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Abstract: In recent decades, great efforts have been made to significantly improve the performance
characteristics of high-speed steel using various surface hardening techniques. Electron beam
modification is engaging because it has an exceptionally high thermal efficiency and can significantly
improve steels’ physical and mechanical properties. This work is devoted to researching the fine
structure and changing the structural phase state of the surface layer of R6M5 high-speed steel after
exposure to an electron beam. Electron beam treatment of steel R6M5 was carried out on a vacuum
installation. The structure and phase composition of P6M5 steel samples were studied by transmission
electron microscopy. Determined that after electron irradiation, the steel structure as in the initial
state consists of martensite, carbides and residual austenite. After electron irradiation, an increase
in the volume fraction of lamellar martensite is observed: the fraction of lamellar martensite in the
initial state is 80%, and after irradiation, it is ~90% of the total fraction of α′-martensite. The action
of the electron beam led to an increase in internal stresses in α′-martensite. Revealed, the value of
the scalar dislocation density in R6M5 steel after exposure to an electron beam is higher than in the
initial state. A cardinal difference in the state of the material after exposure to an electron beam is the
presence of bending extinction contours in all M6C carbide particles.

Keywords: fine structure morphology; structural-phase state; dislocation structure; R6M5 high-
speed steel; radiation treatment; plate and packet martensites; scalar and excess dislocation density;
torsion curvature; internal stress fields

1. Introduction

The service life of the cutting tool has crucial importance for improving productivity
and, therefore, is important economic factor. High-speed steel (HSS) is one of the most
important tool materials used in the industry, which was developed more than a century
ago and is constantly being improved for use as a wear-resistant material for drills, taps,
broaches, chisels instruments and milling cutters [1,2]. One of the most important prob-
lems of modern engineering is to ensure high wear resistance of metalworking tools [3,4].
The durability of the tool depends not only on the properties of the material, determined
by the manufacturing technology and volume hardening, but also largely on the surface
properties. Its role in ensuring the operational properties of products is constantly grow-
ing. This contributed the development of materials processing methods based on the
use of concentrated energy flows (plasma flows, powerful ion and electron beams, laser
beams, etc.) along with the widespread use of traditional methods of chemical-thermal
treatment [5–8]. Currently, the most promising of them is the electron beam processing
method [9,10]. Electron beam processing can significantly increase the physics and me-
chanical properties of steels [11]. In addition, electron-beam processing makes it possible
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to obtain structural-phase states of the surface that are unattainable using traditional tech-
nologies. The processes of structural restructuring and structural-phase transformations
occur under conditions far from thermodynamically equilibrium states during electron-
beam processing [12]. Therefore, electron microscopic research of the impact of electron
irradiation on the phase composition and defective substructure of R6M5 steel has a great
interest. In addition, quantitative studies using transmission electron microscopy (TEM)
play an important role in the theory of dislocation substructures and in the concepts of
dislocation hardening [13,14].

In connection with the foregoing, the aim of this work is to study the impact of
electron irradiation on the phase composition and morphology of the structure of R6M5
high-speed steel.

