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9X®M steel was irradiated with a high-current electron beam. The high-current electron beam was obtained in
the TEMP-A accelerator. The irradiation was performed for various samples of the material of a ball mill drum. Part
of the samples were taken from the surface of the balls, which had different degrees of wear. Samples taken from the
depth of the balls, which is equal to half the diameter, were also irradiated. Microhardness measurements,
metallographic, and fractographic analysis were used to study mechanical and microstructural changes. In all cases,
a change in hardness was detected. The degree of change in hardness is different for different samples. Based on
fractographic analysis, using SEM microscopy, one of the mechanisms that contribute to increasing the surface
hardness is determined. This mechanism is the cleaning of the surface of samples from impurities of phosphorus and

sulfur using a high-current electron beam.

PACS: 87.55N, 07.05.Tp, 44.90.+c, 61.80.Fe, 81.40.Wx

INTRODUCTION

An important problem of any modern production is
to improve production efficiency and increase its
efficiency. These requirements apply to the work of the
energy complex.

One of the components of the energy complex is a
system for the production of electricity. The operation
of this element substantially depends on the fuel
component. Various types of fuel are used as fuel. A
significant part of the electricity is generated at thermal
power plants. Their fuel is gas, fuel oil and coal. Coal
makes up a significant share in the fuel segment. The
greatest heat transfer is obtained when it is burned in the
form of a dust mixture. Therefore, the question of
preparation of fuel mixture remains actual. This is
facilitated by the fact that the quality of coal has sharply
decreased.

The use of low-calorie coals also affects the
efficiency of heat generation. The main unit in the coal
mixture preparation system is a ball drum mill (BDM).

The principle of operation of the BDM is based on
the impact of metal balls. In the work of the BDM, balls
are consumables. The wear of balls occurs due to
erasure and breaking [1]. During operation, there is a
change in the hardness of the balls [2].

With a decrease in hardness, the strength
characteristics also decrease. Therefore, the abrasion of
the balls, their destruction is accelerated. Accordingly,
operational performance is reduced. All this leads to an
increase in the consumption of balls, a decrease in
economic characteristics. The needs for balls are
calculated from the expression [1]:

G, =D, K, YB,. 1)
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In this expression: G, - is the total fuel
consumption; D, — the actual value of the specific
wear of the balls; K; — is the coefficient of ash-content;
2B — fuel consumption. Based on this expression, the
need for balls is determined. The D,y coefficient is
related to the hardness of the balls by the following
expression:

D =D, 1+o- (HBnormat - HBreaI )] ! (2)

real normat [

where Dyomar — iS the normative wear of the balls; 5§ —
conversion factor (tabular); HBomat — NOrmative value
of hardness of balls; HB,., — is the actual value of the
hardness of the balls.

At the increase of hardness a normative wear falls
down and the real wear falls down accordingly.
Lowering of the real wear is instrumental in more
protracted exploitation of balls and more high-quality
grinding of fuel. All this together leads to lower fuel
consumption and increased heat generation. Thus,
increasing the hardness of the balls that are used as a
working body is necessary.

It should be noted that the task of increasing the
hardness of the balls makes it possible to solve a
number of social problems. Among them, a decrease in
the tension of human society through the solution of a
number of environmental problems. Since a highly
ground fuel mixture is burned with maximum
efficiency, this reduces the formation of various wastes.
Diminishing of wastes automatically reduces the
ecological loading on an environment. The degree of
loading of row of questions which cause tension in
society goes down therefore. Thus, diminishing of the
ecological loading allows to work out social problems.

For the increase of hardness of balls different ways
are used. Among them: use of steels with large
maintenance of carbon, cementation of surface,
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treatment of surface and modification of structure of
surface by different ways.

