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Abstract: Under irradiation, dispersion nuclear fuel meat consists of a three-phase composite of
fuel particles surrounded by an interaction layer dispersed within a metal matrix. Nonuniform
swelling pressures are exerted on the matrix, generated by irradiation swelling of the fuel particles.
As these are considerable, they can cause matrix failure, but they are difficult to calculate. In this
paper, taking into account thermal expansion, nonuniform fission pores and the interaction layer,
nonuniform irradiation swelling pressure has been formulated, based on the equivalent inclusion
method. By means of doubly equivalent transformations, a porous fuel particle, surrounded by
an interaction layer, which is under irradiation, can be simplified as a homogeneous particle with
the eigenstrain. With the aid of Green’s function, nonuniform irradiation swelling pressure can be
numerically analyzed. The simulation results of swelling pressures are in good agreement with
numerical calculations. Furthermore, several simplified examples have been given to investigate the
factors of influence and the impact mechanisms. Conclusions are drawn that nonuniform irradiation
swelling pressure can be analyzed numerically and adopted to explore matrix failure. It is identified
that the number and locations of fission pores inside a fuel particle are key factors for nonuniformity
of swelling pressures. The volatility of swelling pressures is aggravated by burnup, while the average
values of swelling pressures are intensely affected by temperature. This work provides a perspective
to investigate the strength and integrity of dispersion fuel meat under high burnup.

Keywords: failure; the equivalent inclusion method; dispersion fuel meat; porous fuel particle;
interaction layer; irradiation swelling

1. Introduction

By dispersing ceramic fuel particles into the metal matrix, metal-based ceramic disper-
sion fuel meat has advantages of low core temperature, inherent high safety, high radiation
resistance, deep burn-up, long service life, etc. [1-4] Under irradiation, the dispersion
nuclear fuel meat consists of fuel particles surrounded by an interaction layer and are
dispersed within the metal matrix, which is equivalent to the three-phase inclusion prob-
lem [5]. There are massive fission fragments and heat generated by the fission reaction of
nuclear fuel [6]. Under high burnup, uneven fission pores appear inside ceramic fuel parti-
cles, due to gaseous fission fragments [7]. At the same instant, there exists an interaction
layer surrounding the fuel particles, which is induced by solid fission fragments [8,9]. The
swelling of fuel particles is mainly caused by gaseous fission fragments, namely, the effect
of internal pressures of uneven fission pores [10]. Under thermal expansion of fuel particles,
there are intense mechanical interactions [5] among the three components of fuel meat, i.e.,
fuel particles, interaction layer and metal matrix. Simultaneously, the expanding fission
pores enhance the deformations of fuel particles. Therefore, subjected to temperature,
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burnup and fission pores, nonuniform swelling pressures are exerted on the matrix, depen-
dent on thermal expansion and fission gases of the ceramic fuel. The failure mechanism
of dispersion fuel meat is affected greatly by this nonuniform swelling of fuel particles.
However, it is difficult, but important, to calculate the nonuniform swelling pressure for
such a dispersed structure under a severe irradiation environment. Dispersion fuel meat
is the same as an inclusion problem for three-phase materials, which can be analyzed by
the equivalent inclusion method [11]. Accordingly, the need for formulation and analysis
of nonuniform swelling pressures exerted on the dispersion fuel matrix is considerable in
investigating matrix failure, evaluating strength and assessing the integrity of dispersion
fuel meat.