2. Materials and Methods

The tool of R6M5 high-speed steel (State Standard 19265-73) was chosen as the object
of study in accordance with the set aim. The choice of research materials is also justified by
the fact that high-speed steel R6M5 is the most common in metalworking in the CIS coun-
tries. Researches were carried out on samples made of R6M5 high-speed steel. High service
properties of high-speed steel tools are achieved after heat treatment. Therefore, sample
blanks with dimensions of 20× 10× 8 mm3 for irradiation were cut from cutting tools (disk
mills) of R6M5 steel (manufacturer of the instrument LLC “Volzhsky tool”, Samara, Russia).
These tools have been thermally processed quenching from 1230 ◦C in oil, tempering 560 ◦C
(three-fold: duration of each tempering 1 h, cooling in air) [15]. In this regard, please to
consider the initial state of steel R6M5-the state after heat treatment. Electron beam pro-
cessing of R6M5 steel was carried out on a plasma-beam installation, which was developed
in support of the creation and operation of the Kazakhstan Tokamak Materials-Science
(KTM) [16]. The main elements of the plasma-beam installation are an electron beam gun,
a plasma-beam discharge chamber, an EBG evacuation chamber, a vacuum interaction
chamber, an electron beam gun coil, target, linking device and a loading chamber [17]. The
samples were processed at an electron beam power of 1800 W. The duration of irradiation
was 1 s. The residual pressure in the vacuum chamber did not exceed 10−5 Pa. A detailed
description of the installation and technological capabilities of processing are given in
our next works [18,19]. The structure and phase composition of the samples of R6M5
steel were researched by TEM method on thin foils using an EM-125 electron microscope
(Manufacturer is Sumy Plant of electronic devices, Ukraine) at an accelerating voltage of
125 kV. The working magnification in the microscope column was 25,000–50,000 times.
All studies were performed near the surface of the samples. A plate (foil), 0.2–0.3 mm thick,
was cut from the surface of the sample using spark cutting samples to conduct researched.
The resulting foil was first chemically thinned in an electrolyte of 90% hydrofluoric acid
and 10% perhydrol, and then electrolytically in a supersaturated solution of phosphoric
acid with chromic anhydride at room temperature with an operating voltage of 20 V and
a current density of 2–4 A/cm2. Electrolytic thinning and etching were carried out on
the PULITROL unit (the manufacturer is REMET, Bologna, Italy). There were determined
the types of morphological components of the structure, their sizes and volume fractions,
types of secondary phases, as well as their localization places, sizes and volume fractions,
the parameters of the fine structure of the material (scalar ρ and excess ρ ± dislocation
density, amplitude of the lattice curvature-torsion χ and internal stresses). The sizes and
volume fractions of the secondary phases, as well as the α- and γ-phases were determined
from images confirmed by microdiffraction patterns and dark-field images obtained in the
reflections of the corresponding phases. The phases were identified according to standard
procedures described in the following works [20–22]. Microdiffraction patterns were used
for it which calculated from tabular values of the parameters of the crystal lattices. The
results obtained by electron microscopy were compared with the results of literary sources
and processed by statistical methods [23–25].
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3. Results and Discussion
3.1. Structure and Phase Composition before Irradiation

Figure 1 presents the TEM images of R6M5 steel. The main phase of R6M5 steel in its
initial state, that is, after standard heat treatment, is the α′-phase, which is a polycrystalline
aggregate whose intragranular structure was formed as a result of martensitic γ→α′

transformation and subsequent “self-tempering”. Two types of martensite are observed in
the structure of R6M5 steel: lamellar low-temperature martensite and packet (dislocation,
rack) martensite (Figure 1). It follows from the microphotographs presented in Figure 1
that plate martensite is a separately arranged lens-shaped crystals (Figure 1a) or crystals
grouped in the form of “zigzags” (Figure 1b). There are both large plates, the average size
of which is 0.8 × 5.0 µm (Figure 1), and small plates with an average size of 0.2 × 0.8 µm
(Figure 2). The sizes of large plates are limited either by the grain boundaries of steel, or by
another large plate located in the same grain. The size of small plates is limited by large
plates and large packets of martensitic rail [25].
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dense dislocation networks, the scalar dislocation density of which in large plates is ρ = 
1.8 × 1010 cm−2, and the scalar dislocation density in small martensite plates is significantly 
higher and is ρ = 4.1 × 1010 cm−2. In packet martensite slats, the value ρ = 3.5 × 1010 cm−2. 

