatment

Electrolyte composition (g/l) t, °С Current density j, A / dm2 Voltage U, V Etching rate Ver,  
mm / min

NaNO3 – 60; NaNO2 – 5; 
Na2CO3 – 5; C3H8O3 – 15; 
H2O – rest

30 125 11,5 0,0042

The control point movement of the strain gauges were recorded and the deformation curve was plotted 
in real time during the layer-by-layer electrochemical etching of the studied surface. 

The subsequent information processing (an array of the deformation curves, initial deformations, 
geometric parameters of the samples) was performed by the XUdion software (a computer program for RS 
calculation) [15]. The final step of the RS testing was the RS measuring protocol, containing parameters of 
the sample and the RS epura (RS distribution over the thickness of the removed layer).  

The RS calculation in the XUdion software was carried out by a mathematical model for the RS 
components calculation in the plates using the strip method [16] (Fig. 5): 
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where σz and σx are RS normal components, MPa; τzx –  RS tangent component, MPa; E – the elastic modu-
lus, MPa; G – the shear modulus, MPa; μ – Poisson’s ratio;

0 0 2 0 2/ /z z z x xV f l f l= + µ ⋅ ; 0 0 2 0 2/ /x x x z zV f l f l= + µ ⋅ ; ( )0 0 0 / 2z xuτ = χ − χ

– reduced displacements after cutting;
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2 2/ /z z z x xV f l f l= + µ ⋅ ; 2 2/ /x x x z zV f l f l= + µ ⋅ ; ( ) / 2z xuτ = χ − χ

– reduced displacements recorded during the etching process; 0
zf , 0

xf  – strip deflections changes caused 

by notching, mm; zf , xf  – the same deflections, registered when removing layers, mm; 0
zχ , 0

xχ  – changes 
in the unit angle of the strip twist caused by the notch, rad / mm; zχ , xχ  – the same changes, registered 
when removing layers, mm; lz, lx – corresponding lengths of the strips, mm; h – the initial plate (strip) thick-
ness, mm; a – the layer thickness removed at the experiment time, mm; ξ – the integration variable.

Results and discussions

The microhardness, structure, phase composition, and stress state were determined in this study. The 
metallographic analysis revealed that a diffusion layer of 20 μm thick was formed after boriding at 950 °C 
(Fig. 6, a). An increase in temperature up to 1050 °C resulted in a diffusion layer formation up to 105 μm 
thick (Fig. 6, b). Boride layers have a teeth-like structure with rounded ends oriented in the direction of 
boron diffusion. In the upper part of the layer, pores were observed, which appeared due to interaction with 
ambient air. After TCT in both temperature modes, a transition zone was formed in a dark area under the 
borides. In this case, after high-temperature treatment, light crystals oriented along the grain boundaries of 
the base metal were detected. Probably it was carboborides (Fe3(B,C)) [17].

  The maximum microhardness after treatment at 950 °C was 1250 HV, at 1050 °C was 1880 HV 
corresponding to Fe2B and FeB iron borides (Fig. 7) [1-4]. XRD analysis confirmed the presence of Fe2B 
in the diffusion layer after TCT at 950 °C and FeB after TCT at 1050 °C (Fig. 8). In the first case, a high 
microhardness gradient was observed between the layer and the base metal reaching 800 HV (Fig. 7, a). In 
the second case, the values smoothly decreased towards the base metal, which is more preferable for the 
products operating under alternating stress conditions (Fig. 7, b).

The second softer Fe2B boride and a more developed transition zone with carboborides after boriding at 
1050 °C contributed to the smooth microhardness profile.

In order to determine the layer’s elemental composition in local areas and separate structural components, 
the EDS analysis was used (Fig. 9). The results of quantitative analysis are presented in Tables 3 and 4. The 
low-temperature boriding mode led to the formation of Fe2B iron boride with the highest boron content of 
about 6 % in the upper part of the layer (spectrum 1 and a line spectrum 1 on Fig. 9, a). The boron content 
after treatment at 1050 °C increased up to 11 %. In both temperature modes increased chromium content 
was revealed, which is associated with the scanning at a relatively low accelerating voltage to detect light 
elements, for example, boron. The tungsten content in the diffusion layer varied in the range from 1 to 13 
%, which indicated its inhomogeneous distribution in the layer. Also, light carbide inclusions up to 1 μm 
were observed in its microstructure (Fig. 9, a).

Fig. 5. To an explanation of the formulas for calculating residual stresses by a mechanical method
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                                a                                                                            b 
Fig. 6. Microstructures of steel 3Kh2V8F after TCT at temperature: 

а – 950 °С; б – 1050 °С

Fig. 7. Depth distribution of microhardness after TCT at temperature:
а – 950 °С; б – 1050 °С

                                                a                                                                                            b 

Figure 10 shows the strip samples as a result of electrochemical etching (anodic dissolution) after the 
RS determination on the UDION-2 installation.

Figures 11, 12 show the RS epures based on the experiment result. As it is seen on the diagrams, the 
normal component of the RS appears due to the diffusion processes occurring throughout the entire base 
metal and forms a plane stress-strain state of one type. That means any direction is a main one, therefore, it 
is necessary and sufficient to measure only one normal (main) component of the RS [18].