The equivalent inclusion method, which was proposed and developed by J. D. Es-
helby and T. Mura [12-14], has been extensively researched as an effective approach for
inhomogeneity problems, such as the physical fields induced by inhomogeneities [12,15],
the overall elastic moduli and coefficients of thermal expansion of composite materials [16],
inclusion problems with non-uniform axisymmetric eigenstrain distribution [17], physical
fields at crack tip enclosed by a homogeneous inclusion [18,19], size effect analysis in inho-
mogeneous materials [20], etc. It is recognized that the equivalent inclusion method has
advantages for analyzing composites under multi-field coupling conditions. By equivalent
transformation, an inhomogeneous inclusion can be replaced by a homogeneous inclusion,
subject to the eigenstrain. The equivalent eigenstrain can be formulated by the principle of
virtual work [21]. Then the physical fields for the circular homogeneous inclusion problems
can be characterized with the aid of eigenstrain and Green’s function. After transformation,
the equivalent homogeneous inclusion problems have explicit solutions, in terms of the
definite integral. Herewith, the stress and strain fields of inclusion problems within disper-
sion fuel meat are numerically solvable. However, existing research has not taken account
of irradiation conditions in applying the equivalent inclusion method. For dispersion fuel
elements, which possess complex material structures and mechanical-thermal-irradiated
coupling fields, the equivalent inclusion theory must be supplemented by introducing the
fission-gas strain field and the thermal strain field.

In view of the foregoing advantages, the equivalent inclusion method and Green’s
function can be effectively employed to analyze the nonuniformity of irradiation-induced
swelling effect associated with thermal expansion and fission gases of ceramic fuel. Through
nonuniform analysis of irradiation swelling, the strength, failure and integrity problems of
dispersion fuel meat can be investigated. In order to validate the accuracy of numerical
results, finite element analysis can be carried out for the representative volume element
model of fuel meat with single particle. Taking into account the temperature, burnup and
interaction layer, the irradiation effects can be reflected into the formulation of swelling
pressure of a fuel particle exerting pressure on the matrix. Furthermore, to improve
computability and convergence, the effects of porous fuel particles on their surrounding
matrix can be replaced by nonuniform swelling pressures as internal loading conditions in
simulation of full-sized dispersion fuel elements, which saves on experimental consumption
and raises efficiency in optimizing fuel elements.

In this paper, the nonuniform irradiation swelling pressure exerted on a matrix is
formulated under given irradiation conditions. In Section 2, the general formulations for
the equivalent inclusion method are reviewed. In Section 3, taking into account three-
phase composite and irradiation conditions, the nonuniform irradiation swelling pressure
Pf, associated with temperature and fission gases of ceramic fuel particles, is formulated
by doubly equivalent transformations of a fuel particle surrounded by an interaction
layer. Several simplified examples are calculated in Section 4 to demonstrate the analytical
process of the obtained nonuniform irradiation swelling pressure. By comparison with finite
element simulations, the accuracy of the presented formalism was validated. Subsequently,
several analytical results have been discussed about the influences of the numbers and
locations of fission pores, temperature and burnup. The representative volume element
model for a porous fuel particle is analyzed with our presented method. In Section 5, some
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conclusions are drawn. The presented formalism for the nonuniform swelling pressure
exerted on a matrix of dispersion fuel meat is expected to provide a feasible method to
evaluate the failure of dispersion fuel meat, due to the synthesis effect of temperature,
burnup, material properties, etc.

2. The Equivalent Inclusion Method

As illustrated in Figure 1, the inhomogeneous inclusion problem can be transformed
into a homogeneous inclusion problem with eigenstrain by equivalent transformation.
The eigenstrain is defined as the general name for stress-free strains, thermal expansion
strains, plastic strains, phase transformation strains, residual strains, inhomogeneous
strains, etc. [13]. Consider an infinite matrix, having fourth-order elastic tensor C, subjected
to a stress-free strain ¢’ distribution in an inclusion which has the fourth-order elastic tensor
C*. The inhomogeneous system is equivalent to another that the matrix is subjected to,
a second-order eigenstrain tensor ¢” in a homogeneous inclusion with elastic tensor C.
Therefore, the derivation of physical fields in inclusions and matrix is the process by means
of which to determine eigenstrain.
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Figure 1. Equivalent transformation of (a) an inhomogeneous inclusion to (b) a homogeneous
inclusion subjected to eigenstrain ¢”.

