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A model is proposed for describing the shape change of isotropic and anisotropic graphite under the influence of high temperatures
and high neutron radiation fluences. The model is based on a new approach, which uses the following provisions: description of the
near-pore neighborhood in graphite as a solid solution using the theory of phase transformations of the first kind; consideration of a
new phase as a spheroidal pore of small eccentricity, flattened along the direction of greatest stress; taking into account the clustering
of carbon atoms at fluences of more than 2x10°° n/m”. The graphite non-isotropy is characterized by different pore sizes, different
diffusion coefficients, the lengths of the paths of graphite atoms along and across volume of the sample, which in turn depend on the
temperature of the sample. It is proposed that the initial element on the basis of which a new phase will be formed is the spheroidal
pore of small eccentricity, flattened along the direction of the highest tension. A kinetic equation that describes the diffusion of pores
under the influence of high temperatures and intense neutron fluxes is obtained. Initially, the pores are in a field of predetermined
stresses oriented along and across the sample. The contribution of diffusion processes is due to the term proportional to the pore
distribution function in the sample, and the effect of the neutron flux is described by an additional term in the kinetic equation. The
obtained kinetic equation for anisotropic graphite can be transformed for isotropic graphite. For isotropic and anisotropic graphite,
model solutions have been obtained that characterize the change in its volume with time under the influence of a neutron flux and
high temperature. It is shown that the magnitude of the change in the relative volume of reactor graphite for isotropic graphite
exceeds a similar value for anisotropic graphite. Theoretical confirmation of the laws governing the swelling of anisotropic graphites
under the influence of large neutron fluences and in the high-temperature field, previously obtained by other authors, is obtained:
longitudinal compression of anisotropic graphite samples corresponds to a change in the linear dimensions of isotropic graphites; the
transverse compression of anisotropic graphite samples is less than the change in the longitudinal linear dimensions of isotropic
graphites.
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The radiation dimensional stability of graphite is its most important characteristic and it largely determines its
performance as a material and construction as a whole [1-7]. The rate and nature of changes in the size of graphite
products depend on irradiation temperature and are changing in the process of the set of neutron fluence at a fixed
temperature. In the general case, the change in the dimensions of carbon materials under the influence of neutron
irradiation is in a complicated dependence on the irradiation conditions: from the magnitude of the integral flow and
temperature. As a rule, at the initial stage of irradiation the accelerated shrinkage of irradiated graphite is observed.
With the growth of the neutron fluence the shrinkage rate is slowing, and then reverses the sign - shrinkage is replaced
by secondary swelling.

The rate of secondary swelling of graphite is higher than the rate of shrinkage, and this is accompanied by a
change in its physical properties. In graphite develops microcracks, which become larger and merge and form
macrocracks [4].

The strength of the material decreases, which should limit the service life of the reactor, and, consequently, the
entire masonry of the reactor.

The increasing of temperature reduces the dose corresponding to the transition from shrinkage to secondary
swelling and increases the speed of the latter.

It is known that metals irradiated for a long time pass into a state of saturation with point defects. This state is
unstable to the nucleation and formation of volumetric accumulations of vacancies in the form of vacancy pores. As a
result of the formation of such cavities in the metal, an increase in its initial volume is observed, thus its swelling
occurs. First vacancy swelling of metal about 10 nm in size associated with the cell was discovered experimentally in
1967. Moreover, as it turned out, swelling, such as steel, it may be 6 % or more of the initial volume

The most undesirable consequences of swelling include deformation, bends and an increase in the size of various
structures that can lead to self-welding of individual parts, jamming, as well as to overheating inside the working units.
Exposed radiation swelling phenomenon correlates not only for metals, but also for widely used as a neutron absorber
reactor graphite.
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In some types of nuclear reactors, graphite components are used inside the nuclear reactor as structural elements.
Irradiation of neutron fluxes and high temperature carried to deformation (creep) graphite to disruption of its structural
integrity. Therefore, the experimental and theoretical investigations of graphite forming under the influence of the
above factors are important for the safe operation of nuclear reactors. In this direction, active research work is carried
out, as a result of which theoretical models [8] are created that give a good correspondence with the experimental data
on the graphites forming. However, it should be noted that the experimental database on the graphite forming under the
influence of irradiation and high temperatures does not possess completeness and is fragmentary.

The purpose of this work is the development of the theory of graphite forming under the influence of high
temperatures and high fluences of neutrons on the basis of the theory of phase transformations of the first kind, in which
the near-porous neighborhood of graphite is considered as a solid solution [9,10], or similar to a liquid medium [11].

FORMULATION OF THE PROBLEM
Graphite forming under the influence of neutron fluxes of large fluences in a high-temperature field.
Initial information about the graphite forming

The effect of neutron fluxes of large fluences and high temperatures on nuclear graphite, to some extent, is similar
to the formation of pores in solid solutions under the influence of certain external factors. In the latter case, phase
transformations of the first kind take place, accompanied by the formation of pores in a solid [9,10] or bubbles in a
liquid [11].

The formation of pores in reactor graphite taking into account [9-11] can be described as follows.

In a simplified embodiment the reactor graphite is a mixture of petroleum coke and coal tar. Blocks are pressed
from this mixture, usually about 500 mm in diameter and about 2000 mm in length, and then these blocks are processed
at a high (up to 3000 °C) temperature. In the process of heat treatment, pores are formed in graphite, the amount of
which (porosity) depends from the technology of production.

As practice shows, graphites under the influence of load and irradiation, as well as metals are subject to pore
formation processes [2,12], as a result of which their dimensional changes take place.

However, these processes must occur in different scenarios due to the fact that for different graphite marks may
vary not only the initial porosity, density and strength characteristics, but also internal stresses, which are caused by the
method of graphite making. So, for example, there are isotropic graphites, in the manufacture of which isostatic
pressing is used. For anisotropic graphites, which are produced with using traditional pressing methods with uniaxial
compression, which determines the difference in properties of these graphites along the axes a and c.

