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Electron-beam modification of diffusion boride layers on the surface

of 5KhNM steel
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The present study provides results of surface hardening of samples made of the SKhNM alloyed steel by
complex saturation with boron and copper (borocoppering) to be followed by electron bean modification. The
microstructure, the microhardness, the elemental and phase composition of the steel samples have been studied
after complex borocoppering and subsequent electron-beam processing. It is shown that impact of the electron
beam substantially increases the thickness of a boride layer, results in transition from a needle structure of the layer
to a fined-grained submicron structure as well as to reduction of the microhardness and increase of layer plasticity.
The X-ray diffraction analysis has revealed absence of the high-boron FeB and Cr,Bs phases after the electron-beam
processing. The X-ray spectral microanalysis concluded that the boron content in the layer reduced from 16 to
6 wt.%, while the copper content, vice versa, increases from 2.6 to 4 wt.% along the direction from the surface.
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Introduction

The electron-beam technologies are widely applied in
metallurgy, electron microscopy, vacuum technology, micro-
electronics, nuclear power engineering and other industries.
In particular, surface modification by the electron beam is
extended to processes of thermal processing of metals and
alloys as well as thin films and layers [1].

The electron-beam welders (EBW) are equipped with
digitally-controlled high-accuracy deflection systems de-
signed to move the beam on a selected area of the blank
along a given contour [2]. High heating rates make
it possible to shortly affect a thin surface layer of the
material. In addition to welding, the EBW is also applied in
quenching, annealing, tempering, texturing and polishing.

Despite a significant basis in surface modification, the
effect produced by electron or laser processing is often
insufficient. In aviation engineering and related fields, it
is still relevant to improve strength of parts and structures
which operate in extreme conditions, under joint impact
of mechanical and thermal loads, agressive environment,
etc. [3]. The methods of thermal-chemical treatment (TCT)
of the surface of the metals and alloys such as carburizing,
nitriding, boriding can largely solve this task and increase a
product lifetime [4]. Thus, liquid boriding is used for harden-
ing a wide range of products such as ploughshares, extrusion
matrices, extruder screws, on-off and control valves, pump
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plungers, etc. [5-8]. The listed products are abrasively
worn out without impact loads in conditions of agressive
environments or moisture, which is explained by brittle
failure susceptibility of the boride layer. It is defined by
generation of stable electronic configurations in the borides
sp® and d, the difference in thermal expansivities and signs
of residual stresses of the FeB and Fe,;B borides [9,10]. The
above-listed drawbacks are mitigated by applying various
techniques of combined technologies, synthesis of the single-
component Fe;B-layer, complex saturation with boron and
other element(s) [11-13]. The borocoppering is one of the
TCT methods, which includes complex diffusion saturation
of the surface of iron-carbon alloys with boron and copper.
It has been previously established that SHS (self-propagating
high-temperature synthesis) — a reaction of reduction of
boron oxide together with copper oxide during boriding —
promotes increase of plasticity with slight reduction of
hardness and wear resistance of the generated diffusion layer
based on borides [14-16].

Treatment of the metal surface with the electron or
laser beam is included in advanced technologies of impact
by concentrated energy fluxes (CEF, which are used
for local thermal treatment of the surface [17-23]. By
comparing these methods with TCT, it should be noted
that the concentrated electron flux imparts its energy
to the surface layer for a short period of time, which
include superfast processes such as heating (the heating
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Figure 1. Experimental installation belonging to BINP SB RAS ,.Electron-beam technologies“: ¢ — General view, b — Working chamber

with the roll-out table.

and cooling rates of 10° — 10° °C/s), melting, evaporation
and subsequent solidification and induced dynamic stress.
The listed effects render improved physical & chemical and
mechanical properties to the surface layer [24]. The com-
bined technologies of diffusion boriding with subsequent
electron-beam treatment have demonstrated their efficiency
in terms of brittleness reduction of the boride layer, hardness
improvement and roughness reduction [13,25].

The aim of the present work is to improve the physical &
mechanical properties, in particular, plasticity, while keeping
high microhardness of the SKhNM steel due to electron-
beam modification of the diffusion boride layers. At the
same time, the boride layers on the surface of the SKhNM
alloyed steel were produced by complex diffusion saturation
with boron and copper.

