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Abstract: This paper presents a study of a combined modification of silumin, which included
deposition of a ZrN coating on a silumin substrate and subsequent treatment of the coating/substrate
system with a submillisecond pulsed electron beam. The local temperature on the samples in the
electron-beam-affected zone and the thickness of the melt zone were measured experimentally and
calculated using a theoretical model. The Stefan problem was solved numerically for the fast heating
of bare and ZrN-coated silumin under intense electron beam irradiation. Time variations of the
temperature field, the position of the crystallization front, and the speed of the front movement
have been calculated. It was found that when the coating thickness was increased from 0.5 to 2 um,
the surface temperature of the samples increased from 760 to 1070 °C, the rise rate of the surface
temperature increased from 6 x 107 t0 9 x 107 K/s, and the melt depth was no more than 57 um. The
speed of the melt front during the pulse was 3 x 10° um/s. Good agreement was observed between
the experimental and theoretical values of the temperature characteristics and melt zone thickness.

Keywords: pulsed electron beam; electron beam treatment; vacuum arc deposition; ZrN coating;
silumin substrate; coating/substrate system; temperature measurement; mathematical modeling;
crystallization rate; melt depth

1. Introduction

To control the properties of the surface layer of machine parts and mechanisms,
various approaches are used that involve changing the elemental composition of the
surface layer by ion implantation [1,2], ion mixing [3], and diffusion of alloying elements
from gaseous [4,5], liquid [6,7] or solid [8,9] states. Complex alloying is also widely used,
such as alloying of steels with metal atoms for further (or simultaneous) saturation of
the surface layer with non-metallic atoms (nitrogen, carbon, boron) [10]. Examples of
surface alloying are electro-explosive alloying [11,12] followed by pulsed electron beam
treatment [13-15] and treatment of targets with pre-deposited films of alloying elements
(aluminum, titanium, nickel, chromium, etc.) by compression plasma flows [16-19]. Such
treatment produces remelted layers of a depth of up to 30 pm and a heat-affected zone of
depth about 200 um.

One of the most promising combined methods that are of interest to scientific re-
searchers is coating deposition with subsequent electron beam treatment of the coat-
ing/substrate system [20-22]. It should be noted that this method, depending on the input
energy density and the coating and substrate compositions, allows one to produce surface
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alloys of different compositions with the alloyed layer thickness from 0.1 to 100 pm [21-23]
or to fuse single-layer hard coatings into lower melting point substrates to produce highly
adhesive layers with enhanced properties [24,25].

These combined methods are particularly relevant for the modification of light alu-
minum alloys (including silumins) the industrial use of which is limited by their low
tribological and strength characteristics [26,27]. The nonequilibrium structure-phase states
are formed in the surface layer of materials under electron beam irradiation on the microsec-
ond and submillisecond time scales due to ultra-high rates of heating (up to 10° deg/s) of
a thin surface layer of the material (1-10 pm) to melting temperatures and due to very high
temperature gradients (up to 107-10% deg/m), which provide cooling of the surface layer
by heat transfer to the bulk material at a rate of 10*~10° deg/s.

The temperature of the material in the electron beam treatment zone and the rate of
its variation, as well as the rate of heating and cooling of the material, are the main charac-
teristics that affect the formation of the modified layer structure. In turn, the temperature
characteristics are affected by the energy of the beam electrons arriving at the substrate
(energy density in a pulse), the properties of both the coating and the substrate materials
(thermal conductivity, melting point, etc.), the thickness of the irradiated coating, and the
method and rate of cooling of the coating/substrate system.

Different methods for treating materials and producing coatings can lead to different
impurity contents and to the presence of point defects, which affect the thermal and
mechanical properties of the substrate and coating materials and can be a source of scatter
in their characteristics [28-31]. The characteristics of the coating material are also affected
by its thickness. Therefore, to solve the thermal problem of the action of intense energy
fluxes on a coating/substrate system, it is important to combine modeling and measuring
of the surface temperature. This makes it possible to refine the thermophysical parameters
of the materials to predict the dynamics of the temperature fields and, accordingly, the
structure of the modified layer.