For inhomogeneous inclusion, the total stress tensor o' is the sum of applied stress ¢

and disturbance stress o’ due to stress-free strain ¢’. That is

o' =o'+0o’ 1)

According to Hooke’s law, the Equation (1) can be rewritten as
ol =C*: (P+¢) )

With respect to equivalent homogeneous inclusion with eigenstrain ¢”, the total stress

I can be expressed as

o
ol=C": (P 4+¢ —¢) ©))

Hence, on the basis of the equivalent transformation as depicted in Figure 1, there
must be same stress states in an inclusion before and after the transformation, i.e.,

C:(%4e)=C: (P 4+¢ —¢) 4)

where the disturbance strain ¢’ can be defined as ¢’ = S™! : ¢”. S denotes the Eshelby’s
tensor, defined as a function corresponding with the Poisson rate and inclusion shape [22].
And ¢ is the restraint strain of the matrix on the inclusion. It is noted that the disturbance
strain can also be presented according to real conditions.
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3. Formalism of Irradiation Swelling Pressure by Equivalent Inclusion Method

Under irradiation, the dispersion fuel meat is equivalent to the three-phase inclusion
model with thermal strain, mechanical strain and acts of fission fragments. As shown in
Figure 2a,b, within the dispersion fuel meat, the single particle representative of the volume
element is composed of a porous fuel particle, interaction layer and metal matrix.

(a)

(b) Interaction
Layer ¢*
Porous Fuel ¢
Fission pores

Matrix "

Environmental
pressure P,

Figure 2. Equivalent transformation of single particle representative volume element. (a) Dispersion
fuel element; (b) Single particle representative volume element with three-phase components under
irradiation; (c) The transformed mechanical model in which swelling pressure is exerted on the
interface I'.

There are internal pressures Py in fission pores produced by gaseous fission fragments.
Subjected to solid fission fragments, there exists an interaction layer with thickness of dy,
between a fuel particle and matrix. Let QO C R® denote the inclusion domain Q of a fuel
particle embedded in an infinite matrix in the three-dimensional Euclidean space R3. T is the
interface between the metal matrix and the interaction layer. And let an infinitely extended
matrix be subjected to an eigenstrain ¢** distribution of a porous fuel particle surrounded
by the interaction layer, as depicted in Figure 2¢c. The factors, u, € and o denote second-order
tensors of displacement, strain and stress, respectively. Due to environmental pressure
Py, there exists the applied strain field of matrix €. The physical fields of interaction
layer are u'l, ¢l and o', respectively. The elastic tensors of matrix, interaction layer and
fuel are CM, C, and c/ , respectively. After equivalent transformation, a porous fuel
particle could be transformed as a homogeneous inclusion embedded in the matrix with
the interaction layer and fission pores, as presented in Figure 2c. Under irradiation, there
exists nonuniform swelling pressure Py exerting itself on the matrix, produced by uneven
expansion of the fuel particle. In this section, according to the equivalent inclusion method,
the composite of a porous fuel particle surrounded by an interaction layer was transformed
into a homogeneous spherical inclusion with the eigenstrain £¢**, by doubly equivalent
transformations, as shown in Figure 3. Then, the nonuniform irradiation swelling pressure
Ps can be derived by the condition of strain continuity on the interface I' between matrix
and interaction layer.

Within a porous fuel particle, the quantities of fission pores ascend with increasing
burnup. The diffusion coefficient of fission gas in the fuel phase is very small and hardly
migrates from one fission pore to another through thermal activation diffusion [23]. Addi-
tionally, due to the inhomogeneous distribution of pores inside a fuel particle, the strain
field of interaction layer is affected by the inhomogeneity strain field !, fission gas strain
field €& and thermal strain field eT. Based on the equivalent inclusion method, a porous
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Interaction
Layer c*

Porous
Fuel ¢’

fuel particle can be transformed into a homogeneous particle subjected to the eigenstrain
¥, as presented in Figure 3b. And there exists

e =el 4 eT 46540 (5)

(a) (b) (c)

Figure 3. Double transformations according to the equivalent inclusion method. (a) A porous fuel
particle surrounded by interaction layer; (b) An homogeneous equivalent inclusion surrounded by
interaction layer after the first transformation; (¢) An homogeneous equivalent inclusion after the
second transformation.