1. Study methodology

The studied material was the tool die steel SKhNM
(GOST 4405-75). The SKhNM steel is generally used for
manufacturing press and hammer dies as well as inserts of
matrices for horizontally-forging machines. Crazing cracks
on a working surface are often a cause of failure of the dies
made of this steel. Applying boriding designed, first of all,
to improve wear- and corrosion resistance has demonstrated
increase of the lifetime of the products made of the SKhNM
steel at least in 1.3 times in the forging and stamping
industry [26-28].

The present work has the diffusion boride layers pro-
duced by borocoppering in powder mixtures contain-
ing boron carbide, copper oxide, aluminum and sodium
fluoride as an activator in the following proportion:
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58 %B4C + 19 %CuO + 21 %Al + 2 %NaF. The steel sur-
face has been diffusionally saturated in leak-tight containers
in the mixture at the temperature of 1000 °C, with exposure
of 4h in a muffle furnace EKPS-50.

Then, the samples with the diffusion layers were sub-
jected to the electron beam processing (EBP). The EBP was
performed in an electron beam source belonging to BINP
SB RAS (Fig. 1). Modes of processing in the electron-beam
installation:

e current of the electron beam (1) — 100 mA;

e clectron energy (Ei) — 60keV;

e processing duration (t) — 1.5s;

e clectron beam diameter (d) — (10 & 1) mm;

e pressure in the process chamber (P) — 1072 Pa.

Modified layers has been metallographically analyzed
on the MET 2C optical microscope. The microhardness
was measured by means of the PMT-3M microhardness
tester with a diamond pyramid load of 0.49N. The ele-
mental composition was studied in the scanning-electron
microscope (SEM) JEOL JCM-6000 belonging to Research
Center ,,Scientific Devices™ of Dorji Banzarov Buryat State
University. X-ray diffraction analysis was performed in
the D2 PHASER diffractometer with the LYNXEYE linear
detector. The measurement step was 0.02°, while the time
of one-step processing was — 1.2s. Plasticity after complex
saturation with boron and copper as well as on the samples
after TCT+EBP was measured in the microhardness tester
PMT-3M and the diamond pyramid load was 1.962N.
The calculation formula for determining the limit plasticity
was — &extreme = Dindent/Lerack [29], Where Dingent — a
diagonal of the indent, Lcrack — a length of the crack
between the indents.
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Figure 2. Microstructure of the diffusion layer of the SKhNM steel after complex surface saturation with boron and copper: a — General

view; b — Area with indents by the Vickers indenter.
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Figure 3. Distribution of microhardness on the 5KhNM steel after borocoppering and borocoppering+EBP.

2. Study results

As a result of TCT, the 5SKhNM steel surface has
the boride layers of the thickness 190—210um pro-
duced(Fig. 2).

The diffusion layer of Fig. 2 has the specific needle
structure which is typical for the boride layer. The layer
is compact, with the needles close to each other. The
»ayer“—, transition zone“ interface near the base exhibits
rounding of the needles with an adjacent carbo-boride
phase [30]. No transition zone was revealed after etching.
Microhardness in the subsurface zone (at the depth of
30um) is HV 1850 (Fig. 3). This value corresponds to
the FeB phase after boriding of the SKhNM steel [31].

Then, hardness was smoothly reduced to HV 1400—1500,
which in turn assumes availability of the Fe,B phase [31].
At the depth of 180—210um from the surface, under
the basic layer there is sharp reduction of microhardness
to HV 1100. In the transition zone, the microhardness
is gradually reduced from HV 1100 to HV 750. The
microhardness of the basic metal varied within the range
HV 550—-600.

The structure of the boride layer after electron beam
modification is shown in Fig. 4. It is obvious that after
electron beam impact the boride layer is fully transformed.
The thickness of the modified layer is up to 700 um. Fig. 4, b
shows an upper zone of the layer, which after etching had
got a light metallic color. The thickness of this zone was
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Figure 4. Microstructure of the borated SKhNM steel after electron beam modification: @ — General view; b — the subsurface zone;

¢ — the eutectic zone.

40—60 um. The micro structure consists of the needle
eutectic with the maximal microhardness of HV 1227
(Fig. 3). In the depth of this zone at the distance of
160—200 um from the surface the eutectic structure exhibits
more clearly (Fig. 4,¢). Microhardness inside this area is
within the range HV 920—1000.