The aim of this work was to perform a combined modification of a eutectic silu-
min, including deposition of a ZrN coating on a silumin substrate and treatment of the
coating/substrate system with a pulsed electron beam. The local temperature in the beam-
affected zone was measured and numerically calculated. A theoretical modeling was per-
formed to analyze the processes responsible for the modification of the coating/substrate
system irradiated with an electron beam under given conditions. These investigations
provide a basis for increasing predictably the service life of silumin products, which could
significantly expand the area of their use.

2. Materials and Methods

The test ZrN coatings of thickness 0.5, 1, and 2 um were deposited on the substrates by
the vacuum-arc method on the QUINTA specialized ion-plasma installation, in the mode
with magnetic filtration of the plasma flow [32,33] (Institute of High Current Electronics,
Tomsk, Russia). The coating deposition was carried out at the following parameters: arc
evaporator current I; = 90 A, Ar/N; content ratio = 1/1, working pressure of the gas
mixture p = 0.3 Pa, negative pulsed substrate bias voltage U, = 150 V, and pulse duty factor
v = 85%. The growth rate of the coatings was 2.7 um/h. The deposition time, chosen
in accordance with the growth rate and the required coating thickness, was 11, 22, and
44 min for coatings of thickness 0.5, 1, and 2 um, respectively. The deposition parameters
were chosen proceeding from a previous study [33]. However, the discharge current of
the evaporator was chosen such that the temperature of the low-melting silumin samples
during deposition was not over 350 °C.

The substrates were samples of AK12 (eutectic) silumin (10-13% Si + 84.3-90% Al)
15 x 15 x 4 mm® in size.

Electron beam irradiation of the samples and measurement of their surface tempera-
ture were performed using the SOLO electrophysical vacuum setup [34]. It was designed
to study the effect of concentrated energy fluxes on materials and to perform surface
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modification of metal and cermet products in order to improve their operational properties.
The main component of the setup is a pulsed electron source of the same name 1 (Figure 1)
with a plasma cathode produced by a low-pressure arc discharge [35,36], developed at the
Institute of High Current Electronics (Tomsk, Russia). It generates an electron beam of
energy 5-25 keV, current 20-300 A, and pulse duration 20-200 ps at a pulse repetition rate
of 0.3-20 s 1. The energy density distribution over the beam cross section has a Gaussian
profile with a maximum of up to 100 J/cm?, and the beam diameter in the target area is
about 3 cm. The distribution profile can be controlled by changing the configuration and
magnitude of the magnetic field of solenoids 2 and 3 (see Figure 1) in the range between
0.01 and 0.1 T. Thus, the beam uniformity could be no less than £15% of the average current
density over about 7 cm? in the treatment zone. The plasma electron source was powered
by specialized power supplies 5, 6, and 7, and the diagnostics were performed with oscillo-
scope 8. Sample 10 with thermocouple 11 was fixed on movable manipulator table 9. The
thermocouple signal was fed to oscilloscope 8 through normalizing converter 12.
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Figure 1. Schematic diagram of the experimental setup: 1—SOLO electron source, 2, 3—magnetic
coils, 4—electron beam, 5—auxiliary discharge power supply, 6—plasma cathode discharge power
supply, 7—accelerating voltage power supply, —oscilloscope, 9—manipulator table, 10—thermally
insulated sample, 11—thermocouple, 12—normalizing converter, 13—lens, 14—quartz glass, 15—
rotary joint, 16—fiber-optic cable, 17—high speed pyrometer, 18—viewing window, and 19—
vacuum chamber.

The electron source used is capable of working with various inert and reaction
gases. In the experiments performed, argon was fed into the source at a leakage rate of
0.03-0.04 Pa - m3/s, which provided a constant pressure of 0.1 Pa in the vacuum chamber.