Hence, through the first equivalent transformation, a porous fuel particle surrounded
by an interaction layer has been translated into am homogeneous particle subjected to
the eigenstrain ¢* and surrounded by an interaction layer, as depicted in Figure 3b. The
influence of uneven fission pores is eliminated. Moreover, the composite in Figure 3b can
be transformed into a homogeneous particle with the second eigenstrain £**, as illustrated
in Figure 3c. According to the equivalent inclusion method of Equation (4), an equilibrium
condition exists, as follows

(e 4 ef) = ClL: (el 4 ¢ — %) ©)
Substituting Equation (5) into (6) yields
Co(em+eC el +eT+el) = (el +eC el 4 eT 60— ) @)
so, the eigenstrain e** is derived as

e — [(CIL _ Cf) . (CIL)_1

o (el 4 eC + el el +e0). (8)
After the second equivalent transformation, inhomogeneity between the fuel particles
and interaction layer is eliminated.
It is known that the total displacement field of the interaction layer is equal to the
displacement field induced by eigenstrain £¢** of the homogeneous inclusion [14], that is

u(x)z/ﬂV@G(x—x’):(C:s**(x’))dx/ )

where x’ and x denote the geometric positions of an influence point set with eigenstrain &**
and a research point set with induced strain € in R?, respectively. It submits to the relations
of X' € QO and x € R3. V is the gradient operator. And G(x) is Green’s function, which
indicates a mathematical function for solving non-homogeneous differential equations
with boundary or initial conditions [24]. It characterizes the interaction of source and field.
Based on the Green's functions of specific problems, amounts of practical problems can be
easily represented and analyzed with integral equations [25-27].

According to the Voigt notation expression, the elastic tensor C can be presented as
Cijx1- For brevity, all tensors will follow the Voigt notation hereinafter.
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On the isotropic assumption of the interaction layer, the relevant Green’s function
is [28],
1 0ij 1 02

Gij(x,x') = At [x — x| 167pt(1 — L) Ox;0x;

|x —x'|in R? (10)

where J;; is the Kronecker delta. v and p!" are Poisson’s ratio and the shear modulus,
respectively. x(x;) and x'(x;) are functions of spatial coordinates x;. And it submits to
2
x = x|7 = (3 = x}) (% — x)).
Combining Equations (8)—(10), the total strain field of interaction layer is expressed as

e(x) = /Q (Cf =Ly s (e + 8+ e e+ e0) : g(x,X) dx (11)

where {(x,x/) denotes a four-tensor influence function. In Voigt notation expression,
there exists

1
Gijrt (x,X') = 5 [Gik,lj(xr xX') + Gji1i(x, X/)} (12)

The matrix deforms due to the act of eigenstrain of the fuel particles. There is irradia-
tion swelling pressure Py exerted on the matrix. On the interface I in Figure 2c, the stress
field is noncontinuous while the strain field is continuous, that is

e(x,xeT)=eM(x,xe) (13)

where eM(x, x € T) is the strain field on interface I of the matrix. The total strain field of
the interaction layer is equal to the strain field of the metal matrix on the interface I'. The
stress field on the interface I of the matrix can be solved by
oM(x,x €T) = CMeM(x,x € T) (14)
Ceramic materials generally possess elastic constitutive relations, even in irradiation
environments [29]. The interaction layer between UO, and metal materials possesses com-
plex chemical compositions, which generally consist of oxides of metals and uranium [9].
Therefore, because the mechanical characterizations of the interaction layer are difficult
to test and have not been reported, it will be considered as embrittlement metal after
irradiation, for the sake of brevity. After equivalent transformations, the anisotropic elastic
constants of the fuel and interaction layer can be expressed as

?f mn )\f‘sklémn + ,”f(ékméln + 5kn(slm) (15)
Chtmn = AIL‘Skl‘Smn + VIL(‘Skm‘Sln + Okn0im)

where Af, uf, ATt and p'* denote the Lamé constants of fuel and the interaction layer, respectively.