Below to the base border there is the most extensive (in
terms of the depth) zone of the thickness 400—450 um.
After etching this area has got light tones, while the
Hlayer“— base™ interface exhibits bright light flaky inclusions.
Microhardness in this zone increases somewhat to HV 1100
at the depth of 300um from the surface. Further on,
microhardness is smoothly reduced to HV 450 at the border
with the basic metal (Fig. 3).

The maximal microhardness of the boride layer after
EBP is reduced in 1.5 time from HV 1850 to HV 1227,
which is related to changing of the phase composition in
the subsurface layers, in accordance with the results of
X-ray diffraction analysis below in the text. Reduction
of microhardness to the values HV 1200—1500 in case
of boriding is often a positive factor, which can reduce
high brittleness of the layer. For these purposes, there
are various techniques for producing the boride layer
with predominant generation of the more plastic Fe,B
phase [32-34]. Increased plasticity of the boride layers
makes it possible to extend the application field, including
in conditions of impact loads.

The microhardness profiles are different before and after
EBP. Usually, after traditional boriding microhardness is
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steadily reduced from the surface to the base, which is also
true for borocoppering [9,16]. After EBP, the modified
boride layer has cycle variation of microhardness from
HV 1227 at the surface to HV 883 at the depth of 120 um.
In the central zone of the layer microhardness is again
reduced to HV 1100 and then it is gradually reduced when
getting to the basic metal.

The electron beam significantly affects the microstructure
of the SKhNM steel (Fig. 5). After borocoppering, the
steel microstructure consists of laminar perlite with ferrite
inclusions (light inclusions) (Fig. 5,a). Fig. 5,b shows the
microstructure of the SKhNM steel after impact by the
electron beam. The laminar perlite becomes a grainy one,
while the ferrite volume is increased and generates solid
vertical agglomerates.

The elemental composition from the SKhNM steel after
TCT has been analyzed to show that the largest content of
boron is observed at the sample surface and is 16.43 wt.%,
thereby corresponding to the FeB phase (Fig. 6,a, Ta-
ble 1) [16]. Further on, its content is gradually reduced
towards the base. The content of the alloying elements
Cr, Mo, Ni in the layer approximately corresponds to their
content in the SKhNM except for the last element, whose
content in the layer is in two times lower than in the base.
Probably, Ni is pushed by diffusing elements — boron and
copper and by iron borides being generated as well. The
greatest content of copper is detected on the layer surface
and it is 2.6 wt.%. It significantly exceeds the solubility limit
of copper in a-iron and the FeB boride, thereby indicating
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100 um

Figure 6. Microstructure of the SKhNM steel after borocoppering with spectrum take-off points during the elemental analysis: ¢ — after
TCT; b — after TCT+EBP.

Table 1. Elemental composition of the diffusion layer on the SKhNM steel after TCT

Spectrum points Chemical elements, wt.%
B C Al Cr Ni Cu Mo Fe
1 16.43 0.35 0.3 0.66 0.67 2.6 0.57 7842
2 14.77 0.15 0.51 0.66 0.67 - 0.14 83.1
3 12.05 0.06 - 0.53 0.51 0.51 0.27 86.07
4 5.98 0.03 — 0.62 0.31 — 0.34 92.72
5 1.35 041 — 0.63 0.46 — 0.25 96.9
6 0.21 0.37 0.56 0.59 0.57 0.09 0.07 97.54
7 - 04 0.58 0.4 0.56 0.54 — 97.52

Technical Physics, 2025, Vol. 70, No. 4
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Table 2. Elemental composition of the diffusion layer on the SKhNM steel after TCT+EBP

Spectrum points Chemical elements, wt.%
B C Al Cr Ni Cu Mo Fe
1 143 1.35 0.14 0.63 — — 4.06 92.39
2 0.87 2.63 0.36 1.28 — 1.61 2.77 90.48
3 348 2.56 0.51 1.23 — 0.32 2.62 89.28
4 401 2.38 043 1.5 0.15 — 6.69 84.84
5 346 1.94 0.54 1.33 0.39 — 299 89.35
6 5.38 1.8 0.74 — — 3.99 1.18 86.91
7 6.22 227 1.15 1.1 — — 3.1 86.16
8 6.34 2.09 0.67 0.16 1.03 4.02 33 82.39

its presence in a free form [35,36]. The layer exhibits a small
content of aluminum — up to 0.58 wt.%, which is contained
in the initial saturating mixture.

