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New generations of fusion devices need alternative plasma-facing materials. The currently approved material
composition for the first wall and divertor of the ITER tokamak has a number of disadvantages: insufficient
resistance to thermal shock, sputtering of microparticles into plasma and high atomic number Z of the armor
material. A promising but largely untested idea is the proposal to use high-temperature ceramics as armor
materials for the most heat-loaded plasma-facing components of new-generation fusion devices. Among the
advantages of ceramics are the low Z and high enough resistance to intense heating. More research is needed
that would help to understand how the material withstands high heat fluxes during transient plasma events.
This work is devoted to the description of an experimental method that makes it possible to estimate the
critical temperature at which the damage of ceramics begins as a result of a thermal shock of submillisecond
duration. As a demonstration of the efficiency of the method, the critical temperature for hot pressed B,C

under thermal shock was determined: its value was about 1200-1400 K.

1. Introduction

High-temperature ceramics are promising alternative materials for
the role of a protective coating for plasma-facing components (PFCs)
of a magnetic fusion device. Among the advantages of ceramics over
other materials in this case, one can note a low Z and high resistance
to intense heating. For example, at present, tungsten is considered to
be the most suitable material for manufacturing the divertor armor and
some plasma-facing components in tokamaks. However, this metal is
not an ideal candidate due to recrystallization [1,2], the brittle-ductile
nature of thermal deformation [1,3] and high Z. For this reason, the
search for the best alternative material for the manufacture of the first
wall and the divertor of tokamaks does not stop.

Attempts have been made to use high-temperature ceramics to
manufacture plasma-facing components [4-8]. Among the most suit-
able materials for this role are silicon carbide (SiC), boron carbide
(B,C) and MAX-phase (Ti;SiC,). Indeed, these materials and composites
based on them are highly resistant to thermal shock [9-12]. There are
approaches that can significantly reduce hydrogen retention or help to
remove hydrogen from SiC and B,C [13,14]. In terms of gamma and
neutron radiation protection, B,C is one of the best materials [15]. For
this reason, it is approved for the manufacture of protection for ITER
tokamak port plugs [16,17]. There are also methods to improve this
property [18].

One of the key properties of the armor material of the PFC is its re-
sistance to thermal shocks produced by the plasma during the operation
of the fusion device. B,C has already been considered as a material for
PFC protection of tokamaks and stellarators [6-8]. However, studies
that would allow us to evaluate the resistance of this material and
other high-temperature ceramics to thermal shock, which corresponds
to that in the case of ELMs [19], are not enough. More research is
needed to show how B,C and other promising plasma-facing material
(PFM) ceramics are resistant to such events in new-generation facilities
like CFETR or DEMO. Thus, the purpose of this work was to develop
experimental technique for studying damage to the high-temperature
ceramics surface as a result of thermal shock. In more detail, it was
necessary to test the possibility of using the approach described in
[20-27] to study damage to the surface of high-temperature ceramics.
The application of this approach made it possible earlier to observe the
motion of a layer of molten tungsten on the surface of a sample [21]
and to study the dynamics of the ejection of microparticles from the
melt depending on their size and the intensity of thermal shock [23,
24]. Using the in situ technique, the trajectories and ejection time
of microparticles were recorded, as well as localization of the initial
point of emission of microparticles which showed that microparticles
escape from overheated sections of the melt [25]. The appearance of
overheated areas on a uniformly heated surface of a tungsten sample
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Table 1
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Thermomechanical properties of boron carbide provided by Virial Ltd.

Poisson’s ratio ¢ Young’s modulus

E (GPa)

Thermal expansion
a (K1) @ T~ 500 K

Thermal expansion
a (K1) @ T~ 1300 K

0.2 440

4.5-107°

5.6-107°

is associated with a deterioration in the bond of these areas with
the base material due to surface modification by previous thermal
shocks [26]. Under transient thermal loads with an intensity below
the melting threshold, the dynamics in the roughness of the initially
mirror-polished surface of a tungsten sample versus dynamics of surface
temperature has been studied [22]. The residual bending of the sample
made it possible to estimate the tensile residual stress associated with
residual plastic deformations of the surface of tungsten samples heated
by thermal shocks [27]. In case the tensile strength of tungsten is
exceeded, it leads to cracking of the surface. Cracking occurs at time
delay several orders larger than the time required for the surface to
cool down to ductile-to-brittle transition temperature (DBTT) [22].