The pressure in the pore is created by an inert gas, in which medium the production of reactor graphite takes place
and at the initial instant of time always exceeds the pressure in the crystalline structure of graphite. During irradiation
and temperature loading, graphite loses its elastic properties and passes into a state where the pressure in the pore tends
to pressure in the crystal, slightly exceeding it.

The finished product is composed of compacted graphite fine grain size of about 500 A [5] with different
orientation of the graphite planes. The porosity of reactor graphite is usually about 26 %, and in modern grades of
reactor graphite - (9-10) %.

The interaction of neutrons with the carbon atoms of the grain is accompanied by the formation of vacancies and
the removal of atoms into the interstitial space. Moreover, along with the modification of the initially existing
micropores, the formation of new pores is also observed in reactor graphite, i.e. the formation of a new phase.

In virtual space, the formation of a new phase can be viewed as the result of mutual transitions of carbon atoms
from one phase (atoms at lattice sites or in internodes) to another phase (the pores formed by the accumulation of
vacancies). It can be assumed that the crystal lattice of graphite in the immediate vicinity of the pore is strongly
saturated with point defects (carbon atoms located in internodes).

Conditionally, we will consider a pore as such, which is not located in the crystal lattice, but in an amorphous,
liquid-like medium located near the pore surface and consisting from irregularly arranged carbon atoms.

The phenomenon of amorphization of the reactor graphite is studied for a long time [13-16]. Graphite can be
amorphized under the influence of high-energy ions, neutrons or electrons. Judging by the diffraction pattern of a
transmission electron microscope (TEM), observed along the axis ¢, amorphization occurs when samples are irradiated
to a dose of about 1 atomic displacement (sleep) at room temperature [13].

A schematic representation of the pore surrounded by an amorphous or liquid-like medium inside a graphite
crystal is shown in Fig. 1.

With such an examination, the near-pore neighborhood can be considered as a solid solution, and the theory of
phase transformations of the first kind can be applied to its description [9-11].

As follows from this theory, the equations describing the phase transformations contain coefficients that are
expressed in terms of the coefficients: viscosity 7, diffusion D, surface tension G, as well as the mean free path of a

point defect (carbon atom) in the crystal lattice /. These coefficients have a certain view [9-11] and can be used to
construct a fundamental system of equations describing the time variation of the distribution pores function in a space
of dimensions, which include the coordinates and velocities of the centers of spherical pores, as well as their size and
the quantity of vacancies in them.
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For description of the phase transformations in reactor
graphite, we will assume that the processes of pore
formation during heat treatment of graphite at high

temperatures and under the influence of neutron fluxes are
similar. In the first case, the source of energy for the

formation of a new phase is high temperature, in the second
- a moderate temperature and neutron flux.

In isotropic graphite, the displacement of carbon
atoms is isotropic due to the isotropy of internal stresses.

In anisotropic graphite, the knocked out carbon atoms

will move in an inhomogeneous force field, which is
characterized by various internal longitudinal o, and

transverse O, mechanical stresses of the sample.
Ultimately, the carbon atoms will preferably be displaced to

the region of equal internal pressure from the medium, i.e.,

Fig.1. Location of the vacancy pore in a graphite crystal to the axis of the axisymmetric internal field of internal

1 - vacancy pore, 2 - liquid-like medium near the pore, 3 - tension of the non-isotropic sample. In this connection, the

hexagonal planes of a graphite crystal. formed pores will reflect the structure of internal stresses in

the sample, and will apparently have the form of an

ellipsoid of revolution. Such ellipsoidal form of pores is established as a result of computer analysis of plane optical

images of reactor graphite samples [17]. Here, optical images obtained as a result of structural studies quantitatively

revealed changes in the structure of pores and their cross-sectional area and the values of the eccentricity of the ellipses

(0.908, 0.931, 0.929 and 0.922 for IG-110, PGX, NBG-18 and PCEA graphite samples respectively) and their
preferential orientation was identified.

Theoretical model of graphite forming under the influence of neutron fluxes
of large fluences in a high-temperature field
On the basis of the foregoing, we obtain a kinetic equation for the pore distribution function having the form of an
ellipsoid of revolution in anisotropic graphite under the influence of large neutron fluences and at high temperatures.
We assume that the distribution of pores in a viscous medium at a given time ¢ is determined by the distribution

. . . . 4
function f (7 (¢),7(2), v, (£),V, (), V, ),V (£), N, (¢), N, (2),¢) , in which the variables are as follows: V. (¢) = ?TER;RP - pore

volume at constant radius along the anisotropy direction R, with coordinate 7.(¢) and speed v, () of its center;

N, (t) — the number of vacancies in this pore (the number of carbon atoms, retired from the volume V,(¢));
4r . . . . - - .
Vo(t) = ?RTZRP — pore volume, but at a constant transverse it radius R, with coordinate 7, () and speed v, (f) ofits

center; N, (#) - number of vacancies in this pore.

When deriving an equation describing the dynamics of the pore distribution function in time ¢ and in the space of
variables {fﬂ (D, V5(0),V(1), Ny (t)} , where the index f takes values B =T,P, it is convenient to introduce a
dimensionless number N, (2)="V,(?)/V, , where V, — change in pore volume over time Ot , and we assume Of so
small, that when the volume changes on ¥, the number of vacancies changes on one. Over the same period of time ot
coordinate of the center of the pore 74(7) is displaced on a small amount Or, with the module 3- Vol/ } / 4n and the speed
will change on a small amount 6¥,,(¢) = 67, /6¢ with the module 37, /(4m-8t).