For the sake of simplification, the mutual negative of the fission pore’s internal pres-
sures are characterized by porosity f. Then, substituting Equations (11)—(13), the strain field
on the interface I of the matrix can be rewritten as

8M(x,x61"):/Q(Cf—CIL):( +feS el el 1+ e0): g(x x) dx (16)
The total strain on the interface I' is deduced by substituting Equations (15) and (16) as

eM(x,x €T) = fQ{ (M = AIL) . [5: (e + feS + eH + T + ¢9)]

(17)
+2(yf —‘u ) . (SIL+f' €G+ €H+ £T+ 80)} . C(X,X/) dx/

Hence, the relation of Equation (15) and the stress field o on the interface I of the
matrix can be expressed as
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oi(x,x €T) = [)\M(5kz5ij + M (8501 + 5kj5il)} fg{(/\f — MUYG3i (e + f€Gm + €mm =+ Evm + Enum)

(18)
+2(uf — ) (elk + fe§ + elf + €T+ 8) b (x, %)) X

It is noted that the stress of the interior wall equals the pressure exerted on the interior
wall for a hollow sphere. The swelling pressure Py of a fuel particle to the matrix should
be numerically equal to the radial stress distributed on the interface of the matrix. The
irradiation pressure can be expressed as

It is observed from Equation (18) that the nonuniformity of swelling pressure comes
from the influence function which characterizes the induced relation of eigenstrain on
arbitrary position, and anisotropic strains of fuel particles, such as thermal strain, fission
gas strain, inhomogeneous strain, etc. Under irradiation, nonuniform swelling pressure
can be analyzed as long as the influence function and strains have been determined.

By equivalent transformations of the porous fuel particle model surrounded by an
interaction layer, the physical fields of the metal matrix and the swelling pressure exerted
on the matrix by fuel particles can be formulated taking into account thermal expansion, the
act of gaseous fission fragments, i.e., fission pores, and the act of solid fission fragments, i.e.,
interaction layer and the mechanical response of three-phase composites. The presented
formalism will be analyzed numerically in the next section. Moreover, replacing the fuel
particles with nonuniform swelling pressures provides a feasible and simplified way for
simulating dispersion fuel elements with porous fuel particles.

4. Numerical Examples
4.1. Analytical Solution

To analyze the irradiation swelling pressure, the variables and parameters in Equation (18)
must be determined. Considering the isotropic linear thermal strain and applied strain,
there exist, el = ¢lL.§, ¢ = 0.8 and €T = aT - §, where « and T denote thermal
coefficient of fuel and temperature, respectively. It is noted that the applied strain of the
interaction layer equals he thermal strain, that is e = a'"T. ay denotes the thermal
coefficient of the interaction layer. The inhomogeneity strain field has been given [22] for
isotropic materials. Let the radius of circular fission pores be expressed as R; the number
of fission pores is N with position x’. Fission gas strain e© equals the superposition of each
fission pore under internal pressure P as depicted in Figure 2b, which is presented as [2]

noRT Ned
Py =% (1+ g ) (20)

where 7, is the total concentration of fission gases. The total volume of fission gases, gas
universal constant, temperature, parameters of real gas state equation, density of fuel
particles, production of fission gas, burnup, and mole mass of fuel phase, respectively, is
denoted by ny = 47IRJ3,DfﬁBU/(3Mf). Ve, R, T,a,b, Dy, B, By, My, Let the applied strain
and the strain of the interaction layer be isotropic, and Equation (17) can be simplified as

N
eMxeln) =6:e4aT-8+6:%+ ) /Q {/\*(f €S 4 &) 4 2u* (f- e + eH)} : C(x,x’) dx’ (21)
n=0
where N is the number of fission pores. After expansion, Equation (21) can be rewritten as
Eli\]{[(x €T) = ;e + 6;aT + 5 + ff [Dijin (x,X) + EZijia (%, X) + Fijo1 (x,X) + HEjjoa (x,x') ] dX’ (22)
Q

where D, E, F, H are parameters which are expressed as
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Mxxer) =