The local surface temperature of the samples was measured with a high-speed infrared
pyrometer (Kleiber KGA 740-LO) 17 (see Figure 1). It operates in the spectral range
2.0-2.2 um, provides a response time of 6 ps, and can measure temperatures in the range
of 3002300 °C. The thermal radiation from the sample passed through quartz glass 14
and LVO 25 lens 13 mounted on vacuum-tight rotary joint 15. The lens was connected to
the pyrometer using flexible fiber-optic cable 16. The measurement area on the sample
was an ellipse with dimensions of ~ 4 x 8 mm?. The device converts the measured
temperature into a voltage (0-10 V) according to a linear law. The signal voltage, together
with the discharge current of the plasma cathode of the electron source, I;, the current in
the acceleration gap, I, and the accelerating voltage, U, were recorded with oscilloscope
8. The beam treatment process could be visually observed through lead glass viewing
window 18 of vacuum chamber 19.
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When performing measurements with any brightness temperature pyrometer, to
which the used model belongs, it is necessary to set the emissivity of the object surface.
To determine it, the (thermally insulated) sample was smoothly heated to 500 °C by an
electron beam with gentle parameters (beam energy density Es = 0.5 J/cm?, pulse duration
T =50 ps, pulse repetition rate f = 8 Hz, and accelerating voltage Uy = 13 kV) in argon at
a pressure of 0.1 Pa. This approach made it possible to heat the sample in bulk without
changing its surface state. Then, when the sample was cooling, the emissivity was set
on the pyrometer so that close readings of the pyrometer and K-type thermocouple 11,
made of chromel and alumel wires 0.3 mm in diameter, could be achieved. After that,
based on contact temperature measurements, a calibration straight line was constructed,
which represented the final dependence of the output voltage of the pyrometer on the local
surface temperature for the given sample. The procedure for constructing a calibration
straight line was repeated after treating the sample with working beam pulses. This was
made to evaluate the possible measurement error caused by the change in state of the
irradiated sample surface and, as a consequence, by the change in surface emissivity.

The electron beam treatment of the silumin substrates was carried out according to
the modes presented in Table 1. At the initial stage, all silumin samples were mechanically
ground using abrasive paper. Then, the samples were preliminarily treated with an electron
beam (mode 1) to degas and polish the surface and to remove surface impurities. After
coating deposition, the ZrN coating/silumin substrate system was treated with an electron
beam according to the main mode (mode 2).

Table 1. Modes of electron beam treatment of the samples.

Preliminary Treatment Mode

Sample No. ZrN Coating Thickness, um (Mode 1) Main Treatment Mode (Mode 2)
! 0 Es =30]/cm?, T =200 us §
2 0.5+ 0.08 ]\?__10 ulses/f—_03I—;Lz/ Es=25]/cm?, =150 ps,
3 1+0.11 SNy N =5 pulses, f = 0.3 Hz,
4 2£014 §= Ug =13kV

The structure of the modified layer before and after combined electron-ion-plasma
treatment (coating deposition and electron beam irradiation) was examined using optical
microscopy (uVizo-MET-221 metallographic microvisor device, LOMO, St. Petersburg,
Russia) and scanning electron microscopy (Philips SEM-515 device with EDAX ECON IV
microanalyzer, Philips, Amsterdam, Netherlands).

3. Mathematical Model and Numerical Calculations

The dynamics of the temperature field in a sample irradiated with an intense electron
beam is described by the heat transfer equation with proper boundary conditions and
initial conditions, taking into account the assumptions of the mathematical model. In the
mathematical formulation of the problem, it can be assumed that an electron beam energy
of <20 keV acts as a surface energy source and that the thermal processes can be considered
in a one-dimensional approximation with an irradiation pulse duration of 150 us.