The introduction of a number N (t) for the pore distribution function simplifies calculations because the

similarity transformation is performed:
S E (O, 1 (0,5 0,V (0, V(0 V, (0), Ny (1), N (1), )dV,.dV, =
= [ 0,7 (8), V7 (0,9 ,(0), Nip (6), Ny o (6), Ny (0), N (0),0)dN, AN,
Where
Vo S0, 5 (0, (0, Vo (0, V (0),Vp (1), Ny (8), N (0),0) =
= [ (0,7 (0,5, (0,550, Ny (0, Ny p (0, Ny (0, N (1), )

In view of  the foregoing, the time variation of  the distribution function
SE@), @),V (0),V (), Ny (1), N, p (), N, (£), N (2),¢) , which we will write in abbreviated form in the form
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_f(fﬂ,v 45 N, 5 ﬂ,;), is described by the equation:

dﬁ Nr 1 1 aI”Pl
d—{——([N, _IN,—l)_(INT. _[N,.—l)_([zvp _INF—I)_(INH _INm-l) :_E_Wﬂ_ﬁ_ 81\;;,] +®(t) ’ (1)

where: 1Nﬁ - flow in space N 5 [Nm - flow in space Ny, ;

I/v/y ZVNA,NﬁHf(’_; »VﬂaNlﬂa ﬂﬂt)_VNﬁJrl,NﬂJ?(’_; »Vﬂa lﬂ!N +1,1);

Iy, :VNwan“J?(? ,\”/ﬂ,Nlﬂ,Nﬁ,t)_VNWH,wa(? VN g+ LNy, )3 Vi i, - frequency of transition from state K to
state K+/, where K ={N 5N ﬂ} ; Viax - frequency of the reverse transition from state K+ to state K; ®(¢)>0 -

monotonic increasing function, describes the influx of neutrons into the volume of a graphite sample. The monotonous
growth with time of the function @(¢) is explained by the fact that the fast neutron in graphite slows from the mean

fission energy to the thermal energy, after experiencing about 114 collisions [5]. It should be noted that the last term in
equation (1) characterizes the amorphous action of the neutron flux, i.e. an action aimed at creating point defects in the
crystal, which means an increase in the number of pores or their dimensions.

We simplify the record of the subsequent calculations, introducing the abbreviated notation for the distribution

function f/ — f, and come back again to the designation of the pore volume Ny — 17/3, where the sign "tilde" in

subsequent calculations is omitted.

Using the results obtained for isotropic graphite, we can formally generalize them to anisotropic graphite.
Allowance for anisotropy leads to an increase in the arguments of the pore distribution function in graphite. The
generalization gives the following form of the initial equations:

ol ol
Uog] e D L), @
dt 5\ ON, IV,
where:
dN o (7.9 ,,V, +LN 0., _a, o 7y, ¥ 5,V + LN 1)
_WNp o 5:Ve:Vp B _ 82" Vi
Ly, ==L [ 9V + LN =Dy, W, — L f (7,9, Y +1,N,,0) =D, - ", ;
dN 1 OF(V, D OF(V,,N Vs
“b-_p, - M’ Dy =V, . =4Rmo—Ln"; M:T.lnp_;
dt T §N/, ’ L 21, é‘Nﬁ p
dﬁ_ DV l M’ , =VV v I.VOZZWLT; 5F(V/3:Nﬁ)_ Ly Vs ZO'(Rﬁ),
dt T o, b et T A

B s

, , w20(R) ). ;
F(V/,,Nﬂ)z% Vﬁ(ptﬂ_p'/;)JrNﬂ (ﬂw_ﬂlﬂ)Jrf Ig )dV 5 F(N,.N,) - the difference between the free energy of the

0
medium pore volume ¥, and the number of vacancies N, and the free energy of the medium without pores; T -
medium temperature; n* - density of atoms in a crystal; #'” - chemical potential of vacancies in the pore; u" -
chemical potential of a crystal atom; p - saturation pressure by pores; p'* - the pressure of vacancies in the pore; p™ -
pressure in the crystal along (=P or across (=T ) the axis; 6(R) - the coefficient of surface tension at the
boundary of the pore, which in general can depend of the pore radius R, (t)s 7, - dynamic viscosity of a crystal along
(B =P)and across ( S =T ) the axis of the stress field of a crystal; 0 <o <1 - a coefficient that takes into account the
additional barrier that can exist for the last jump of the carbon atom from the pore; D,/ - the diffusion coefficients of
the carbon atoms and the length of the elementary displacement of the vacancy in the crystal along ( f = P ) and across

(B =T ) axes of the stress field in the crystal.

Assuming that the medium is uniform in space and in pores no external mechanical forces other than an external
radiation source, the equation (2) is simplified and takes the form:

a 2 (1. o Lo
o = e f+z{azv ( Pu o }av ( Py H (1), ®

dN av, vy
where: I' (N, V)—l 8 = J Eiln ]'[
2B aNﬁ dt vV, dt dt

dt

dN
dr

wgn(S/,) dNﬁ dVﬁ

S, =
P dr  dr
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The writing of the term I',(V,”) in the form of a total time derivative corresponds to a search for the signs of the

dN
quantities Tﬁ and Tﬂ , as well as their derivatives by N, and V; The coefficient 1/2 in equation (4) is necessary
t t

to ensure the passage to the kinetic equation describing the creep of isotropic graphite (when the index f corresponds
only to the value P) under the influence of large fluences of neutrons at high temperatures.

Thus, the kinetic equation pore diffusion has divergent form in the crystal pore size in the space with the addition
of the right side of a term proportional to pore distribution function.

Equation (3) must be supplemented by an equation describing the conservation of the number of atoms in a unit
volume, including vacancies in the pores and carbon atoms dispersed in the crystal:

n* (0)(1 I
(1

I £ N, (V. Ny 0)dV,dV,dN,dN,

(Ve +V,) f(Vﬂ,N,,,O)dVTdVPdN,dNPj =

o-—;g o—3

/
i

ce—g o—3

(v, +7,) f(Vﬂ,Nﬂ,t)dVTdVPdNTdNPjJr (4)
0

+

Equations (3) and (4) constitute a system that describes the change in time f (Vﬁ,N ﬁ,t) and n" (¢). For a

complete description of the time dynamics of these parameters in a medium, the system of equations must be
supplemented by initial and boundary conditions.