An interesting and unique way to change and modify
the structure of the material is the method of processing
the material with various types of particles. A promising
method is the surface treatment with a high-current
electron beam (HCEB) [3-6]. To that end use the beam
of speed-up electrons in the pulse-mode. A pulse width
can change in an enough wide range temporal range
from 10® to 10°s. Energy of beam depends on the
decided tasks and possibilities of the accelerating
installation. It can vary in the range from tens of
kiloelektronvolt to several megaelektronvolt. Current
densities can reach 10* A/cm?. In this case, varying the
beam parameters of beam to substantially change the
surface characteristics.

PURPOSE OF WORK

Investigation of the effects that occur on the surface
of 9X®M steel when exposed to a HCEB. The study of
the surface hardness of metal balls during operation,
which were made of 9X®M steel. Development of
methods for IR-radiometric control, for thermal control
of influence of a beam of accelerated electrons on a
material. Investigation of changes in the surface
structure of 9X®M steel that occurred after irradiation
with a HCEB.

THE MAIN PART

The main material that was investigated was 9X®M
steel. It is a special carbon alloyed tool steel. It contains
0.8...0.9 carbon, 0.15...0.35 silicon, 0.3...0.6
manganese, 0.4...0.7 chromium, 0.13...0.3% vanadium.
Inclusions (not more than 0.3%) of molybdenum,
titanium, tungsten, copper, nickel are allowed. Slight
additions (not more than 0.03%) of sulfur and
phosphorus are also possible.  Additives of
molybdenum, titanium, tungsten improve hardness
characteristics. Inclusions (not more than 0.3%) of
molybdenum, titanium, tungsten, copper, nickel are
allowed. Slight additions (not more than 0.03%) of
sulfur and phosphorus are also possible.

Additives of molybdenum, titanium, tungsten
improve hardness characteristics. Additions of sulfur
and phosphorus lower hardness of balls. From this steel
the balls of BDM are made.

MATERIALS AND METHODS

Work on the study of changes in the structure of
steel was carried out in several stages. At the first stage,
the change in the surface hardness of the balls during
their wear was studied [7]. For this, during the operation
of the BDM, individual balls were removed. Balls were
drawn at regular intervals from the start of loading.
Therefore, the balls had varying degrees of wear. The
sizes of the balls varied from 40 mm (new ball) to
15 mm (balls after unloading). Hardness was found for
specific points on the surface of the ball. Hardness was
measured with a PMT-3 hardness tester [8]. The
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methodology for determining the measurement points is
described in [7].

In our case, balls with extremely high hardness and
increased hardening depth were used. The deviations of
the hardness value from this value at different points on
the surface were no more than 20 MPa.

It was found that on the surface of new balls the
maximum hardness was 9800 MPa. For the purity of the
experiment, the balls were cut and a hardness
measurement was carried out along the depth of the
balls. In depth, the hardness was 9750 MPa. And the
deviation in points is not more than 50 MPa. During
operation, the hardness decreased.

Next, balls with diameters of 35, 20, 12 mm were
studied. The measurement procedure was unchanged, as
for the new ball.

It was found that for a ball with a diameter of
35 mm, the surface hardness was 8100 MPa. In the
central part — 9700 MPa. The minimum surface
hardness was at the ball after unloading from a drum
mill (diameter 12 mm). It amounted to 6630 MPa. The
hardness at the center of this ball was 8000 MPa.

The performed studies showed that the efficiency of
the drum mill significantly depends on the hardness of
the balls. To increase the hardness, a technique was
used in which the ball material was treated with a
HCEB of accelerated electrons. This technique is in
demand, as it can be applied on an industrial scale.

The TEMP-A accelerator, which is located at the
NSC KIPT (in the NSC “Kharkov Institute of Physics
and Technology™) [9], was used as a radiating device.
The Descriptions of the beam were the following: the
current of 2 kA, electron energy ~ 300 keV, impulse
duration 7, ~ 5 ps. The current was measured using a
Rogowksi coil. The beam has a diameter of 45 mm in
cross section. The beam intensity has a Gaussian
distribution. The peak fluence, was taken to be
250 J/cm?. The pressure in the irradiation chamber was
10° Torr.

