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Abstract

Introduction. Modern plasma magnetic confinement systems use tungsten as a material in contact with plasma. Under
the influence of high-density plasma irradiation, tungsten undergoes cracking, intense erosion, and macro-particle
emission. High-temperature ceramics are considered a promising material for protective coating of plasma components,
as they are resistant to thermal loads. One possible solution could be a boron carbide coating, which has a high melting
temperature.

Materials and Methods. The impact of an electron beam on samples of rolled tungsten and boron carbide and tungsten
composite was studied in experiments on the BETA setup. The heat from the beam propagates into the samples, with
the maximum temperature reached at the center and decreasing towards the edges. The modeling area represents
a cross-section of the samples, optimal for a task with a cylindrical coordinate system. The numerical implementation
is based on the correction scheme and the marching method.

Results. A new model of heating the boron carbide and tungsten composite sample under the influence of surface
heating by an electron beam is presented. The model is based on solving the heat conduction equation in an axially
symmetric setup with constant values of specific heat capacity, density, and thermal conductivity of metals.
Discussion and Conclusions. An analysis of the model of heating the composite material under the influence of surface
heating by an electron beam at constant values of density, thermal conductivity, and specific heat capacity has been
conducted. The modeling results are in demand for analyzing experimental results and planning experiments at the Beam
of Electrons for Materials Test Applications (BETA) facility, created at the Budker Institute of Nuclear Physics SB RAS.
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AHHOTANHSA

Beeoenue. CoBpeMEHHBIE CHCTEMBI MAarHUTHOTO YIEPKaHMS IIIa3Mbl MCIIONB3YIOT BOJIB(GPAM KaK KOHTAKTHPYIOIIUH
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MePCIIEKTUBHBIM MaTEPUaJIOM IS 3aLIUTHOTO IIOKPBITHS IIa3MEHHBIX KOMIIOHEHTOB, TaK KaK yCTOHYMBA K TEPMHYECCKUM
Harpy3kam. OJJHUM 13 BOBMOXKHBIX pELICHHH MOXET OBITh MOKPHITHE U3 KapOuna 60pa, KOTOPBIil KMEeT BBICOKYIO TeM-
nepaTypy IUIaBICHUSL.

Mamepuanvr u memoowt. B sxcniepumentax Ha ycraHoBke BETA uccnenoBanoch BO3IeHCTBUE AIEKTPOHHOTO IMydKa
Ha 00pa3ibl IPOKaTaHHOTO BoJb(paMa u komio3ura kapbuna 6opa u Bosbdpama. Temio oT mydka pacnpocTpaHseTcs
BIIIyOb 00pas3iioB, MaKCHMAJIbHAsI TEMITEpATypa TOCTUTAETCS B ICHTPE M CHIDKAETCs K Kpasm. O6IacTh MOICTHPOBAHHS
npencraBiseT co0oi monepeyHoe ceueHne 00pasoB, ONTHMAIBHOE AT 331a4H ¢ LMINHIPHYECKON CHCTEMON KOOpAau-
Hart. YuciieHHas pea3alis OCHOBaHA Ha CXeMe CTaOMIM3HUPYIOLIEH ITONPaBKH U METO/IA IPOTOHKU.

Pesynomamut uccnedosanus. IlpencrapineHa HOBas MOJEJb IPOrpeBa obpasua KOMIO3KTa kapouma 6opa u Boibdpa-
Ma TIpH HarpeBe MOBEPXHOCTH SICKTPOHHBIM My4YKOM. MoJiellb OCHOBaHA HA PEIICHUH YPABHEHHUS TEIIONPOBOJHOCTH
B aKCHaHbHO-CHMMeTpH‘IHOﬂ IMMOCTAaHOBKE ITPU MMOCTOAHHBIX 3HAYCHUAX yﬂeHLHOﬁ TCIJIOEMKOCTH, IJIOTHOCTHU, TCILJIOIIPO-
BOZIHOCTH METAJLIOB.