The main advantage of this technique is the possibility of obtaining
data on the erosion of test samples directly during the thermal shock.
The approach is based on in situ recording and analysis of monochro-
matic radiation scattered by the sample, the change of which indicates
the occurrence of erosion processes on the surface. The experimental
results should make it possible to determine the critical parameters of
heating at which the damage of the irradiated sample surface began. In
the course of this work, it was necessary during the B,C test to adapt the
in situ technique that allows monitoring the process of damage to the
sample surface during pulsed laser heating in order to further apply this
approach to study other PFM-promising ceramics. In this paper, we will
focus on describing damage to the surface of B,C due to rapid heating
to temperatures below the melting threshold. Damage occurs due to
detachment of small volumes of matter. The reasons for this process,
as well as its experimental observation, are given below.

2. Sample description

The B,C sample used in the experiments was produced by Virial Ltd
(St. Petersburg) by hot pressing. The hot pressing method makes it pos-
sible to obtain ceramics with low porosity, which has a positive effect
on its mechanical strength and thermal conductivity. It is expected that
the selected sample will have a sufficiently high resistance to thermal
shock. It is presented in the form of a 50 x 50 x 10 mm> plate. The
density is 2.51-2.52 g/cm?, the content of impurities does not exceed
1% (O: 0-0.18%, Al: 0-0.1%, Si: 0.1-0.21%, Fe: 0-0.13%) [28]. The
known thermomechanical properties of the provided sample are shown
in Table 1. These values correspond to the characteristic reference data
for B,C [29-31].

The sample surface was preliminarily polished to minimize the
fraction of diffusely scattered light. The sample surface microscopy
images are shown in Fig. 1, the result of optical profilometry of the
surface is presented in Fig. 2. Open pores can be seen with typical size
~ 10 pm.

3. Critical temperature estimation

Let us consider the process of B,C surface erosion due to the pulsed
heating of a small area on the surface. Polycrystalline ceramics contain
defects (e.g. pores, grains and inclusions with mechanical properties
that differ from average), which are its weak point. With rapid heating
of the surface, thermal expansion of the substance occurs, which leads
to the appearance of compressive stresses. When the surface is heated,
the compressive stresses will be greater in the longitudinal direction
relative to the surface plane, since the substance can freely expand in
the transverse direction. Such asymmetric pressure on defects will lead
to the transition of compressive stresses in one direction into tensile
stresses in another direction in the vicinity of the defects [32,33]. When

Fig. 1. The unexposed sample surface microscopy images with different magnifications.
The left image was obtained using an optical microscope, the right images at high
magnifications were obtained using SEM. The location where the surface profilometry
data was taken is marked with a black rectangle.
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Fig. 2. The result of optical profilometry of the surface of the boron carbide sample
before the experiments.

tensile stresses reach the ultimate tensile strength, crack initiation
begins, and small volumes of matter are detached from the surface
with the formation of craters. Statistically, this process occurs when
the compressive stress reaches the compressive strength. It is assumed
that such a process limits the operating temperature of the ceramics.
Next, we will make a simple estimation of the critical heating tem-
perature at which the described process begins, and then consider the
experimental results that make it possible to describe craters formation
experimentally using in situ diagnostic systems.
The heat diffusion depth 4, can be estimated as follows:

PTRY . S €Y}
Cy TP

where x is the thermal conductivity, ¢ is the characteristic heating time,
¢, is the specific heat and p is the density. For thermal shock with
characteristic time # ~ 1 ms: 4, ~ 0.1 mm < A, r (h and r are the sample
thickness and characteristic size of the heated area on the surface,
respectively). The values x and c, are taken from [29, p. 146], p ~
~ 2.51-2.52 g/cm>. Thus, we can assume that thermal expansion occurs
uniformly, and it is permissible to use a one-dimensional approximation
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to describe it. The linear density p, = | pdh cannot change, and
macroscopically only deformation occurs in the direction of the normal
vector. Then, to describe the erosion of the surface of a brittle material,
we will use the linear theory of elasticity [34]:

Oup=—K:-3-a-8T 8,5+ K-uy, -S5p+2- - (g =1y, -8,5/3), (2)

where K = is the bulk modulus of elasticity (bulk and compres-

_E__
3(1-20)
sion modulus), y = T shear modulus, E — Young’s modulus, ¢ —
Poisson’s ratio, a — coefficient of linear thermal expansion. Eq. (2) is
actually matrix equation, so tensor notation is used; a, #,y are indexes
that can be one of x,y,z independently; z is direction normal to
surface, x,y are directions in surface; ,, is Kronecker delta. Einstein
summation convention is used, so u,, is trace of strain tensor. According
to definition of strain tensor one can see, that

u,, = divi = -57”, @)

where i is displacement vector, &p - change in the density. For 6,5 =0
we get by substitution into Eq. (2) the following result: trace u,, = 3-a-
-8T, which means that « is linear expansion, non-diagonal components
are zero uaﬂ|a;&ﬁ = 0 in force-less case.

In our case as it was mentioned above, averaged displacement
can be only in direction normal to surface, so according to definition
Uop|,,. = 0. Because of symmetry u,; = up,, so there only one non
zero element in displacement tensor — u,,. Therefore there are no off-
diagonal elements u,;, which means that there are no off-diagonal
elements o,, either. According to mentioned above structure of dis-
placement tensor it can be rewritten as follows u,; = u,,n,n;, where
n, — is a component of normal (orthogonal to the surface, with unit
length) vector 7.

Oup=—K-3-a-8T 8,5+ K-ty - Sp+2 1y, - (ngng—38,5/3) (4
2
=—K~3Aa-6T~5aﬂ+uW-((K—gy)-éaﬂ+2~,u-nnnﬂ>,

which means, that ¢ has only two independent non zero components
o, and oy, = 0.

Uniformity in transverse coordinates (r > 1) and proximity to the
surface on which ¢,, = 0, allows us to obtain from Eq. (2):

O'ZZ=—K-3-a-6T+uw-((K—%y)+2-/4)=0, ()
O'XX=—K~3'a'5T+MW~(K—%/l). (6)
From Eq. (5) u,, can be found and used to determine o,,:

~a-6T. ()

Presented theory ends with the first integrity breach. So, craters for-
mation will start when the compressive stress from Eq. (7) reaches the
limit |6, | = |6,,| = 6,45, Where 0,,,, is the compressive strength. Thus,
the critical temperature change at which craters formation begins is
expressed as follows:

1-0
6T£riti£ul = ﬁ * Omax- (8)

Hence, for B,C we obtain: 67,,,,;.,; & 900-1200 K (E, a, o values were
taken from Table 1 and 6,,,, from [29,30], the range of values for single
value theory is obtained because of uncertainty of material properties.).
If we assume that the sample is initially at room temperature T,,,,, ~
~ 300 K then the critical temperature is 7., & 1200-1500 K. It should
be emphasized here, that the coefficients in Eq. (8) should be taken at

surface temperature, that adds uncertainty.
4. Experimental setup
The B,C sample was at room temperature inside a vacuum chamber

at a pressure of about 4 Pa. Thermal shocks were simulated using a
neodymium laser on silicate glass with pulsed xenon lamp pumping.
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Fig. 3. Scheme of the in situ system for the dynamics of damage to the irradiated
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Fig. 4. Scheme of in situ system for the thermal radiation of the sample surface
diagnostics and 1.06 pm heating laser power detector location.

This laser generates submillisecond pulses at a wavelength of 1.06 pm.
The total energy in a pulse can reach 200 J, and by using lenses and
beam shapers, it is possible to provide a heat flux to the sample surface
up to 10 GW/m>. This allows to simulate thermal transients during
ELMs [26,35].