In order to compare the parameters of the forming of isotropic and anisotropic graphites under the influence of
large neutron fluences and in a high-temperature field, we briefly describe the phenomenological theory of the isotropic
graphite forming.

QUALITATIVE ANALYSIS OF ISOTROPIC GRAPHITE FORMING UNDER THE INFLUENCE
OF HIGH TEMPERATURES AND LARGE NEUTRON FLUENCES

Analysis of the isotropic graphite forming under the influence of neutron fluences to 2x10°° n/m’
Equation (3) describes the time variation of the pore distribution function in an isotropic graphite crystal in the
case when the pore is spherically symmetric R, = R;, and the index £ takes only the value T.
This equation can be analyzed in the simplest case, when the pore distribution function depends only on the time
/ =n(t), and does not depend on the variables ¥ and N. Then we can assume that all pores have the same volume V,

and contain an equal number of vacancies N, . In this case, the total volume occupied by the pores is:
1 u

u

Vz(t):

ct—Z=
o —

It follows from expression (5) that the change in the volume of graphite in the case under consideration is
proportional to the distribution function of the pores in the space of dimensions. Moreover, the distribution function is
normalized in such a way that at the initial time it is equal to the total number of pores in a unit volume of graphite:
n,(0) = Ny . For describing of the change in pore volume per unit volume of graphite, it is necessary to find a solution

of equation (3), which, taking into account the above assumptions about the form of the distribution function, takes the
form:

dn, (t)
dt

where the index 7 denotes isotropic graphite.
Equation (6) is a linear differential equation, whose solution has a simple form:

n(t)= exp(—F(t))(n, (O)+£<D(x) -exp(F(x))dx) ) (7

=-T(N(2),V(t))-n (t)+ (1), Q)

where F ()= jl"(N(x),V(x))dx.

0
For the analysis of solutions (7) introduces the simplifying assumptions:
— we assume that F(N(t),V(t)) .is a positive constant, i.e. F(N(t),V(t)) =C, =const>0;
— we assume that the contribution of the neutron term on the right-hand side of (7) is described by a linear function
of time: ®(7)=®,-¢.

In this case, the solution of (7) takes the form:
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®

n, (7) =ni(0)(l+Xi)[exp(—r)—l+ X, +1J

1+ X,

-1
where 7=C, -t - dimensionless time, X, =®, (Clznl. (0)) - parameter describing the neutron flux and the properties

of isotropic graphite.

When calculating the total volume occupied by the pores, it was introduced by the assumption of the constancy of
the pore size. Therefore, the total volume of pores will change only as a result of a change in their number.

If we proceed from this model representation, we can determine from (8) the change in the relative pore volume of
isotropic reactor graphite in a result of exposure to high temperature and intense neutron flux:

ATy (T)| _ (ni (T)—n,. (O))
7 (0) | n,(0)
From the expression (9) follows that at the initial time the change of the pore volume is zero. The influence of the

neutron flux and temperature leads to a change in the total pore volume. In Fig. 2 shows a qualitative curve described by
expression (9), and displaying the change in the relative volume of pores in the graphite with the time 7 when the

=(1+Xi)(exp(—r)—1+rlf}'(j. ©)

parameter X, =7 . As follows from Fig. 2, graphite under irradiation first shrinks and then swells. This behavior of

graphite under irradiation corresponds with experimental results.

. . . . 1+ X,
From (9) we can determine the time to reach the maximum compression of the sample 7, = ln( % : ) and the
maximum relative compression of its volume:
AV (7 1+ X,
:(7) =X, In Ll-1. (10)
72 (0) | X

Analyzing the behavior of the curve in Fig. 2, it can be concluded that the change in the relative volume of pores
of reactor graphite is due to the flow of two mutually exclusive processes. The first process is due to the decrease in
time (exponentially) of the number of pores as a result of diffusion of point defects (thermal diffusion of graphite atoms
in the graphite crystal lattice). The second process is characterized by a time-linear increase in the number of pores and
is associated with the amorphization of graphite under the influence of fast neutron flux.

It should be noted that the dimensionless time can be expressed through the fluence of fast neutrons, since its value
is proportional to the integral dose of irradiation of graphite by neutrons.

0.1

0.03

=0.03

-0 0.1 02 0.3 0.4
T

Fig.2. A qualitative curve for the change in the relative volume of pores in isotropic graphite with a dimensionless time 7 .

Analysis of the isotropic graphite forming under the influence of neutron fluences is more 2x10* 1 /m’

With increasing neutron fluence to a value more 2x10°° n/m’ it’s necessary, in our opinion, take into account

the growing number of formation of lattice defects (vacancies) of reactor graphite. Displaced carbon atoms are clustered
in small groups of 5-10 atoms [3]. At this stage, due to neutron scattering on such clusters, the effect of increasing
(accumulating) neutron fluence should be observed. For process modeling of increasing the neutron fluence, we shall
assume in the right-hand side of equation (3) that the function ® (#) in the form:

D (1) =Dyt +P,1° (an
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The solution of equation (7) in this case takes the form:

2d-X,) X, +1 d-X,
n (7)=n(0)(1+X,)| (exp(-7)-1)| 1- Ll+——+ Lr(r-2) |, 12
(7= (0) ,)[< p(-7) )[ HXJ sl )] (12
D, o . . .
where d = - constant, which is depending from the property of clustering of reactor graphite.

C

01
In order to determine the applicability of expression (12) for describing the change in the relative elongation of
reactor graphite parallel to the direction of its formation, we use experimental data [3]. In Fig.3 shows the experimental
points on which the analytical dependence (12) is imposed for the values X, =1.3, d- X, =177.87 . The dimensionless

parameter 7 is related with the neutron fluence by the relation: 7 =17, -107® , where 7, =30.72.