The γ-phase is the second morphological component of the matrix of the researched 
steel. The γ-phase is present in the form of residual austenite formed as a result of incom-
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The morphological feature of packet martensite, which is the main component of
α′-martensite (~80%), is a set of approximately parallel martensitic crystals-rails. The rail
packets can consist of large rails, the average transverse size of which is ~0.2 µm, and their
length is 5 or more µm (Figure 1a,b), like martensitic plates. In addition, there are small
packets of slats in the steel, which are located in areas of grain with small martensitic plates
(Figure 1c). The average size of the rails in such packages is 0.07 × 0.8 µm.

The defective substructure of all lamellar and packet martensite crystals is formed
by dense dislocation networks, the scalar dislocation density of which in large plates
is ρ = 1.8 × 1010 cm−2, and the scalar dislocation density in small martensite plates is
significantly higher and is ρ = 4.1 × 1010 cm−2. In packet martensite slats, the value
ρ = 3.5 × 1010 cm−2.

The γ-phase is the second morphological component of the matrix of the researched
steel. The γ-phase is present in the form of residual austenite formed as a result of
incomplete martensitic transformation during hardening of steel [26]. Electron microscopy
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studies showed that residual austenite in packet and lamellar martensite is located along the
boundaries of martensitic crystals in the form of long thin interlayers (Figure 2). Figure 2
shows the interlayers of residual austenite (γ-phase) along the boundaries of martensitic
rails in R6M5 steel of the initial state: where a—bright-field image; b—microdiffraction
pattern; c—dark-field image obtained in the reflex [020]γ; d—the indicated microdiffraction
pattern (the arrow indicates the coinciding directions [110]γ and [100]α′ , while (001)γ II
(001)α′—the Kurdyumov–Sachs relation [27,28]) The arrows indicate the interlayers of the
γ-phase (see Figure 2a,b).

As is known [29], carbide particles of complex composition of the M6C type—
(Fe,W,Mo)6C are the main carbide phase of R6M5 steel. Figure 3 shows the TEM im-
ages of P5M6 steel: where a and b—the bright-field image, Figure 3a shows M6C type
carbide particles; c and d—the microdiffraction pattern and its indicated pattern. This car-
bide has a complex crystal lattice on the base of FCC (face-centered cubic), the symmetry
of the structure—Fd3m. The volume fraction of particles of this carbide is ~5% from
the volume of the steel structure. Particles have a globular shape, distributed randomly,
without interacting with the grain boundaries of steel. The average sizes of these particles
are ~0.5 µm.
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“Cementite” type M3C carbide of the composition (Fe, M)3C was detected in steel
along with M6C type carbide, where M—the alloying carbide-forming elements present in
the steel (W, Mo, V, Cr) whose interlayers are indicated by an arrow in Figure 3b. We note
that the highest solubility in the crystal lattice of cementite is possessed by manganese
and chromium atoms, and insignificant solubility—the atoms of vanadium, molybde-
num, and tungsten. These particles are formed during quenching in the process of “self-
tempering” of steel due to the heat stored in the material [30]. It follows from Figure 3b
that particles of this carbide are located along the boundaries of martensite crystals and
have the form of thin interlayers with a thickness of ~15 nm. The volume fraction of M3C
carbide is not more than 1%.

Electron microscopic analysis showed that VC carbides are present in small amounts
in steel in addition with M6C and M3C carbides. Figure 4 shows the fine structure of
steel R6M5, where a—the bright field image; b—microdiffraction pattern; c—the indicated
microdiffraction pattern, d—the dark-field image obtained in the VC carbide reflex (marked
by arrows). VC—cubic carbide with a crystalline structure—FCC (face-centered cubic) and
Pm3m symmetry. As a rule, VC carbide particles are located in the structure of the marten-
sitic phase (α′-phase) mainly on defects in the crystal structure of steel, more specifically at
the boundaries and at the joints of the boundaries of sub grains, as well as at dislocations
(Figure 4a). The latter indicates that carbide on the bases of vanadium was formed in
steel during heated at temperatures exceeding Ac1 (Ac1—the critical point is the pearlite
transformation) [31]. The sizes of these particles changes from 35 to 100 nm. Their volume
fraction is small and amounts to no more than 0.5%.
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The dislocation structure formed in the initial state of R6M5 steel along with the
scalar dislocation density is characterized by a rather high value of the excess dislocation
density (ρ ± = 1.7 × 1010 cm−2) [32]. Excessive dislocation density causes internal stress
fields, which are manifested during electron microscopic studies of thin foils in the form of
bending extinction contours [33]. As the conducted measurements showed that the value
of ρ ± has the same value both in packet martensite and in lamellar.