To monitor the dynamics of surface damage, the diffusely scattered
laser radiation at a wavelength of 532 nm was observed. A diagnostic
system similar in principle of operation was used for in situ studies
of tungsten erosion during pulsed electron beam heating [20-22].
Schematic of the experiment with radiant heating paths and diagnostic
laser is shown on Fig. 3. To reject the infrared (IR) laser radiation,
which heats the sample, a combination of IR-absorbing optical filters
and narrow-band 532 nm interference filters was used. Thus, the pho-
todetectors recorded only the radiation of the 532 nm laser. The main
limitation of this diagnostic system is the need to preliminary treat the
sample surface in such a way that a small amount of diffusely scattered
radiation is achieved. In this case, surface erosion leads to a significant
increase in the amount of diffusely scattered radiation, and this change
can be recorded.

To characterize the heating of the sample, a pyrometric diagnostic
system was implemented to estimate the surface temperature, as well as
a system that allows recording the power of the heating laser (Fig. 4).
The combination of an IR-photodiode and a SWIR-camera makes it
possible to monitor the temperature dynamics (7" 2 800 K) in a small
area on the sample surface and to record the spatial temperature
distribution over the surface at a point in time of interest. Determining
the temperature based on the thermal radiation of the B,C surface is
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Fig. 5. An example of temperature distribution over the B,C surface during 1.06 pm
laser heating. The graph on the left is plotted along the black line in the 2D temperature
distribution on the right.

possible due to the known emissivity in the temperature and wave-
length range of interest [36,37]. The pyrometric diagnostic system is
also equipped with a combination of absorbing optical filters and a
narrow-band notch filter to reject IR radiation from the heating laser.

An example of the temperature distribution over the sample surface
during the thermal shock, is shown in Fig. 5. It can be noted that
the laser diffuser creates almost uniform heating inside a square S ~
~ 6 x 6 mm? with maximum temperature deviations < 20%. During
the experiment, the diagnostic 532 nm laser illuminates approximately
80% of the heated surface. This means that surface erosion due to
overheating occurres simultaneously over a large area, which will
significantly affect the fraction of diffusely scattered radiation. Due to
this, it is possible to most accurately determine the beginning of the
erosion: the signal of the scattered radiation monitoring system quickly
begins to grow.

The heating laser power diagnostic system with 1.06 pm radiation
detector (Fig. 4) is calibrated to measure the total radiation power to
the sample surface P(t). Using the known irradiation surface .S, as well
as the absorption coefficient of the material, it is possible to estimate
the absorbed heat flux W,. We will assume that all the radiation that
is not reflected from the surface goes into heating the sample. Thus,
the heat flux can be defined as W,(r) (1 — R) - P(t)/S, where R is the
reflection coefficient for the wavelength of 1.06 um. Let us set R ~ const
and estimate the value for B,C according to the data published in [38]
as R~ 0.28.

5. Heat flux factor estimation

For the most complete characterization of the heating of the sam-
ple surface, it is most representative to use the heat flux factor F,,
[39-41]. In the case of pulsed heating with a constant heat flux W, =
= const, the heat flux factor is defined as F,, = W, - /1. However,
in the experiments described in this paper, heating is carried out with
a non-constant power. To determine the heat flux factor for this case,
consider where the definition for the case of constant heating comes
from.

Propagation of heat can be simplified to heat equation in the case
of small temperature dependence of material thermal properties. Small
ratio of heat propagation depth to radius of heating allow to simplify
equation to one dimensional % =D- ‘;ZTZ, where D = L”—p Fundamental

v 2

X

solution of heat equation is well known: @ = 4-7- D - t)f% - e 4Dt
[42]. Small ratio of heat propagation depth to sample depth allows
us to neglect the far boundary and solve equation in half space with
boundary condition on heated surface —x - % = W,(t). After mathemat-
ical calculations one can find that surface temperature at x = 0 can be
calculated as follow:

4 "Wt-1)
dr
mexecypto 2.4/7

T() = ©
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Fig. 6. Experimentally obtained dependence of the surface temperature T of B,C on
the heat flux factor F,, defined according Eq. (10). A line with a slope A is fitted
by the least squares method. Observational errors are marked by crosses. Some of the
dataset points are highlighted in black for clarity.
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where x and ¢, were taken from reference data (Reference Data 1 from [29], Reference
Data 2 from [43]).