CONDUCTING EXPERIMENTS
AND DISCUSSION OF RESULTS

To process samples with a HCEB of accelerated
electrons, these samples must be presented in a special
form. For this purpose, the balls were cut into pucks
1.2 mm thick. All studies were performed on these
pucks.

After processing with a beam, samples were cut
from part of the pucks to study the material for
plasticity. They had a length of 20 mm, a capture width
of 3.2 mm, and a width of the bursting part of 0.9 mm.
The thickness of the samples is 0.4 mm. Researches on
plasticity were carried out on a tensile testing machine
break. The pucks and samples are shown in Fig. 1.

During the irradiation of samples with a HCEB, IR-
radiometric diagnostics of the thermal field was carried
out [9-12]. This made it possible to control the state of
the sample during processing.
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Fig. 1. Pucks and a sample after a tensile testing
machine

Original appearance the pucks after processing on
the TEMP-A accelerator, together with the target, is
shown in Fig. 2.

Fig. 2. Pucks after an irradiation

After processing the samples with HCEB,
measurements were made of the surface hardness of the
samples. The least increase of value of hardness was for
new balls. The largest increase in hardness was
observed for samples that were made from previously
used balls. In numerical terms, this has such meanings.
For the case of a new ball, the initial hardness was
9800 MPa. After beam treatment, the hardness
increased to 10100 MPa. This value significantly
exceeds the value of hardness in accordance with
regulatory requirements. The hardness in the central part
of the new ball, at a distance of half the diameter, did
not change and had a value of 9750 MPa. Those no
increase in hardness was observed inside the ball. This
is natural, since the HCEB performs surface treatment.
For a ball with a diameter of 20 mm, the hardness
increased to 9800 MPa. With hardness before
processing 7500 MPa. The maximum increase in
hardness was observed for a ball with a diameter of
12 mm. Its hardness after processing is 9600 MPa.
Hardness before processing 6630 MPa.

Researches, conducted on a break machine, exposed
a change in the structure of steel also. A decrease in
plasticity was found for all samples. At break, all
samples require more force. So the sample, which was
made from a new ball, required a 144 kG/mm? force for
the break. Whereas without irradiation, this indicator
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was 140.6 kG/mm?. For a sample made of a ball with a
diameter of 20 mm, these values were 136 and
122 kG/mm?®. The maximum value of the decrease in
plasticity is observed for a sample made of a ball with a
diameter of 12 mm. After irradiation, the force of break
was 130 kG/mm?  whereas before  processing,
104...108 kG/mm?,

When metals are irradiated with a HCEB, with
certain characteristics, surface hardening is possible [3,
4,6, 7, 13, 14]. In this case, work several mechanisms
that are responsible for hardening.

Among them may be: the transformation of the
surface layer to martensite, carbonization, the
appearance of oxides, cleaning the surface layer from
various inclusions. When cleaning the surface,
evaporation of less refractory inclusions occurs, which
increases hardness.

In the process of irradiation of a metal sample with a
HCEB, its surface is rapidly heated. In this case, in the
surface layer, areas of molten metal appear. Due to the
vaporized elements, a plasma cloud forms above the
surface of the sample. Various effects may appear as a
result of crystallization of the melt on a colder basis.
Also, as a result of the start-up effect on the sample,
various defects can be formed [4, 6, 13, 14]. When the
thickness of the sample is less than three depths of
penetration of the beam, it is possible its destruction. As
a result of irradiation of the sample, several zones with
different structures are formed. The quenching zone is
located on the surface of the sample. Under the surface,
below the quenching zone, there is a zone that has
undergone considerable thermal influences and melting.
And then there is a zone that has been subjected to
significant dynamic loads. The two upper zones on the
surface of the sample are caused by the influence of
temperature fields and cooling rates. The lower zone
ends in the volume of unirradiated material. It is formed
due to the occurrence of defects that are caused by the
action of shock waves. Shock waves are generated due
to the ejection of molten material from the surface. And
also due to uneven heating of the area of influence of
the beam and basis of the sample.