An estimate of the crystal-lattice curvature-torsion magnitude of the morphological
components of α′-martensite showed that χ~436 cm−1 and also does not depend on the
place of analysis. The amplitude of the internal long-range stresses in steel R6M5 in the
initial state is σ∂ = 260 MPa. In this case, the amplitude of shear stresses (internal stresses
created by the dislocation structure) is σL = 350 MPa, i.e., σL > σ∂. This means that the
bending-torsion of the α′-martensite crystal lattice has plastic character [32].

As can be seen from the microphotographs presented in Figure 3, the M6C carbide
particles contain neither dislocations nor bending extinction contours. This means that
there are no internal stresses in the particles [34].

3.2. Structure and Phase Composition after Irradiation

R6M5 steel after irradiation with an electron beam is a multiphase material contain-
ing the α-phase, the γ-phase (residual austenite) and the carbide phase as in the initial
state. At the same time, the main phase of R6M5 steel is α′-martensite, which accord-
ing to morphological characteristics is also represented by plate and packet martensite
(Figure 5a–c—bright-field images; d—microdiffraction pattern and e—indicated scheme).
A distinctive feature of the structure of R6M5 steel after electron irradiation is the fact
that now the α′-phase is mainly represented by plate martensite. The volume fraction of
lamellar martensite now amounts to ~90% of the total fraction of α′-martensite. This is
not surprising, since it is well known that plate martensite is formed primarily at higher
temperatures than packet. This is because, under the influence of an electron beam, the
temperature is much higher than during ordinary heat treatment (quenching), and the
cooling rate is much lower [11]. In addition, the action of the electron beam led to the fact
that the formed martensitic plates are smaller (the average size is 0.5 × 1.25 µm), and the
martensitic rails are larger and their average size in the packet is ~0.3 × 0.8 µm. This is
clearly seen in Figure 5a,b.

A study by electron microscopy method showed that residual austenite is present
inside the martensitic plates in the form of twin colonies consisting of separate parallel thin
plates (Figures 5c and 6) after electron irradiation. The average size of the γ-phase plates is
~10 × 250 nm, the volume fraction in the material is ~6%.

Particles of M6C type carbide, having a complex composition (Fe,W,Mo)6C as in the
initial state, are also present in steel after electron irradiation in Figure 6, where a—bright-
field image; b—microdiffraction pattern; c—a dark-field image obtained in the reflex [313]
of M6C carbide; d—the dark-field image obtained in coincident reflexes [110]α′ + [111]γ +
[135]M6C; e—the indicated microdiffraction pattern. Particles have a globular shape as in
the initial state, are distributed randomly and do not interact with the grain boundaries of
steel. The average particle sizes (~0.5 µm) and their volume fraction (5%) are also the same
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as in the initial state. As the conducted researches showed no other types of carbide phases
were found after electron irradiation in the structure of R6M5 steel.
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The defective substructure of all lamellar and packet martensite crystals, as in the
initial state of steel, is formed by dense dislocation networks where the scalar dislocation
density of which in martensitic plates is ρ = 4.5 × 1010 cm−2, and the value ρ is also equal
to 4.5 × 1010 cm−2 in martensitic rails. Thus, the scalar dislocation density in R6M5 steel
after exposure to an electron beam in the material as a whole turned out to be higher than
in the initial state.