Fig. 7. Experimentally obtained slope of temperature -

function of temperature compared to that calculated using the definition A =

So, for the case of non constant time dependence of heat flux W(r)
surface temperature is proportional to heat flux factor:

"Wt —-1)
——dr.
0 2.4/t
In case of W(#) = const from Eq. (10) we get Fj,, = W - 4/t as it should
be for constant heat flux according to simplified definition formula
written above.
To demonstrate the possibility of using such a definition of the heat
flux factor (Eq. (10)), let us consider the dependence of T on F, r for
the data obtained during the experiments with B,C presented in Fig. 6.

It can be seen that the dependence can be approximated by a linear
function: T = A - Fj; + T,y The slope A of the fitted line must be

equal to the A = ﬂwiw (according to Egs. (9) and (10)). Let us
compare experimentally obtained A with the calculated one based on
the known properties of B,C (Fig. 7) from the reference data [29,43].
The reference data is temperature dependent, while the experimental
value of the slope A is constant. It can be seen that the difference is
about 20% for T > 500 K. This discrepancy is probably due to the
fact that for the sample on which the experiments were carried out,
such properties as emissivity, absorption coefficient of 1.06 pm laser
radiation, thermal conductivity and specific heat are not exactly known.
The values for them were taken from the reference data. Nevertheless,
such an assessment more fully characterizes the heating of B,C and

Fyy = 10
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Fig. 8. The result of irradiating a polished sample of B,C: time dependence of the
surface temperature 7' (red), relative change in the scattered 532 nm laser radiation
AI/1; - 100% (green) and absorbed 1.06 pm laser heat flux W, (purple). From 0 ms
to 0.6 ms the graph is made on a linear scale, starting from 0.6 ms on a logarithmic
scale. The time interval corresponding to the beginning of the increase in the intensity
of diffuse scattering and the interrelated interval of critical temperatures are marked
by the intersection of vertical and horizontal red rectangles. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

makes it possible to compare the resistance to thermal shock with other
materials.

6. Results and discussion

Fig. 8 shows the result of thermal shock of the surface of a B,C
sample. The change in the signal of the scattered radiation monitoring
system (green line) occurs due to an increase in the solid angle of the
diffusely scattered 532 nm laser. The solid scattering angle in this case
can change only as a result of damage to the surface of the sample:
when the critical temperature is reached, the material erosion begins.
Fig. 8 shows that when the surface temperature reaches 1200-1300 K
(t ~ 0.14-0.16 ms), the fraction of scattered radiation begins to in-
crease. The growth of the signal continues until the maximum surface
temperature is reached, and then the signal becomes constant.

Microscopy images of the sample surface after irradiation with the
1.06 pm laser pulse are shown in Fig. 9. The formation of small craters
over the entire irradiated surface is clearly visible. Cavities on the
surface shown in Fig. 9, which are much larger than the open pores
on the unexposed surface (Fig. 1), are considered as craters. It is as
a result of craters formation that the 532 nm laser radiation diffusely
scattered by the sample surface increased. Profilometry data shown in
Fig. 10 support the microscopy data on craters formation.

To demonstrate the statistical confirmation of the result, Fig. 11
shows the dependence of the relative change in the 532 nm laser
radiation diffusely scattered by the sample 47/, - 100% on the surface
temperature T' and heat flux factor F, , at the heating stage for 5 experi-
ments. Each experiment was carried out on a pristine unexposed area of
the sample surface. The data allow us to conclude that the temperature
range 1200-1400 K (marked with a red rectangle) corresponding to the
beginning of the signal growth is the critical temperature at which
erosion of the heated surface occurs. This agrees well with the estimate
according to Eq. (8), given that the sample is initially at room temper-
ature (7,,;;;cqs & 1200-1500 K). The experimentally determined critical
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Profilotr'y :