M(x,xeT)=¢b

M(x,x €T)

D = A*(ef) + 522 + 511 + 522) 2p*(e§) + )
E = A*(ef) + 522 + 511 + ’322) 2p* (5 + €1
F= /\*(5?1 "’522 "’511 +£22) +2p* (e % +e51)
H = A*(ef) + €5, + ey +ehy) + 2" (€5, + e))

According to Equations (10) and (12), the influence function can be expanded as

1
Ginn(xx) = —5(Gy 1]+G/1 1i
5 1 92 o
_ 1 axlax] 47ry“~ \x x’\ T 16t (1— o't 9x;0x; [x —x |} (23)
2 1 i1 1 02 .,
+ axlax, 47:;4H~ [x—xT ~ 16t (1—vll) 9x;9x; [ —x ‘}
1
Cina(xx') = —5(Gy, 2] + G]1 2i
3 1 92 !
! axZax 47T‘MIL ‘X X/‘ T Tt (1_oll) 9%;9%, x —x |} (24)
-2 1 i 1 02 ’
+ axzaxz 47r;tIL x=x] ~ Termpull (1—vlL) 9x;0x] Ix — x|
1
Tim(xx') = —5(Gp, 1] + sz 1
S 1 92 /
_ 1 axlax 47WIL \x x/\ T T6mp(1—olL) 0x;0x; x—x |} (25)
2 + 1 2 1 02 |x X/\
axlax, 471"14H~ [x—x'| 167‘[}¢IL(1 UIL) 0x; ax2
1
i (x,X') = —7(Gin2j + Gp,2i)
92 1 Sip 1 92 v
_ 1) 9x0x; |:47‘(]1H“ [x ZX/\ 167ull (1—vlL) dx;0x; x —x |} (26)
-2 + 02 1 2 1 02 Ix X/\
axzax, 471"14H~ [x—x'| 167‘[}¢IL(1 UIL) 0x; ax2
Let the parameters be given for convenience as I = 47fHIL’ K=1- m and
=|x—x |2, the strain on interaction I' of matrix can be expressed as,
e %—K-%X)JFE ax2ax1(1 1K aaj X
el 4 &0 4o, T — / 1 5 2 dxidxy  (27)
n ( " 9x10x; X)+H- 8xz8x (=K- 9x10x3 X)
92 92
0 8x18x2 (K 8x28x1 X) + E (K ’ 8x28x1 X) d /d /
+e& +afT— 2 1 2 x1dxy (28)
Foytge (=15 +K- 5 X)+H (—1-X+K-@X)

=l (x,x €T)

82

+

{ F-I X+K(D ax28x1X+F X)]

E)x1

The swelling pressures Py of fuel particles to matrix should be numerically equal to
the radial stresses distributed on the interface of the matrix. As a consequence, nonuniform
irradiation swelling pressure Py can be calculated by substituting Equation (26) into (18).
Under irradiation, the swelling pressure exerted on the matrix in fuel meat is a function
of temperature T, burnup By, geometric coordinates x;, fuel particle radius Ry, thickness
of interaction layer dyj,, the material constants of fuel ptf , A, interaction layer yIL, AL and
matrix yM, M

Ps(T, By, xi, Ry, di, pf, A, ™, AR, M, AM) (30)

Py =
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With the assumption of isotropic linear thermal strain, the nonuniform swelling
pressures exerted on the matrix have been induced by inhomogeneous distribution of fission
pores. Once the location of every pore is determined, swelling pressure can be analyzed.