The heating of the sample is described by the equations

oT 0 (,dT
pcg = ox (Aax)' 1

aT(t,0) oT(t, 1)
SN P ®) ox
where c is the specific heat capacity of the sample material, p is its density, A is its thermal
conductivity, p(t) = U(t)j(t) is the power density of the electron beam, U(f) is the accelerating
voltage, j(t) is the beam current density, and [ is the length of the sample.

= 0, T(O, x) = TQ,
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The mathematical model accounts for the existence of a two-phase region, which is
characterized by the average volume fraction of the liquid phase, 8, in the solid/liquid
system [37,38]. The phase transition occurs in the temperature range from T, — AT2
to Ty + AT2 (T4 is the phase transition temperature) for which the material phase is
modeled by a smoothed function 6 varying from 1 to 0. The effective thermal conductivity
of the solid(s)/liquid(/) system, A, is related to the conductivity of the solid; As, and the
conductivity of the liquid, A;, as

A= (1-0)As + A,

The material density in the two-phase region and the heat capacity are assumed to be
constant. The latent heat of melting, L, involved in the phase transition is included in the
specific heat as an additional term:

c=¢Cs+ TT

The phase transition between liquid and solid is described in a similar way. The
system of Equation (1) was solved numerically with an implicit difference scheme, which
was previously used in [39,40]. This scheme, when implemented using the MATLAB soft-
ware package, makes it possible to obtain satisfactory agreement of numerical calculations
with experimental measurements. Table 2 shows the thermophysical parameters of the
silumin [28-31] and the coating [30,31] used for numerical calculations. Regarding the
experimental conditions, evaporation could be considered negligible (the evaporation
temperature of silumin is 2493 °C). The dependences of the coating’s heat capacity and
thermal conductivity have been found by numerical experiments performed for the cal-
culated temperature being in agreement with the measured one. The lower the thickness
of the coating, the higher the rate of change in the thermal conductivity of the coating
with temperature. This is due to the more rapid destruction of the coating structure under
electron beam irradiation and the change in the surface layer composition as a result of the
melting of the base.

Table 2. Thermal and physical characteristics of the substrate and coating materials.

D?il::;l;n Value Description
Silumin
51, ] kg*1K*1 1177 Heat capacity
P51, kgm™3 2600 Density
A, Wm—1K1 130 (on heating)120 (on cooling) Thermal conductivity of solid
1 Thermal conductivity of liquid
11—1 _ _
AL, Wm™ K 60 + 0.024(T — Ty — ATR) (T + AT2 < T < 1400 °C)
T, /AT, °C 580/12 Phase transition temperature /interval for
melting
T, /AT, °C 562/24 Phase transition temPera.ture /interval for
crystallization
L, k] kg*1 385 Latent heat of melting
ZrN coating
—1926(T + 300) 297585 1 1626 + a(hzN),
] 1<g*1K*1 a(hz,n =0.5 um) =0, Heat capacity
a(l) =24, a(2) = 124
p, kgm™3 7090 Density
—4658(T + 300) 09633 4 50.36 + b(hizN),
AWm 1K1 b(hzyn = 0.5 um) =0, Thermal conductivity
b(1) = —20, b(2) = —25
T, °C 2280 Melting point
L, kJ kg*1 371 Latent heat of melting
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4. Results and Discussions

Preliminary electron beam treatment caused surface melting of the silumin (Figure 2a)
to a depth of 40 pm (Figure 3a, the molten layer is indicated by the arrow; Table 3). It
was found that pulsed electron beam irradiation (25 J/ cm?, 150 ps, 5 pulses, 0.3 Hz) of the
ZrN coating/silumin substrate system with a ZrN-coating thickness of 0.5-2 pm resulted
in a partial destruction of the coating, melting of the surface layer of the substrate, and
emergence of the melt on the surface of the coating, which indicated that the coating was
fused to the substrate (Figure 2b—d).