The distribution of the elements after electron-beam
impact differs from that after TCT. The boron concentration
increases towards the base. At the same time, its maximum
content — 6.34wt.% — is detected at the interface of the
basic metal (Fig. 6,b, Table 2). The copper content also
increases as moving away from the surface and is 4.02 wt.%.
The concentrations of the alloying elements Cr, Mo, Ni
varies stepwise after EBP. Thus, for Cr and Ni the values
oscillate from zero to 1.5 and to 1.03 wt.%, respectively. The
molybdenum content varies from 1.18 to 6.69 wt.%, which
significantly exceeds its content in the initial steel. It shall be
noted that the maximum content of Cr and Mo is recorded
at the depth of about 300 um from the surface. This allows
us to assume that increase of microhardness in the central
area of the layer is related to the high content of the said
carbide-generating elements. The curve of the boron content
vs. the layer depth clearly demonstrates variation of the
boron concentration after EBP (Fig. 7). Redistribution of
the boron atoms under electron impact is probably related

Borocoppering

Borocoppering+EBP

Boron content, wt %

0 100 200 300 400 500 600 700 800

Distance from surface, pm

Figure 7. Variation of boron concentration along the layer depth
before and after EBP on the SKhNM steel.
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Figure 8. XRD pattern of the SKhNM steel sample after
borocoppering.
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Figure 9. XRD pattern of the SKhNM steel sample after
borocoppering and EBP.

to remelting and mixing processes in the subsurface layers
which contribute to uniform distribution of the element
concentrations including boron. Besides, as a result of
elastic interaction of electrons from the external source with
crystal lattice of the borides there is displacement of the
boron atoms with the least atomic weight to distances which
significantly exceed interatomic distances, along the motion
direction of the electron flux.

The XRD of the sample after TCT exhibits presence of
three borides: FeB, Fe;B and Cr;Bs (Fig. 8). Copper and
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Figure 10. Microstructure of the SKhNM steel when measuring the limit plasticity: @ — after TCT; b — after TCT+EBP.

iron are found in a pure form, thereby confirming the results
of the elemental analysis and the previous studies [37].

The EBP has resulted in changing of the phase composi-
tion of the boride layer on the SKhNM steel. Specifically,
only two borides are detected. Fe,B and NigB; (Fig. 9).
The high-boron FeB phase is not detected as the previously
detected boron concentration is insufficient for its genera-
tion. Besides, chrome carbide Cr;C,, bivalent copper oxide
CuO and a-iron are detected.

Fig. 10 shows micropictures of the boride layers with
the indents of the diamond indenter. Presence of cracks
between the indents indicates brittleness (plasticity) of the
diffusion layer before and after EBP. After borocoppering,
the limit plasticity as calculated by the formula of work [29]
was 1.79; 2.19; 2.08; 2.18 points. It is known that after
borocoppering the average value of the limit plasticity
is 1.13—1.20, which in 1.5—2 times lower than after
borocoppering [15]. After exposing the diffusion layer with
the electron beam, no crack between the indents is detected.
Its absence makes it impossible to evaluate a brittleness
point of this type of the layers as per the Skudnov formula.
It is obvious that the modified layer significantly exceeds the
initial boride layer in terms of plasticity.

Conclusion

1) after complex borocoppering the thickness of the
boride layer on the surface of the SKhNM steel sample
was 190—210 um. Subsequent impact by the electron beam
allowed to increase the layer thickness to 650—700 um;

2) irradiation by the electron beam resulted in significant
changes of the structure & phase state of the boride layer.
The needle structure of the initial layer was mitigated, and
instead the dispersed eutectic structure with more plastic
borides was formed;

3) processing of the surface with the electron beam
contributes to reduction of maximum microhardness and
increase of the limit plasticity as compared to TCT;

4) it has experimentally determined the EBP parame-
ters (I = 100mA, E = 60keV, t = 1.55s), which result in
remelting of the diffusion boride layer without altering the
sample geometry.
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