4.2. Numerical Results and Discussions

Three examples are investigated analytically and simulated to investigate the factors
of influence and to validate the accuracy of the proposed formalism. The three simplified
models have one pore, two symmetric pores and four symmetric pores, respectively. Finite
element analysis was carried out for the three models by using the program ABAQUS/CAE.
Symmetric boundary conditions were applied on the boundary of the matrix in finite sim-
ulations. Meanwhile, as depicted in Figure 2, the boundary of the matrix was subjected
to an environmental pressure of 15 MPa. Accounting for the conditions of 300 °C and
0.2 FIMA, the internal pressures of fission pores were obtained from Equation (20) [2].
The material properties of stainless steel [30] and UO, ceramics [31] at 300 °C were ap-
plied for the matrix and fuel particles, respectively. Compared with thermal expansion,
the observation and analysis implied small creep strains in the hypothetical steady-state
irradiation creep regime of ceramics [32]. The material properties of stainless steel were
tested after irradiation so that the creep effect was included in material plasticity. For
calculation and simulation, the thickness of the interaction layer was set as 9.1 um [33,34].
The distributions of irradiation swelling pressures exerted on the matrix interface I' could
be calculated according to the presented formalism and simulated by the finite element
method. Comparisons of analytical and simulated irradiation swelling pressures exerted
on the matrix interface I, i.e., along the path ABCDA, are depicted in Figure 4. It can
be observed that there were nonuniform swelling pressures exerted on the matrix. The
analytical swelling pressures matched well with the simulated values. Accordingly, the
formalism presented was validated as being accurate and could be adopted to analyze
more problems under different conditions. The swelling pressures of fuel particles to the
matrix possessed nonuniformity under irradiation.

As shown in Figure 4a, the irradiation swelling pressure Py is uniformly exerted on
the matrix when there is a central fission pore. As for when there were two symmetric
fission pores, the nonuniform distribution of the swelling pressure is presented in Figure 4b.
There were two peak values that emerged at the location closed to two pores. Analogously,
Figure 4c demonstrates that four peak values emerged at the location closed to four pores.

Consequently, there were substantial effects of the numbers and locations of fission
pores on nonuniform irradiation swelling pressure. With increasing pore numbers, the
nonuniformity rises. The swelling pressure appears to surge at the location where the
fission pores are closed to the matrix. The peak value is associated with distances be-
tween fission pores and the interface. With same distances, the number of peak values
increases with numbers of fission pores, while the magnitudes of all peak values remain
constant. The nonuniform swelling pressures can be analyzed if the locations of fission
pores are determined.

Figure 5 depicts the effects of burnup and temperature on nonuniform swelling pres-
sures when there are two symmetric pores. With increase in burnup, the average swelling
pressure remains invariant while peak values ascend. With respect to temperature, the
average swelling pressures increased with increasing irradiation temperature. Nonetheless,
under the same burnup, the peak values hardly changed with variation in temperature.

As commonly known, the interior pressures inside fission pores are mainly influenced
by burnup. Hence, the peak values alter greatly with rising burnup. On the other hand,
due to the assumption of isotropic linear thermal expansion, average swelling pressure
was affected by temperature. Notwithstanding, it was noted that the maximum of irradi-
ation swelling pressure under high temperature is larger than under high burnup. The
nonuniformity of swelling pressures appears to be aggravated under high burnup, rather
than high temperature. Accordingly, high temperature tends to be more deleterious for the
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Swelling pressure

Swelling pressure

integrity of the matrix under irradiation. For safety of fuel elements, it is more dangerous
to have high temperature than high burnup.
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Figure 4. The distributions of irradiation swelling pressures exerted on the matrix interface I' when
there exists (a) one central fission pore, (b) two symmetric fission pores and (c) four symmetric
fission pores.
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Figure 5. The distributions of irradiation swelling pressures exerted on the matrix interface I when
there were two symmetric fission pores under (a) different burnup and (b) different temperatures.

It is noted that failure in dispersion fuel meat originates from the interaction layer and
propagates to the matrix. It is the initial damages and failures that distribute at the location
with maximum stress. As a consequence, the nonuniformity analysis of swelling pressure
exerted on the matrix is considerable. Through calculating distributions of maximum
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principal stresses by means of the presented formalism, it is convenient to investigate the
failure of dispersion fuel meat further.