Examination of transverse sections of the coated silumin after electron beam treatment
revealed, as in the case of the bare silumin, a melt zone, where melting of all phases of the
substrate was observed (see Figure 3). In the melting zone of the samples with coatings
of different thicknesses, immersion of the coating fragments into the bulk substrate to a
depth of 45 um was observed (see Figure 3; the coating fragments in the bulk substrate are
indicated by white arrows). The thickness of the melting zone increased with the thickness
of the ZrN coating. For the silumin subjected to preliminary electron beam treatment
(sample 1), the thickness of the melting zone, evaluated from optical and SEM images of
thin transverse sections, was 3040 um. For the samples subjected to combined treatment
(samples 2 through 4), the thickness of the melting zone increased from 30-45 to 40-55 pm
when the thickness of the ZrN coating was increased from 0.5 to 2 um. The maximum
immersion depth of the coating fragments also increased with coating thickness. This
was associated with an increase in the gravity of the coating parts immersed in the melt
upon electron beam irradiation and an increase in the thickness of the melting zone with
increasing local temperature in the treatment zone.

Figure 2. SEM images of the surface structure of the bare and ZrN-coated silumin after electron beam
treatment: sample 1 (no coating) (a), sample 2 (hzn = 0.5 pm) (b), sample 3 (hzn =1 pm) (c), and
sample 4 (hz;N = 2 pm) (d).
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x503 20um ——

Figure 3. SEM images of the surface structure of silumin without and with a ZrN coating after electron
beam treatment: sample 1 (no coating) (a), sample 2 (hz,n = 0.5 um) (b), sample 3 (hzn = 1 um) (c),
and sample 4 (hzN =2 um) (d). The dotted line marks the zone of melting of all silumin phases.

Table 3. Thickness of the melting zone of the bare and ZrN-coated silumin after electron
beam treatment.

Sample No. 1 2 3 4
Coating thickness h, pm 0 0.5 4+ 0.08 1+0.11 24+0.14
Melting zone thickness
after 5 pulses, um 33.8+6.3 382+79 454+71 476 = 8.3
(experiment)
Melting zone thickness 48 54 57 50

after 1 pulse (calculation)

Typical waveforms of the recorded signals are shown in Figure 4. The pulsed current in
the acceleration gap reached 100-120 A; its waveform had a rectangular shape with a width
at half maximum of 150 pus and rise rate of about 10 A/ps. The pulse power, measured
in the acceleration gap circuit, varied non monotonically; after reaching a maximum
(1.3-1.4 MW), it decreased due to discharging of the storage capacitor bank (Figure 4). In
this case, the sample surface temperature continued to increase or remained approximately
constant. The measured energy density delivered by the electron beam to the target in this
mode was about 25 J/cm?.
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Figure 4. Waveforms of the plasma cathode discharge current I3, current in the acceleration gap, I,
accelerating voltage Uy, and surface temperature T, and time variations of the pulse power in the
acceleration gap circuit, Pq for the sample with a 1-um coating.

The experimental pulses of the electron beam power density for the bare silumin and
the silumin with a coating of thickness 0.5, 1, and 2 um, are shown in Figure 5. The average
power density was 1.8 x 10° W/cm?. Figure 6 shows the sample surface temperature for
the corresponding power density pulses (see Figure 5).

2.5 - - : : . .
— NO1 (thN=0 Hmy
N§ ol e N22 (hz=0.5 pm) |
E — N23 (thN=1 Lmy
u‘)‘o_ 15} — N4 (hZI'N=2 LLm)
>
I,
e 1t
()]
o
2
205
o
0 | ] ] =
0 50 100 150 200 250 300

t,us

Figure 5. Time variations of the experimental power density during electron beam treatment for the
bare and ZrN-coated silumin samples.
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Figure 6. Time variations of the local surface temperature during electron beam treatment for the
bare and ZrN-coated silumin samples.