Fig. 9. Microscopy images of the sample surface after irradiation with different mag-
nifications. The left image was obtained using an optical microscope, the right images
at high magnifications were obtained using SEM. The area for which profilometry data
were obtained is marked with a white rectangle.
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Fig. 10. The result of optical profilometry of the surface of a boron carbide sample
after thermal shock. Craters are marked with blue rectangles. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 11. Dependence of the relative change in the 532 nm laser radiation diffusely
scattered by the surface of B,C on the surface temperature and heat flux factor at the
heating stage for 5 experiments. The expected critical temperature and heat flux factor
range is marked with a red rectangle. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

temperature range is reached when the surface is heated with a heat
flux factor of Fj,; ~ 9-11 MJ m~! 5703 (calculated according Eq. (10)). It
should be noted that the above temperature range corresponding to the
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beginning of damage to a given material refers to single impacts and the
initial room temperature of the sample. The effects of thermal cycling,
stationary heating and increased initial temperatures are expected to
be investigated in the future.

Let us compare the data obtained with the heating parameters that
limit the use of tungsten as PFM. The process that significantly limits
the working temperature of tungsten is recrystallization. The recrystal-
lization temperature of tungsten is in the range of 1200-1800 K [44,
45], which is close to the temperature range corresponding to the
onset of B,C erosion. However, characteristic temperatures alone are
not enough to draw conclusions about the resistance of the material
to pulsed heating, and it is more correct to compare the heat flux
factors corresponding to the onset of erosion. The heat flux factor
Fyy ~ 9-11 MJ m~' s7%3 at which B,C surface reaches 1200-1400 K
is almost two times lower than the tungsten cracking threshold (F,, ~
~ 23 MJ m~! s705 [41], Fyy ~12-24 MJ m™! 5705 [46]). According to
the results of work [44], in the case of multiple heating pulses, tungsten
recrystallization occurs when the heat flux factor in each pulse reaches
Fyy ~154-247 MJ m~' 5705, The heat flux factor at which erosion of
the B,C surface begins is approximately half the characteristic limiting
heat flux factor during pulsed heating of tungsten. The main reason
for the rapid heating of B,C is the relatively low thermal conductivity.
This is a rather serious problem of this material in some cases while in
other situation like in sacriefied limiters the low thermal conductivity
can protect the cooling pipes from overheating and avoid a potential
Loss Of Coolant Accident inside the DEMO vessel [47]. The low Z of
the material is also beneficial since any impurities eroded from a limiter
made of B,C will have less effect on the plasma core.

7. Conclusions

The main result of the work is to demonstrate the possibility of using
an in situ technique based on the analysis of laser radiation scattered
by the surface of ceramics to study erosion processes during pulsed
heating. The in situ experimental results made it possible to determine
the parameters of heating the surface of hot pressed B,C, at which the
processes of craters formation begin. Post mortem microscopy images
and profilometry data showed that, as a result of pulsed heating to
temperatures below the melting threshold, craters are actually formed
on the surface of the sample. Surface damage begins in the case of
rapid heating of the surface to critical temperatures in the range of
1200-1400 K at an initial sample temperature of T,,,, ~ 300 K. This
temperature range corresponds to the estimate made in the course of
the theoretical description of the process. The heat flux factor at which
the critical temperature range is reached during pulsed heating was also
estimated: it is almost two times lower than the characteristic limiting
heat flux factor during pulsed heating of tungsten.

The approach described in this paper is planned to be used to study
other PFM-promising high-temperature ceramics: such as monolithic
hot pressed SiC, CVD SiC, SiC/SiC composites, boron-based ceramics
and MAX-phases (e.g. Ti;SiC,). These materials are of interest due
to their high resistance to thermal load, as well as relatively high
thermal conductivity compared to other high-temperature ceramics.
The authors believe that the approach described in this paper will help
to characterize the possibility of using high-temperature ceramics for
the manufacture of coatings of plasma-facing components of fusion
devices in terms of their resistance to thermal shocks that occur in the
case of transient processes during the magnetic plasma confinement.
The in situ technique described in this paper makes it possible to obtain
data on the critical pulsed heating of ceramics. This information will
help to understand the limitations in the case of using ceramics as PFM:
to estimate the ultimate heating parameters at which erosion occurs.
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