The obtained data proved that die steel (0.3 % C, 2 % Cr, 8 % W, 0.2 % V) boriding at 950 °C led to 
compressive RS (Fig. 11). The minimum values of ​-180 MPa were observed at a distance from the sur-
face of 25...55 μm in transition zone. The active part of the RS epure was estimated at 0.18 mm thickness 
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Fig. 8. XRD-pattern of the samples after boriding

Fig. 9. SEM image of the boride layer: 
а – 950 °С, 2 h; b – 1050 °С, 2 h

                                           a                                                                                                 b

from the surface. After boriding at 1050 °C (Fig. 12), tensile RS appeared on the surface with a maximum 
value of 40 MPa at a distance from the surface of 45 ... 50 μm, and then turned into compressing RS with 
a minimum value of –124 MPa in the base metal. The active part of the RS epure was rated 0.6 mm from 
the surface. 

The stress state study of the boride layers is only a small part of the reducing brittleness problem 
related to the FeB/Fe2B borides thermal expansion anisotropy and its opposite RS sign. Today, this 
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T a b l e  3
Concentration of elements in the surface layer of the sample after TCT at a temperature  

of 950 °C, wt. % *

Spectrum No B C V Cr Fe W Total

Spectrum 1 6 4.9 0.3 8.3 77.8 2.7 100.00

Spectrum 2 – 5.4 0.7 9.3 72.1 12.5 100.00

Line spectrum (1) 6.2 4.3 – 8.8 79.2 1.5 100.00

Line spectrum (2) 1.9 6.1 – 9.8 68.8 13.4 100.00

Line spectrum (3) 3.1 6 – 7.9 80 3 100.00

Line spectrum (4) – 8 – 11.2 78 2.8 100.00

Line spectrum (5) – 8.6 – 10.8 72.1 8.5 100.00

* Quantitative analysis is given to reflect the concentration variation depending on the distance from the surface. The actual 
values are not possible to define by EDS analysis.

T a b l e  4
Concentration of elements in the surface layer of the sample after TCT at a temperature  

of 1050 °C , wt. % *

Spectrum No B C O Si V Cr Fe W Total

Spectrum 1 10.5 4.5 2.5 – – 4.1 65.4 13 100.00

Spectrum 2 10.8 5.1 – – – 11.3 69 3.8 100.00

Spectrum 3 3.1 4 2.2 0.5 – 6.6 80.8 2.8 100.00

Line spectrum (1) 11.8 3.8 – – – 10.7 71.5 2.2 100.00

Line spectrum (2) 1.7 4.8 – – 0.5 11.3 71.8 9.9 100.00

Line spectrum (3) 3.3 5.5 – – 10.4 74.2 6.6 100.00

Line spectrum (4) – 7.3 – – – 13.5 77.4 1.8 100.00

Line spectrum (5) – 7.4 – – – 10.5 76.7 5.4 100.00

Spectrum 9 – 3.7 – – – 12.8 77.7 5.8 100.00

* Quantitative analysis is given to reflect the concentration variation depending on the distance from the surface. The actual 
values are not possible to define by EDS analysis.

problem is being solved by the monoboride layer formation consisting of Fe2B boride with a developed 
transition zone. The experiments discovered a single-phase Fe2B layer formation after boriding at  
950 °C. Although XRD revealed the only FeB phase for high-temperature TCT, the boride layer had a two-
phase composition, and Fe2B presence was confirmed by numerous reference data and partially including 
experimental findings, for example, microhardness values [1–4, 19–22]. Thus, two temperature modes of 
boriding with the same exposure led to the formation of layers with the required phase composition for 
further RS investigation.

The microhardness distribution pattern correlated well with the RS distribution, for example, high gra-
dients were observed in the diffusion layer and in the adjacent (transition) zone after low-temperature 
treatment. On the contrary, after boriding at 1050 °С the RS and microhardness distributions over the layer 
thickness were smoother, except for the transition zone at 105–160 µm distance from the surface, where 
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Fig. 10. The surface of sample strips as a result of elec-
trochemical etching (anodic dissolution) of samples 

from steel 3Kh2V8F after boriding at: 
а – 950 °С; б – 1050 °С

Fig. 11. Diagram of residual stresses in the sample after  
boriding at 950 °C

the local RS increase was observed (Fig. 12). This increase corresponds to the lowest tungsten content of  
1.8 % (a line spectrum 4, Table 4).

The performed study is in good agreement with the current data on die steel (0.3 % C, 2 % Cr, 8 % 
W, 0.2 % V) boriding in terms of layer thickness, elemental and phase composition, as well as with mi-
crohardness values [19]. At the same time, this work is a state-of-the-art for modern RS research, includ-
ing correlations with the structure and phase composition of the layers. And it should be noted that the 
upper-temperature limit for the investigated die steel boriding was 50 °C higher than it had been done 
before [19].
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Fig. 12. Diagram of residual stresses in the sample  
after boriding at 1050 °C

Conclusion

Thus, boriding at 950 °C is more preferable than boriding at 1050 °C in terms of compressive RS. Nev-
ertheless, significant fluctuations of the RS in the diffusion layer and in the adjacent (transitional) zone may 
negatively affect the operational properties. Despite the tensile stress on the surface of the diffusion layer 
after high-temperature TCT, the RS distribution is smoother compared to low-temperature boriding. In ad-
dition, the diffusion layer has a greater thickness (up to 100 μm) after high-temperature TCT. It is recom-
mended to apply subsequent finishing treatment (fine grinding) to ensure the performance properties of the 
surface in a broader range of use (dimensional accuracy, roughness, level and RS sign).
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