The material evaporates from the surface of the
sample. First of all, elements with a low melting point
evaporate. Thus, there is cleaning of surface. To
determine the mechanisms due to which the change in
the surface hardness of the balls occurs, fractographic
studies were performed. The studies were carried out
using raster electron microscopy. Used JEOL JSM-840.

The surface of the samples after rupture was
examined. Samples were taken in pairs from each ball,
before and after irradiation. Studies were carried out on
the state of the surface of the samples. Based on the
analysis of fractograms [15], several mechanisms were
discovered that contribute to the increase in hardness.

Recrystallization has a significant effect on
increasing the hardness of the surface layer of samples.
In Fig. 3 shows fractograms of the fracture surfaces of
samples that were made of steel balls before irradiation.
The balls had varying degrees of wear.
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Fig. 3. Fractograms of the break surfaces of samples
made from balls with a diameter:
a—20; b—12 mm. Before an irradiation

In Fig. 3,a shows a fractogram of the surface of the
ball (diameter 35 mm) before processing on the
accelerator. In Fig. 3,b shows a fractogram of the
surface of the ball (diameter 12 mm), also before
processing on the accelerator. For comparison, we
present fractograms of the fracture surface after
treatment with a HCEB (Fig. 4).

30.00kV _ x120

b

Fig. 4. Fractograms of the break surfaces of samples
made of balls with a diameter:
a— 20; b — 12 mm. After irradiation

Comparing the fractograms presented in Figs. 3 and
4 immediately observe significant differences. Before
an irradiation the structure of break had a viscid form.
Grain structure is observed only in certain areas. The
grains that can be identified are 200 x 150 um in size.
The viscid break area was over 60% of the surface (ball
with a diameter of 20 mm) and more than 80% of the
surface (ball with a diameter of 12 mm). Enlarged
fragments of the viscid fracture surface are shown in

(Fig. 5).
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Fig. 5. Enlarged areas of fractograms of the break
surfaces of the samples before irradiation, made of balls
with a diameter: a —20; b — 12 mm.

Before an irradiation

In their structure, viscid breaks in both samples are
similar. Elongated micropore pits predominate. During
operation, the balls constantly struck at the the material
being ground. Upon impact, dislocations appear in the
samples. Their accumulation and confluence leads to the
appearance of microdefects. Further accumulation of
defects occurs in several planes. The break is
accompanied by the formation of cavitys. This is
especially noticeable for a 20 mm ball (see Fig. 5,a). For
samples that were obtained from a 12 mm ball (see
Fig. 5,b), the structure of the break surface is slightly
different.

The surface is represented by flatter ledges. This
development of the break is possible [15] with the
fatigue state of the material. This state of the material
occurs during prolonged cyclic exposure to shock loads.
The characteristic features of the fatigue state are
elongated flat surfaces of the facets of quasi spalling.
The flat surfaces of facets do not have the expressed
direction. That testifies to evenness of influence of the
loadings.

After irradiation, the structure of the fracture surface
differs significantly from the structure of the fracture
surface prior to irradiation. On the surface, we observe a
significant number of grains. The surface view is shown
in Fig. 6.

From the images of fractograms, we observe that the
break passed through the grains. An insignificant part of
the break surface is intergranular break. The grain size
was 50 x 70 and 50 x 50 um. We observe a structure
that has a grain size smaller than before irradiation. The
cause of the formation of the grain structure is
recrystallization. Under the action of a HCEB, the
surface layer of the sample is rapidly heated. Heating is
accompanied by the melting of individual sections of
the surface.
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Fig. 6. Enlarged sections of fractograms of the break
surfaces of samples made of balls with a diameter:
a—20; b — 12 mm. After irradiation

Melting takes place in a thin surface layer. Heating
is very fast. The heat from the heated areas does not
have time to spread inside the sample. Therefore the
melting region is in contact with the cold base. Instant
cooling takes place, and crystallization of the molten
part of the material. A new surface zone is formed,
which has a fine-grained crystalline structure. This zone
has increased hardness. The recrystallized region is
shown in Fig. 6.