0+ "/‘
-‘ //
\ m /
1w /
é \m /
o) \ /
o) \
% -2 - A\ /
5 N
o N\ /
§ =\ /
-3 4 N ] /
| . [} /
\\I /
~ L %
\‘\\! _m
4 - L m W L
LI |
T T T T T T T
0 1 2 3 4 5

Dose (10% n/cm?)

Fig.3. Changing the linear dimensions of the H451 reactor graphite sample parallel to the direction of its formation at 600 °C [3].

In Fig. 3 within the limits of permissible experimental errors seen a good quantitative correspondence of the
proposed model to the experimental data.

Thus, this analytical representation of the effect of clustering of reactor graphites under the influence of increased
levels of neutron fluxes is applicable to the description of the reactor graphite forming under the influence of high
temperatures and increased neutron fluxes.

The condition of applicability of the isotropic graphite forming model under the influence
of neutron fluences and high temperatures
Consider the conditions for the applicability of the solution (8). It was obtained under the assumption of the
validity of the relation:

T(N,V)=C, >0. (13)

The relation (13) can be detailed using the notation of symbols included in the expression I'(N,V). It can be
rewritten in the form of an equation, using expressions (2,3):
sign(S)
—In| |[—||— =C,. 14
dt || dt|| dt ] 1 (14

d dV||dN
The solution of equation (14) gives the following relationship between the parameters of reactor graphite:

dN sign(S)
dt

dv

E = C4€_Clt. (15)

From the condition C, >0 that are chosen in the solution (15), it follows that the sign of the parameter

=a;1—];]a;—lt/ has a positive value. In this case, finally, taking into account (2), (3), equation (15) takes the following

form:

D 3V 20 P’
ToR? =nt =| pt = p" + ==L |In| & |=C,¢", 16
" Zn(p D R I 4 (16)
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where it is considered the assumption of the validity of the condition of equilibrium on the surface of the pore,
p(R,t) = p*, and also the fact was used, that the surface tension of pores of large dimensions does not depend on the
size of the pores, i.e. 6(R)=0,. The constant C, is determined by the values of all the parameters specified in
equation (17) at the initial moment of time (7 =0).

Equation (16) determines the temporal dynamics of the change in the ratio of pressures inside the pore p’ and
outside the pore p" . From this equation it follows that the effect of high temperature and intense neutron flux indirectly
affect the ratio of pressures inside and outside the pore through the coefficients of viscosity #, diffusion D, surface
tension G, , and also through a point defect free path length / (carbon atoms) in the crystal lattice.

Equation (16) has a solution expressed in terms of the ratio of pressures p” / p* :

Vv Vv
T:—ln(C;)+1n[(1—%+%)1n(%n, (17)

C4
oR’ p* b n" v
2n
It follows from equality (17) that for all pores of the same volume ¥, and an equal number of vacancies in them
N,, the ratio of pressures p” / p" should depend on time. This means that the value p” is constant, and p” - function

where C, =

of time.
Thus, expression (17) determines the dependence of the relative pressure in the pore p” / p* on time.

In Fig.4 shows graphs of the dependence of the dimensionless time 7 from the ratio of pressures p” / p* for

. 20 ,

different values of the constants: R L and C;.
P
Starting from the family of curves in Fig. 4, we can conclude that these curves for the same values of the constant

GP
Rp*
least, by the intersection of two of these curves. Such an intersection can lead to a change in the time dynamics of the
relative pressure in the pore: with increasing time, the decrease in the relative pressure in the pore can be replaced by its
growth. For example, the intersection of curves 1 and 5, shown in Fig. 5, may lead to the following change in the
pressure in the pore: point a in Fig. 5 is to the left of the maximum of curve 5. Therefore, with increasing time the
pressure in the pore must decrease in accordance with the direction of travel along the arrow from point a to point b.
When reaching the point b, corresponding to the intersection of curves 1 and 5, the pressure reduction in the pore is
changed to its increase, which corresponds to moving along the curve 5 from point b to point c.

C, and different values do not intersect. However, the appropriate choice of these constants can be ensured, at

ppt
Fig. 4. Curves of the dependence of the dimensionless time 7 from the ratio of pressures p” ( p* )_1 at a value C; =10.55:

20,
- L

20,
RpL

20,
L

1 =052~ 2% 03,3 2% _g5.4- 2O _gg5;5 2O
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Thus, the presented numerical estimates demonstrate the validity of the condition (13). This condition can be
fulfilled with a corresponding change in the relative pressure in the pore without changing its relative volume. The
relative pore volume of isotropic reactor graphite, as noted in (5), will vary due to a change in the total number of pores.

Pyp T 15
,=76.

Fig.5. Intersection of curves 1 and 5 at values: C2‘1 =10.55 and C;,

QUALITATIVE ANALYSIS OF ANISOTROPIC GRAPHITE FORMING UNDER THE INFLUENCE
OF HIGH TEMPERATURES AND LARGE NEUTRON FLUENCES

Analysis of the anisotropic graphite forming under the influence of neutron fluences to 2x10° n/m’

For anisotropic graphite equation (3) can be analyzed for homogeneous in the variables V' u N of pore distribution
function, but depends only on the time f =n, (). Then we can assume that all the pores have the same volume Vs, but
different shape (compressed or elongated ellipsoid of revolution), and contain an equal number of vacancies N, . In
this case, the total volume occupied by the pores is:

1 NTu VTu NPu VPu
2 _ —
V2 (t)= NN ! ! ! ! £ (¢)dV,dN,dV,dN, = n, (£)V; Vs, - (18)

It follows from expression (18) that the pore volume in anisotropic graphite is proportional to the pore distribution
function in the size space. The distribution function is normalized in such a way that at the initial time it is equal to the

total number of pores in a unit volume of graphite: n, (0) = N,y N, . For describing of the change in pore volume per

unit volume of graphite, it is necessary to find a solution of equation (3), which, taking into account the above
assumptions about the form of the distribution function, has the form:

d”;—t(’):—ra(zv(t),v(t)).na (1)+ (1), (19)

where N, (#)=N,(t)=N(t), N,(1)=N,(t)=N(t) - by definition, all pores are the same in volume and have an
equal number of vacancies.
Equation (19) is a linear differential equation whose solution has a simple form:

n,(t)= exp(—F(l))(na (0) +:I)CD(x)~exp(F(x))dxj , (20)
where F(t)= il"a (N(x),V (x))dx .