As can be seen from the time variations of the sample surface temperature (see
Figure 6), increasing the thickness of the ZrN coating substantially increased both the
temperature rise rate and the maximum temperature reached during the rise time of the
power density pulse (Table 4). Thus, when the coating thickness was increased from 0.5
to 2 um, the rise rate of the surface temperature measured during the power density rise
increased by a factor of 1.5 (from 6 x 107 to 9 x 107 K/s) and the peak temperature increases
by 40% (from 760 to 1070 °C).

Table 4. Surface temperature characteristics for the bare and ZrN-coated silumin samples subjected
to pulsed electron beam treatment.

ZrN Coating Thickness, um 0 0.5 1 2
Temperature rise rate during the pulse rise, deg/s 3 x 107 6x107  7x107 9 x 107
Maximum temperature during the pulse rise, °C 605 760 980 1070

Maximum temperature in a pulse, °C 1200 1220 1380 1350

Comparing the maximum temperature between the samples coated with 0.5-pm and
1-pm ZrN, it can be seen that it is 160 degrees higher for the latter (1380 °C) than for
the former (1220 °C) (see Figure 6, Table 4). Note that the power density pulses in the
acceleration gap for these cases differ insignificantly (see Figure 5). This indicates that the
thickness of the coating affected the local temperature of the sample surface.

After the end of the beam current pulse, the surface temperature decreased expo-
nentially, with an average rate of about 6 x 10° deg/s, to a phase transition temperature
of 570-580 °C, which was the same for all samples. For the sample with a coating of
thickness 2 um, the measured surface cooling rate was 1.3 x 107 deg/s (see Figure 6). For
the other samples, it turned out to be slightly higher. When the surface temperature of the
sample decreased below the crystallization temperature, it was observed to cool at a rate of
(5-6) x 10° deg/s.

The results of the numerical calculations are shown in Figures 7-11. The behavior of
the surface temperature T(f) of the bare and coated silumin calculated for the experimental
power pulses (see Figure 5) is shown in Figure 7. The crystallization of the silumin melt
depended on the thermophysical characteristics of the coating, and its rate decreased with
an increase in coating thickness. This might be due to a decrease in the number of unmelted
crystals, which acted as crystallization centers. The crystallization rate also depended
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on the amount of energy deposited into the irradiated sample; the large amount of heat
released during crystallization decreased its rate.

1 400 Ll I T I T I

—Ne21(h,, =0 um)
——N22(h, =0.5 um)

——N23(h,, =1 um) 3
——N24(h,, =2 um)

1200
1000

O 800 F

300 400 500 600

t, us

0 100 200

Figure 7. Time variations of the surface temperature of the bare and coated silumin during electron
beam treatment.

1400 - . .

1200

1000
o 800
F 600
400

200

0 1 1 1 L 1 1
0 100 200 300 400 500 600
X, um
Figure 8. Temperature distribution in depth for the 1-um coated silumin at different points of time

during electron beam irradiation: 50 (curve 1), 100 (curve 2), 150 (curve 3), 300 (curve 4), 400 (curve
5), and 600 ps (curve 6).
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Figure 9. Time variations of the melt depth for the bare silumin sample and for the silumin samples
with a coating of thickness 0.5, 1, and 2 um.

1400 . . . . . .

1200

1000

= 600
400

200

0 100 200 300 400 500 600
t, us

Figure 10. Time variations of the temperature at different depths of the silumin sample with a 1-um
coating: depth = 0 (curve 1), 10 (curve 2), 20 (curve 3), 30 (curve 4), 40 (curve 5), 50 (curve 6), 60
(curve 7), and 70 pum (curve 8).
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Figure 11. Time variations of the measured (curve 1) and calculated surface temperature (curve 2)
for the silumin sample with a 1-pm coating.