Obcyscoenue u 3aknrouenus. IIpoBeneH aHaIN3 MOIENN HArpeBa KOMIIO3UTHOTO MaTepuajia IIPpH HarpeBe MOBEPXHOCTH
SNIEKTPOHHBIM ITy4YKOM IIPH MOCTOSHHBIX 3HAYSHUSX INIOTHOCTH, TEIUIONPOBOAHOCTH U TEIUIOEMKOCTH. Pe3ynbraTer Moze-
JUPOBaHMS BOCTPEOOBAHBI IS aHAIU3a PE3YJIbTaTOB M ITPH INIAHUPOBAHUHU SKCIIEPUMEHTOB Ha cTeHae Beam of Electrons
for materials Test Applications (BETA), coznannoro B USI® CO PAH.

KuroueBble cjoBa: MaremMaTtuueckoe MOCIHUPOBAHUE, YPaBHEHHE TEILIONPOBOIHOCTH, KapOua Oopa, BoIbhpaM, M-
NyJIbCHBIN Harpes, cren] BETA

duHancupoBanme. VccienoBanne BEBIIONHEHO 3a cueT TpaHta Poccuiickoro nHaygnoro ¢orma Ne 23-21-00134.
https://rscf.ru/project/23-21-00134/

Jsa mutupoanusi. OxumeB B.A ., Jlazapesa [T, [lonos B.A. Pacuer HarpeBa KOMIIO3UTHOTO MaTepuaa IpH HarpeBe
MMOBEPXHOCTH EKTPOHHBIM IyukoM. Computational Mathematics and Information Technologies. 2024;8(1):36—42.
https://doi.org/10.23947/2587-8999-2024-8-1-36-42

Introduction. Modern plasma magnetic confinement systems involve the contact of peripheral plasma with
the wall. Currently, tungsten is assumed to be the material in contact with the plasma for the ITER (International
Thermonuclear Experimental Reactor) divertor and some tokamak plasma components. Studies in recent years have
shown that under the influence of high-density plasma irradiation, tungsten experiences cracking, intense erosion,
macroscopic particle emission, melting at relatively low temperatures, and other processes that can ultimately lead to
accelerated deterioration of tungsten ITER divertor tiles [1-3]. High-temperature ceramics are a promising alternative
material for protective coating of plasma components. One of the main advantages of ceramics over other materials
in this case is its high resistance to intense thermal loads [4]. To protect ITER tungsten plates from plasma exposure
and thus prevent the development of the listed processes, a renewable boron carbide (B4C) coating can be used. It has
a high melting temperature (~3000 K), is not susceptible to chemical vapor deposition, and its physical vapor deposition
is significantly lower than that of graphite and only slightly increases at temperatures of 1700 K [5]. Additionally,
compared to graphite, boron carbide poorly retains hydrogen [6].

Research conducted at the Budker Institute of Nuclear Physics of the Siberian Branch of the Russian Academy of
Sciences (BINP SB RAS) focuses on studying surface erosion of tungsten samples under the influence of a laser pulse
or an electron beam. Experiments are conducted at the Beam of Electrons for Materials Test Applications (BETA)
facility, established at the BINP SB RAS [1]. Modeling of tungsten heating and melting has been performed based on
solving a two-phase Stefan problem in the sample domain [2]. The novelty and complexity of solving this problem
lie in the necessity to formulate nonlinear boundary conditions describing heating and material evaporation on its
surface [7]. Temperature calculations are used to determine the current in the tungsten sample and the evaporated
substance [8]. Thermal currents are determined from electrodynamics equations considering electrical resistance and
thermoelectromotive force calculated through an energy integral over electrons. The current is considered a potential
source of material rotation observed in experiments.

A new research direction at the BINP SB RAS involves studying the heating process of boron carbide and
tungsten composite samples [4]. Experimental studies are accompanied by computational experiments. The practical
focus of the work requires the model problem formulation to closely match the experimental conditions. The results
of calculations from the final model will be used to analyze data obtained at the BETA experimental facility at the
BINP SB RAS.

Materials and Methods. In experiments conducted at the BETA facility, samples of rolled tungsten [8] and boron
carbide-tungsten composite [4] were subjected to the influence of an axisymmetric electron beam. Electrons with
energies of 80-90 keV heat the material in a layer that is thin compared to the characteristic heating depth of the
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material. The heat absorbed by the surface propagates into the material. The sample dimensions are 25 mm % 25 mm
with a typical thickness of 4 mm. Since the sample heats to a depth of several hundred microns in such a short time, the
modelling domain represented a cross-section of the sample: an area of 12 mm x 2 mm (Fig. 1).