As before, for the analysis of solutions (20) we introduce the simplifying assumptions:
— we consider that T, (N (¢), (¢)) is a positive constant, i.e. T, (N (¢),V (¢))=C/ = const >0;

— we assume that the contribution of the neutron term on the right-hand side (20) is described by a linear function
of time: ®(7)=®, 7.

In this case, the solution (20) takes the form:

1, ()= 1, (010, exp (o) -1+

TXHHJ’ @1

I+ X,
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’ . . . ’ -1 . e
where 7=C,-t - dimensionless time, X, :(DO(Clzna(O)) - parameter which describing the neutron flux and

properties of anisotropic graphite.
Under the condition of constancy of the pore size of the anisotropic reactor graphite relative change of their
volume due to the high temperature and intense neutron flux can be determined by the following expression:

(exp(—r)—lJrle()”( j

a

M0 K0)-R0)_fn @)
ACIEAG) n, (0) 1 flexp(-0)(1+ X, ) +2X, - X,)
From the expression (22) it follows that:
— at the initial time, the change in pore volume is zero;
— the change in the pore volume in the case of anisotropic graphite is less than for an isotropic graphite.
In Fig. 6, curve 2 corresponds to expression (22), and displays the change in the relative pore volume in
anisotropic graphite with time 7 at a parameter value X, =10 . In Fig.6 for comparison curve for the change in the

(22)

volume of isotropic graphite is shown (curve 1).
0.1

0.05

- 0.03]

oy 01 02 03 04

Fig.6. Model curves of the change in the relative volume of pores with dimensionless time 7 in graphites
1 — isotropic graphite; 2 — anisotropic graphite

Analyzing the curves in Fig. 6, we can conclude that the magnitude of the change in the relative volume of reactor
isotropic graphite exceeds the analogous value for anisotropic graphite. At the same time, both in one case and in the
other, a decrease in the volume of samples is observed first, and then an increase in the volume. Based on the
experimental results on the swelling of reactor graphites given in [3], we can formulate the following patterns of
swelling of anisotropic graphites under the influence of large fluences of neutrons in a high-temperature field:

— the longitudinal compression of anisotropic graphite samples corresponds to a change in the linear dimensions of
isotropic graphites;

— the transverse compression of anisotropic graphite samples is less than the change in the longitudinal linear
dimensions of isotropic graphites.

Analysis of the anisotropic graphite forming under the influence of neutron fluences is more 2x10* n/m? .

Taking into account the clusterization of reactor graphite with increased fluences of neutrons of the form (11)
gives an expression for changing the number of pores in a unit volume in the direction perpendicular to the molding
direction of reactor graphite depending on the dimensionless irradiation time:

()=, <0><1+Xa>[<exp<—r>—1>[1—Wu ] X, 44,

T(7-2) |, 23
I+X, I+X, 1+X, ( )J @)
D, . . .
where d, =—— - constant, depending on the property of clustering of reactor graphite.
0~1
For determination of the applicability of expression (23), we use the experimental data from work [3]. In Fig.7
shows experimental point on which the analytic dependence (23) is imposed for the values of the parameters X, =4.0,
d-X,=30.2. The dimensionless parameter 7 is related with the neutron fluence ® by the relation 7=7,-107®,

where 7, =30.72.
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Fig. 7. Changing the linear dimensions of the H451 reactor graphite sample perpendicularly
to the direction of its formation at 600 °C [3].

Comparison of the experimental data and the theoretical dependence shown in Fig.7 show their good qualitative
and quantitative correspondence.

Thus, the analytical dependence (23), which takes into account the clusterization of reactor graphites under the
influence of elevated levels of neutron fluxes and high temperatures, is applicable to the description of the forming of
anisotropic reactor graphites.

CONCLUSION

The model to describe the forming of the isotropic and anisotropic graphite under high temperatures and high
fluence neutron radiation was proposed. The non-isotropy of graphite is characterized by different pore sizes, different
values of the diffusion coefficients, the mean free paths of the graphite atoms along and the volume of the sample,
which in turn depend on the temperature of the sample. It is suggested that the initial element on the basis of which a
new phase will be formed is the spheroidal pore of the small eccentricity flattened along the direction of the greatest
stress. A kinetic equation is obtained that describes the diffusion of pores under the influence of high temperatures and
intense neutron fluxes. Initially, the pores are in a field oriented along and across the sample, given stresses.
Contribution of diffusion processes which driven by terms proportional to pore distribution function in a sample, and
the effect of the neutron flux is described by an additional term in the kinetic equation. The resulting kinetic equation
for anisotropic graphite can be converted for isotropic graphite. Model solutions are obtained for isotropic and
anisotropic graphite, which characterize the change in its volume over time under the influence of the neutron flux and
high temperature.

It is shown that the change in the relative volume of reactor graphite for isotropic graphite exceeds the analogous
value for anisotropic graphite.