Also, melting is accompanied by evaporation of the
molten material. In this case, it is possible the
evaporation of various additives, which have a lower
melting point than the basis of material of surface. This
is the mechanism of surface cleaning under the action of
a HCEB of accelerated electrons.

The issues of cleaning materials under the influence
of radiation were considered in a number of works. In
particular, it was shown in [14], due to the purification
of the material, the hardness can increase. This implies
purification using a HCEB of accelerated electrons. The
degree of increase in hardness can reach 10%. However,
excluding this mechanism from consideration will be
incorrect. It was shown in [16] that sulfur and
phosphorus inclusions evaporated. These additives
reduce hardness.

In our case, to confirm this statement, we consider
the images of fractograms shown in Fig. 6. They show
the break surfaces of the samples that were irradiated.
The analysis is carried out using fractograms, which are
given in [15]. The fractogram data are well described
and explained. Therefore, they can be a standard. On the
surface of grains, we observe manifestations of various
defects, inclusions, and features. So on the surface we
find micropores that are formed in the region where the
manganese inclusions are located (Point 1). To a small
extent, inclusions of chromium oxides are present
(Point 2).
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These inclusions contribute to increased hardness.
However, we do not observe characteristic
manifestations for inclusions with a low melting point.
These are compounds of phosphorus and sulfur. These
compounds were present in the surface layer prior to
irradiation. After irradiation, they are not observed.
Evaporation of these inclusions during irradiation may
be the cause of this effect. Therefore, there is an effect
of cleaning the surface layer of the sample material.
And accordingly, it affects the increase in hardness.
Therefore, when studying the issues of increasing the
hardness of materials, this effect must also be taken into
account.

Thus, it can be argued that several factors influence
the change in the surface hardness of the balls, which
increased as a result of irradiation with a HCEB. Among
them, the effects of recrystallization, the effect of
cleaning the surface of the material

CONCLUSIONS

1. Steel (9XDM) balls were irradiated with HCEB.

2. The effects of increasing the hardness of the
surface of the balls were studied. These effects were
observed when irradiated with HCEB.

3. It was found that the hardness of the surface layer
of irradiated samples is significantly higher than the
surface hardness of unirradiated samples. An increase in
the force of viscid break was found for irradiated
samples, compared with unirradiated samples.

4. The paper shows that the effect of increasing the
hardness of the surface layer of samples is composite
and includes various mechanisms.

5. Several characteristic mechanisms have been
identified that contribute to increasing the hardness of
the surface layer. The mechanisms were determined
using the analysis of fractograms of surface of break.

6. It is concluded that recrystallization of the metal
surface and purification of the surface layer material by
a HCEB contribute to the process of increasing strength.
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YIPOYHEHUE MOBEPXHOCTH CTAJIM (9X®M) ITPA BO3AENCTBUU
CWJIBHOTOYHOT O 9JIEKTPOHHOI'O ITYYKA

E.M. Ilpoxopenko, B.B. /lumeunenxo, E.A. Menakosa, 10.®D. Jlonun, A.I'. [lonomapés, B.T. Yeapoe,
H.A. Hlynveun, T.I'. IIpoxopenko, P.H. Cmapoeoiimos, A.H. Mopo3zos, C.P. Apmembes