The temperature fields in the bare and coated silumin samples varied in almost the
same way. Figure 8 shows the temperature distribution in depth for the 1-pum coated silumin
at different points of time during electron beam irradiation. The maximum temperature
gradient in the melt zone was ~10 deg/um, while at the melt boundary it was 3.8 deg/pum
and remained unchanged for about 100 ps.

The numerical calculations have shown that a surface layer with a thickness of no
more than 57 um was melted in all samples subjected to electron beam irradiation. The
difference between the experimental depth of the melt and the calculated one (see Table 3)
might be associated with a change in the properties of the structure of the surface layer
upon penetration of coating fragments into it after five irradiation pulses. Figure 9 shows
the time variation in melt depth during electron beam irradiation for the bare silumin
sample and for the silumin samples with a coating of thickness 0.5, 1, and 2 um. The melt
depth in the samples increased during the irradiation pulse at a rate of ~3 x 10° um/s. The
irradiation was stopped in 150 us, and the decrease in melt temperature determined by the
thermal conductivity of the silumin due to the propagation of heat from the treatment zone
into the bulk sample.

The melt depth remained unchanged within 300 ps, until the surface temperature
reached the crystallization temperature of the silumin. The lifetime of the liquid phase in
the samples with a 0.5-um and a 2-pum coating was 450 and 350 ps, respectively.

Figure 10 shows how the temperature varied with time at different depths of the silu-
min sample with a 1-pm coating. The heating and cooling rates decreased with increasing
distance from the surface. At a depth of more than 55 pm, the temperature was below
the eutectic temperature (577 °C). Thus, at a depth of 60 pm, a temperature of ~550 °C
persisted for ~250 ps.

Figure 11 shows the time variations of the surface temperature T(t) calculated and
measured for the sample with a 1-um coating. The variations in T(f) correlate with the
variations in the electron beam power density during the pulse (see Figure 5). The smaller
fluctuations in the experimental curves of T(t) can be explained by the sensitivity of the
measuring device to a change in the emissivity caused by a change in the state of the
sample surface during the pulse.
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5. Conclusions

A eutectic silumin was subjected to a combined treatment, including the deposition of
a ZrN coating on a silumin substrate and the treatment of the coating/substrate system
with a pulsed electron beam of submillisecond duration. Examination of thin transverse
sections of the ZrN-coated silumin performed after electron beam treatment revealed an
extended melt zone, the thickness of which was 30-55 um for all samples. In the melt
zone of the samples with coatings of thickness 0.5-2 pm irradiated with five electron beam
pulses, a partial immersion of the coating into the bulk substrate to a depth of 45 pm
was observed.

Local measurements of the temperature in the electron beam treatment zone, numer-
ical modeling of the fast heating (within 150 pus) and solidification of the melt under the
action of an intense heat source were carried out for the action of experimental electron
beam pulses (1.8 x 10 W/cm?) on the bare and the ZrN-coated silumin. It was found
that when the coating thickness was increased from 0.5 to 2 um, the rise rate of the surface
temperature increased from 6 x 107 to 9 x 107 K/s and the maximum temperature during
the pulse rise increased from 760 to 1070 °C. The melt depth was no more than 57 um. The
speed of the melt front during the pulse was 3 x 10° um/s. The numerical simulation has
shown that the eutectic temperature was not achieved at depths over 55 pm.

Comparing numerical calculations and measurements of the surface temperature of
materials subjected to electron beam treatment, it is possible to elucidate the dynamics
of the temperature field and melt depth in order to attain predetermined properties of
materials upon electron beam treatment. It should be emphasized that the pulsed electron
beam with unique parameters we used made it possible not only to trace in detail the
dynamics of changes in the temperature of the molten surface layer of a ZrN-coated silumin
sample, but also to produce a rather extended (tens of micrometers) modified structure.
According to preliminary estimates, such a modified structure of the surface layer of a
product made of silumin should significantly improve its operational properties. The
results obtained are important for the development of technology for pulsed electron
beam modification of the structure and surface properties of silumin products used in
modern industry.
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