Table 1 shows the quantitative characteristics of the dislocation structure of the
morphological components of the P6M5 steel α-phase before and after exposure to the
electron beam. The dislocation structure formed under the action of an electron beam,
as in the initial state, along with the scalar dislocation density is characterized by a
rather high value of the excess dislocation density where the average value of which
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is ρ ± = 2.0 × 1010 cm−2. The magnitude of the torsion curvature of the crystal lattice in
α′-martensite is χ = 500 cm−1, and the amplitude of long-range internal (local or moment)
stresses is σ∂ = 280 MPa. In this case, the amplitude of shear stresses (internal stresses
created by the dislocation structure) is σL = 420 MPa. Comparing the obtained values
with the initial state of the steel, it can be seen that the action of the electron beam led to
a certain increase in internal stresses in α′-martensite and, nevertheless remains σL > σ∂,
which means that the bending-torsion of α′-martensite crystal lattice before and after
impact by an electron beam has plastic character as in the initial state [34].

Table 1. Quantitative characteristics of the dislocation structure of morphological components of the
α-phase of R6M5 steel before and after impact by an electron beam (electron microscopy data of the
sample surface).

Phase
The Average Quantitative Parameters of Fine Structure

PV ρ, cm−2 ρ ±, cm−2 χ, cm−1 σ∂, MPa σL, MPa

After surface irradiation
Packet martensite 10%

4.5 × 1010 2 × 1010 500 280 420Lamellar martensite 90%
Initial state

Packet martensite 80%
3.5 × 1010 1.7 × 1010 436 260 350Lamellar martensite 20%

Note: PV—volume fraction; ρ-scalar dislocation density; ρ±—the excess density of dislocations; χ—the amplitude
of the torsion curvature of the crystal lattice; σL—shear stress; σ∂—moment internal stresses.

Thus, it was established that a cardinal difference in the state of the material after
exposure to an electron beam is the presence of bending extinction contours in all M6C
carbide particles (Figure 5). As can be seen from Figures 5 and 6, all the contours are
dislocation-free, i.e., the bending-torsion of the crystal lattice of M6C carbide is purely elas-
tic. The amplitude of torsion curvature in carbide particles is χ = 6980 cm−1, the amplitude
of internal long-range (local, or moment) stresses is σ∂ = 1060 MPa. Such stresses can lead
to the formation of microcracks, but conducted research is shown that microcracks in the
material were not found.

4. Conclusions

In the present studies, the evaluation of electron microscopic studies and measurement
analyses found the following results:

- in the initial state and after exposure to an electron beam, R6M5 steel is a multiphase
material containing an α-phase, a γ-phase (residual austenite) and a carbide phase;

- according to the morphological feature, α′-martensite in the initial state and after
exposure to an electron beam is represented by lamellar and packet martensite;

- the γ—phase (residual austenite) is present inside martensitic plates in the form of
twin-type colonies consisting of separate parallel thin plates with an average size of
~10 × 250 nm and a volume fraction in the material of ~6%;

- in the initial state and after exposure to the electron beam, the material also contains
particles of M6C-type carbide of globular shape, which has a complex composition
(Fe,W,Mo)6C, with an average size of ~0.5 microns and a volume fraction of 5%;

- the scalar dislocation density plate and packet martensite after processing equal to
the amount ρ = 4.5 × 1010 cm−2, which is 2-2. 5 times higher than in the initial
state that has values for plate martensite ρ = 1.8 × 1010 cm−2 and packet martensite
~ρ = 3.5 × 1010 cm−2

- after exposure to the electron beam, the amplitude of the internal long-range stresses
equal σ∂ = 280 MPa, and the amplitude of the shear stresses equal σL = 420 MPa,
that is, the condition σL > σ∂ is fulfilled, which confirms the plastic nature of the
bending-torsion of the crystal lattice of α′-martensite.
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