Theoretical confirmation of the regularities of the swelling of anisotropic graphites under the influence of large
neutron fluences and in the field of high temperatures obtained by other authors was obtained:

— the longitudinal compression of anisotropic graphite samples corresponds to a change in the linear dimensions of
isotropic graphites;

— the transverse compression of anisotropic graphite samples is less than the change in the longitudinal linear
dimensions of isotropic graphites.
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MOJAEJb ®OPMO3MIHMU I3OTPOITHOI'O I AHI3OTPOITHOI'O I'PA®ITY MIIJ AI€I0 BUCOKUX TEMIIEPATYP I
®JIIOEHCIB HEWTPOHHOI'O OITPOMIHEHHSI
MLIL Opeiiuyk!, B.I. Tkauenxo'?, JI.A. Bynasin®, 5.B. Bopu!, C.I. Ckopomuas’
!Hayionanvhuii nayxosuii yenmp «XapriecoKutl isuko-mexniunutl incmumymy
8yn. Axaoemiuna, 1, 61108, Xapxis, Yxpaina
?Xapriecoruii nayionanvruii ynicepcumem iveni B.H. Kapasina
matioan Ceoboou, 4, 61022, Xapxie, Yrkpaina
3Kuiscoruii nayionanvnuii ynisepcumem imeni Tapaca Illeeuenxa
8yn. Bonooumupcora, 60, 01033, Kuis, Vkpaina
3anporoHOBaHO MOJIEINb Ul ONUCY (OPMO3MIHH i30TPOITHOTO i aHI30TPOIHOTrO rpadiTy MiJ i€l BUCOKMX TEMIEPaTyp i BUCOKUX
(iTF0OEHCOB HEWTPOHHOT'O OIMPOMIHIOBaHHA. Mojenb 3acCHOBaHa Ha HOBOMY MiAXOJi, SIKH BUKOPHCTOBYE TaKi IOJIOKEHHS: OIUC
HABKOJIOMIOPOBOi OKOJIUII B rpadiTi SK TBEPAOTO PO3UYHHY i3 3aCTOCYBaHHAM Teopii (Pa30BUX MEPETBOPEHB MEPIIOTO POLY; POITIILL
HOBOI (a3H, sK cdepoifalbHOI MOPU MAJIOTO EKCIEHTPHCHUTETY, CIUIIOCHEHO! B3JIOBXK HANpsAMKYy HaHOUTBIIOI Hampyrw; oOIik
KIacTepisamii aTomiB Byrnemoo mpu uroencax 6imbme 2x10% 7/m?’. HeizoTpomHicTs TpadiTy XapaKTephsyeThes Pi3HUMH

po3mipamu mop, BiIMiHHMMH 3Ha4eHHAMH KoegiuieHTiB qudy3ii, JOBKUHAMH MPOOIriB, aTOMiB rpadiTy y340BXK i Homepek 06’emy
3pa3Ka, SKi B CBOIO YEpry 3ajieKaTb BiJ TEMIEpaTypH 3pa3Ka. 3ampornoHOBAHO, IO MOYaTKOBUM €JIEMEHTOM, Ha OCHOBI SIKOTO Oyne
(dopmyBatHcs HOBa (asza, € cepoigaabHa Mopa MAIOro EKCIEHTPUCUTETY, CIUIIOCHYTa B3HOBXK HAIMPAMKY HAMOUIBIIO! HAMpYTH.
OtpuMaHO KiHETHYHE PIBHSIHHS, IO ONHCye MU(Y3ii0 Mip IiJ BIUINBOM BHCOKHX TEMIIEPATyp i iIHTCHCHBHHUX ITOTOKIB HEHTpOHIB.
CrnodaTKy mOpHU 3HaXOAATHCS B IIOJII OPIEHTOBAHHX Y3[OBX 1 MOIEpEK 3pa3Ka 3aJaHuX Halpy>KeHb. BHecok nu¢y3iiHHX mporecis,
00yMOBJICHHH CKIIQJIOBOIO, MPOMOPIiitHOK (QYHKIIIT PO3MOALTY TOp Y 3pa3Ky, a Jis HEUTPOHHOTO MOTOKY OMUCYETHCS JOJaTKOBOIO
CKJIQIOBOIO B KIHETHYHOMY piBHSHHI. OTpHMaHe KiHETHYHE PIBHSHHS IS aHI30TPOIHOTO rpadity Moxke OyTH HEepeTBOPEHO IS
i3otpornHoro rpadity. s i3oTpomnHOro i aHizoTponHoro rpadiTy OTpHMaHi MOJCNBHI PillleHHS, sIKi XapaKTepH3ylTh 3MiHy HOro
00’eMy 3 yacoM IpU BIUTMBI IOTOKY HEWUTPOHIB i BHCOKOI TemmepaTypu. [loka3aHo, IO BeNWYMHA 3MIiHHM BiJHOCHOTO 00'eMy
peakTtopHOrO TpadiTy s i30TPOMHOro rpadiTy MEpeBHIIyE aHAIOTIYHY BEIWYMHY A aHi30TpomHOro rpadity. OTpumaHo
TEOPETUYHE MiATBEPDKEHHS 3aKOHOMIPHOCTI pO3IyXaHHS aHI30TPONHUX TpadiTiB mia BIUIMBOM BENUKUX (DIFOCHCIB HEUTPOHIB 1 B
TI0JTi BUCOKHX TEMIEpaTyp, paHille OTPHMaHi iHIMMMH aBTOpaMU: TTO3/I0BXKHE CTHCHEHHS 3pa3KiB aHI30TPOITHHX rpadiTiB BimoBigae
3MiHI JTiHIHHUX po3MipiB i30TponHUX rpadiTiB; HOMEepevHe CTUCHEHHS 3pa3KiB aHi30TPOIHUX IpadiTiB BUABISLETHCS MEHIIE 3MIHCHHS
TIO3JJOBXXHIX JHIHUX pO3MIpIiB 130TPOIHUX rpadiTiB.