Cramp 9XDPM 0Ob11a 00TydeHa CHIIBHOTOYHBIM AJIEKTPOHHBIM ITYYKOM, KOTOPHIH MmoiydeH B yckoputene TEMII-
A. OOGyueHne TPOBOIWIN IS Pa3IMUHBIX 00pasloB MaTepHana Imapa OapabaHHOW MenbHHIBL. YacTe 00pasoB
B34Ta C MMOBEPXHOCTH IIAPOB, KOTOPBIC UMEIH PA3INYHYIO CTENEHb M3HOCA. Takxke 00mydann oOpasupl, B3STHIE U3
IyOMHBI [IapoB, KOTOpas paBHA IIOJIOBUHE anaMeTpa. i W3ydeHHs MEeXaHHMYECKHX M MHKPOCTPYKTYPHBIX
N3MEHEHUH TPUMEHUTH M3MEPEeHHsT MUKPOTBEPAOCTH, MeTamorpadudeckuii U gpakrorpaduieckuii aHanussl. Bo
BCEX CIIydYasX OOHapy>XEHO W3MEHEHHE TBEpAOCTH. sl pasiaWdHBIX 0Opa3lOB CTENEHb W3MEHEHHS TBEPIOCTH
pasnuuHa. Ha ocHoBe ppakTorpaduyeckoro aHaimsa ¢ UCHoNb30BaHHeM POM-MHKpockonuu onpeneneH OfuH U3
MEXaHU3MOB, KOTOPBII CIOCOOCTBYET MOBHIIIEHUIO TBEPAOCTH MOBEPXHOCTH. DTUM MEXaHU3MOM SBIISETCSA OUMUCTKA
HOBEPXHOCTH 00Pa3LOB ¢ IOMOIIbIO CHIILHOTOYHOT'O ITy4Ka 3JIEKTPOHOB OT npumeceit pochopa u cepsl.

3MIITHEHHS ITIOBEPXHI CTAJII (9X®M) ITP! JIIi CHJIBHOCTPYMOBOI'O
EJIEKTPOHHOTI'O ITYYKA

E.M. Ilpoxopenko, B.B. /lumeunenxo, O.A. Mensaxosa, 10.®. Jlonin, A.I. Ilonomapwvos, B.T. Yeapos,
M.A. Hlynvein, T.I. Ilpoxopenko, P.1. Cmaposoiimos, A.1. Mopo3zos, C.P. Apmem’ce

Cramp 9X®M Oyna onpoMiHeHa CHIIBHOCTPYMOBHM EJICKTPOHHUM ITyYKOM, SIKHH OTPHMAaHO B IPHCKOPIOBaYi
TEMII-A. OnpoMiHeHHS TPOBOIMIIN U PI3HUX 3pa3KiB Marepiany Kyii OapabdanHoro mumHa. YacThHa 3pa3kiB
Oyna B3dTa 3 MOBEPXOHb KYJIb, SKi MAJNU Pi3HUHA CTYIIHBb 3HOCY. TakoX OMpPOMIHIOBAITM 3pa3KH, Y3ATi 3 TIHOMHH
Kynb, fKka Oyna piBHA MOJOBUHI AiameTpa. [ BUBYEHHS MEXaHIYHHX 1 MIKPOCTPYKTYPHHX 3MiH 3aCTOCOBYBAJH
BHMIpH MIKpOTBepAOCTi, MeTamorpadidyauii i ¢pakrorpadiunmii aHamizu. Y BCIX BHIIQJKaxX BHUSIBICHA 3MiHA
TBEpIOCTI Ta IIACTHYHOCTI. s Pi3HUX 3pa3KiB CTYIiHb 3MIiHH TBEPIOCTI Ta IUIaCTHYHOCTI pisHa. Ha ocHOBI
(dpakrorpadiuHoro aHamizy 3 BUKopucTaHHIM PEM-mikpockormii BU3HAYEHHH OAMH 3 MEXaHI3MiB, SIKAW CIpHsIE
MiJBUIICHHIO TBEPAOCTI TMOBepxHi. I[[UM MexaHi3MOM € OYMINEHHS TOBEPXHI 3pa3KiB 3a JOMOMOTOIO
CHIIBHOCTPYMOBOTO ITy4YKa eJIEKTPOHIB BiJ goMimok ¢ocdopy i cipku.
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