25 mm

o

Fig. 1. Experimental setup diagram

The process of heat propagation on the surface and into the depth of the sample is described by the heat conduction
equation in an axially symmetric configuration:

e (1)p(r) or _ 1.0 rr)er Lor X(T)aT’ )
o ror or 0z 0Oz
w(t,
(n’VT)‘y: ( r),(n,VT)|ny:0,T|t:0:TO,
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where Q represents all the boundaries of the sample; y denotes the heated surface; 7(¢, r, z) represents the temperature;
¢(7) is the specific heat capacity; p(7) stands for density; A(7) represents thermal conductivity; W(¢, r) is the power density
on the surface y; n denotes the normal to the surface; 7, is the initial temperature.

The power distribution over the surface of the heat flow is determined as W(t, r) =W (z)exp (— Ar? ) Here

max

A= aiz =0.03088523mmi * is a constant characterizing the radius of the beam a. The axially symmetric configuration of
the heat flow determines the optimal formulation of the problem in a cylindrical coordinate system, as the power density
distribution over the surface has maximum values at the center of the sample and decreases proportionally to the radius.
The heating of the sample occurs at the center of the plate and does not reach its edges. The sample is heated to a depth of
no more than 1 mm. Solving the problem in a transverse section is determined by the importance of the material heating
process into the depth of the sample. The boundary condition on the heated surface and material parameters contribute
significantly to the solution.

Let’s introduce a uniform rectangular grid with nodes (i, k): i = 1...N, k= 1...N_ in the two-dimensional domain
(rz:relr,r  lzelz,z,  1,7,=2,=0,r =12Mm,z  =2mm, where, for 0 <z<0.1 mm, there is a layer of boron carbide,
and for 0.1 <z <2 mm, there is tungsten. We define the grid nodes using mesh functions:

r=nt,n=1,...,T,
r=ihi=1,.,N,

7

o =kh k=1,..N,
w!=w,_, (t” )exp(— Ar? )

Let’s introduce difference operators
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The numerical implementation of equation (1) is based on the stabilizing correction scheme [9] and the tridiagonal
matrix algorithm:
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Boundary conditions:
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To verify the correctness of the algorithm, a test problem is solved [10]:
Z—jz%[kou“g—zj, z>0,1>0, @)

1
) u(z,O) =0, u(O,t) = uotg s

L
oc” \|° .
J , k, =0,5, 6 =2, ¢ =1 and the exact solution:

where u :[_
0 k l
ocC I
ucxact(zzt): [k_o((:t_z)} 5 at ZSct,

0
0, at z>ct.

We solve the problem for x € [0,1] and for the time interval # € [0, 0.5]. Figure 2 presents the solution of problem (4)
at different time instants, Fig. 3 shows the graph of the relative error € as a function of the grid step 4.

1.4
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=0.1s.

12 t=0.1s

t=0.2s.

1.0 t=0.3s.
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0.0 0.2 0.4 0.6 0.8 1.0

z

Fig. 2. Solving the problem (4) at different points in time
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Fig. 3. Graph of the relative error dependency on the grid step
Results. Let’s consider the numerical solution of problem (1) for the case of constant coefficients (Table 1).
Table 1

Characteristics of boron carbide and tungsten used in calculations

Units of measurement Tungsten Boron Carbide
J 148.34 2153.66
"kg-K
kg 19051.24 2509.06
i
W 119.55 20.79
MK

The calculation was performed with T = 0.01, 2 = 0.01. The calculation time was determined by heating the plate
surface to 2000 K. Numerical experiments show that boron carbide, having a higher specific heat capacity compared to
tungsten, heats up more strongly, but due to its low thermal conductivity, it slows down the propagation of heat inward.
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Fig. 4. Temperature distribution within the sample
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Fig. 5. Temperature distribution on the surface of the sample

Thus, the application of a boron carbide protective coating allows reducing the temperature affecting the tungsten,
thereby preventing the material from heating to critical values (7> 800 K [11, 12]), which can lead to cracking.

Discussion and Conclusions. An analysis of the heating model of the composite material under electron beam
heating at constant values of density, thermal conductivity, and specific heat was conducted. The results of the conducted
modelling demonstrate that boron carbide, having a higher specific heat compared to tungsten, heats up more intensely,
but due to its low thermal conductivity, it slows down the spread of heat inward.
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