KJIFOYOBI CJIOBA: Teopis, rpadir, popMo3MiHeHHs, HEHTPOH, (QIIIOEHC, BUCOKA TeMIIepaTypa

MOJEJIb ®OPMOUW3IMEHEHHS U30TPOITHOI'O U AHU30OTPOITHOI'O TPA®UTA MOJ JEMCTBUEM
BbICOKUX TEMIIEPATYP U ®JTIOEHCOB HEATPOHHOI'O OBJIYYEHUS
MLIL Oneiiuyx!, B.H. Tkauenxo'?, JI.A. Bynasun’, B.B. Bopu', C.A. Ckopomuas'
!Hayuonanvnolii Hayunwiii yenmp «Xapbkogckuti (PU3UKo-mexHuueckuti UHCmumymy
ya. Akademuueckas, 1, 61108, Xapvros, Yxpauna
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[Ipennoxkena Moaenb [ OMUCAHUS (HOPMOU3MEHEHHS] M30TPONHOTO M AHU30TPOIHOrO Tpadura IMOJ JEHCTBHEM BBICOKHX
TEeMIIepaTyp W BBICOKHX (DIIOEHCOB HEHTPOHHOTO H3IydeHHs. MoJelb OCHOBaHa HAa HOBOM IIOAXOJE, KOTOPHIH HCHONB3yeT
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CIIEIyOIINe TOJOXKEHUSI: OIMHMCAHHE OKOJIONMOPOBOH OKPECTHOCTH B Trpadure Kak TBEPAOrO pacTBOpa C NPUMEHEHHEM TEOPHU
(ha3oBBIX TpeBpalleHHil MEpBOro poja; paccMOTpeHHe HOBOM (a3bl, Kak CcQepougaibHOW MOpbl Maloro SKCLEHTPUCHTETA,
CIUTIOCHYTOH BJIOJIb HAIIPABJICHHs HAaHOOJBLIEr0 HANPSDKEHMS; ydyeT KIAaCTepH3allid aTOMOB yriepozja mpu (uroeHcax Oosee

2x10% n/m’ . Hen3oTponHOCTh TpaduTa XapaKTepH3yeTcs PasHBIME Pa3MEpPaMH Mop, OTINYHBIMU 3HAYEHHMAMH K0d(Q(HIHEHTOB

muddy3ny, aMHaAMU 1po0OeroB, aToMoOB TpaduTa BIONb M IONpEeK oO0beMa 00pasla, KOTOpble B CBOIO OdYepelb 3aBUCSAT OT
TeMnepaTypsl oOpasua. IIpeanoxeHo, 4To NepBOHAYAIBHBIM 3JIEMEHTOM, Ha OCHOBE KOTOporo Oyner (opmupoBaTbcs HoBas (asa,
ABIIsieTCs cheponIaIbHas Iopa MajJoro SKCLEHTPHCHTETA, CIUIIOCHYTAs BJIOJIb HATIPABJICHU HauOobIIero HanpsbkeHus. IlomyueHo
KHHETHYECKOEe YypaBHEHHE, omuchiBaoiiee Iuddys3uto mop mox BO3AEHCTBHEM BBICOKMX TEMIIEPATYP W MHTEHCHBHBIX IOTOKOB
HeWTpoHOB. IlepBOHaYaIBHO MOPHI HAXOSTCS B IOJIE OPHEHTUPOBAHHBIX BJOJb U MONEpeK 00pa3lia 3aJaHHbIX HampsbkeHnil. Briasg
I Qy3UOHHBIX MTPOIECCOB 00YCIOBIEH CllaraeMbIM, IPOIIOPIIMOHATIBHEIM (DYHKIMHU pacTpeiesieHus mop B o0paslie, a BO3AeHCTBHE
HEWTPOHHOTO ITIOTOKA OMMCHIBAETCS MONOJIHUTENBHBIM ClIAraeMbIM B KHHETHYECKOM YypaBHeHHHU. [loiydeHHOe KHHETHIECKOe
YpaBHEHHE [UIsI aHW30TPONHOTO rpadura MOKeT OBITh IpeoOpa3oBaHO JUIT HM30TPONHOro rpadura. s H30TpomHOTO MU
AQHMU30TPOITHOTO TpaduTa IOIy4YeHBI MOJEIbHBIE PELICHHs, KOTOPhIE XapaKTepH3yIOT M3MEHEHHEe ero o0beMa cO BpeMEHEM IIpH
BO3JIEHCTBUU MOTOKa HEWTPOHOB M BBICOKOI TeMmeparypbl. [lokazaHo, YTO BelIMYMHA HM3MEHEHHs OTHOCHTENBHOro o0beMa
peakTopHOro rpadura Ui U30TPONHOro rpaduTa MPEBHIIACT aHAJOTHYHYIO BEIMYMHY Ui aHM30TpomHoro rpadwura. ITomyueno
TEOPETHYECKOE TOJTBEPIKICHNE 3aKOHOMEPHOCTH pacIlyXaHHs aHHU30TPOIHBIX I'PaMTOB IOJ BO3IECHCTBHEM OONMBLINX (IIFOCHCOB
HEWTPOHOB U B IMOJI€ BEICOKUX TEMIIEPATyp, paHee MONydeHHbIE IPYTHIMH aBTOPAMH: MPOJIOIBHOE CKaThe 00pa3oB aHW30TPOITHBIX
rpaduTOB COOTBETCTBYET M3MEHEHUIO JTHHEWHBIX Pa3MepOB H30TPOIHBIX TPA(HUTOB; MOMEPEUHOE CHKaTue 00pa3loB aHW3OTPOITHBIX
rpaduTOB OKa3bIBACTCS] MCHBIIE N3MEHEHUS POIOIBHBIX JINHEHHBIX Pa3MepOB H30TPOITHBIX IPa(uTOB.

KJIIOUEBBIE CJIOBA: Teopus, rpadut, popmMon3MeHeHHe, HEHTPOH, (ITIOSHC, BRICOKAs TEMIIEpaTypa