4.3. The Numerical Analysis of a Porous Fuel Particle

The fission pores in fuel particles are generated unevenly under irradiation. The
swelling pressures Ps of the porous fuel particle to matrix can be calculated according to
the upper analytical process. Meanwhile, the physical fields in a metal matrix can also be
constructed and analyzed numerically. Similarly, with the presented formalism, the strain
field of the metal matrix is directly expressed as

eM(x) = /Q (CM — by g C(x,x/) dx’' (31)

Accounting for the dangerous conditions of 500 °C and 0.3 FIMA, the distributions
of pores in a porous fuel particle submit to Weibull distribution, as shown in Figure 6a.
The fission porosity is 15 percent. The internal pressure of the fission pore is obtained
from Equation (20) [2] in terms of the material properties of stainless steel [30] and UO,
ceramics [31] at 500 °C. The swelling pressures Pr of the fuel particle to the matrix should be
numerically equal to the radial stress on the matrix interface I'. The radial stress state of the
matrix can be calculated according to Equation (31). Removing the fuel particle, the contour
diagram of radial stress in the matrix is demonstrated as Figure 6b. It is observed that there
is a nonuniform stress state on the matrix interface I'. Consequently, there is great effect on
the stress state in dispersion fuel meat due to porous fuel particles under irradiation.

Radial stress(MPa)
3.437 X102
3.306 X102
3.174 X102
2912X102
2.781 X102
2.649X10?
2.518 X102
2.387 X102
2.255X102
2.124 X102

(@) (b)

Figure 6. Analytical results for the irradiation swelling pressure of a porous fuel particle at dangerous

conditions of 500 °C and 0.3FIMA. (a) Structure of a porous fuel particle; (b) Contour diagram of
radial stress in the matrix.

For the porous structure of Figure 6a, the swelling pressure exerted on the matrix
can be calculated according to Equation (18), as depicted in Figure 7. Therefore, on the
basis of the proposed formalism, the pressures exerted on the matrix by a fuel particle
swelling can be numerically calculated for dispersion fuel meat under different irradiation
conditions. Furthermore, the irradiation-induced swelling pressures can be adopted to
investigate strength and failure of the matrix. It is noted that the simulated investigation of
dispersion fuel elements with porous fuel particles is difficult to converge and compute.
When replacing the act of porous fuel particles with nonuniform swelling pressure exerted
on the matrix, the macro fuel element model possesses better convergence and computation.

Explicit analysis of nonuniform irradiation-induced pressure exerted on the dispersion
fuel matrix by a fuel particle swelling is expected to analyze the failure problems of disper-
sion fuel meat and provide a calculable way to investigate fuel elements. The formalism
presented in this study, which is applied for ceramic fuel, can be further developed for other
inelastic fuels. Accordingly, the presented analytical method about irradiation-induced
swelling pressure exerted on dispersion fuel matrix lays the foundation for analyzing the
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failure of dispersion fuel meat, reducing computational effort and possessing better conver-
gence in macroscopic simulation of a dispersion fuel element with porous fuel particles.

400

Swelling pressure
P, (MPa)

200

7=500°C Bu=03FIMA |
A B C D A
Location

100

Figure 7. The swelling pressure on matrix interface I' at dangerous conditions of 500 °C and 0.3 FIMA.

5. Conclusions

In this study exploring the effects that lead to the failure of dispersion fuel meat,
nonuniform irradiation-induced pressure exerted on the metal matrix by ceramic fuel
swelling was formulated on the basis of the equivalent inclusion method and calculated
numerically with the aid of Green’s function. Several examples have been given to demon-
strate the application of the presented formalism and to investigate the influencing factors
of nonuniformity. The main conclusions are as follows:

The nonuniform irradiation swelling pressure Py exerted on the matrix can be analyti-
cally formulated and calculated, based on the equivalent inclusion method. By comparing
the analytical results and the simulated results, the proposed formalism is validated to be
relatively precise.

The numbers and distributions of fission pores inside a fuel particle are the primary
factors affecting the uniformity of swelling pressures. It is identified that swelling pressures
surge at the location where the fission pores are closed to the matrix. The stress states in
the metal matrix can be analyzed once the distributions of fission pores are determined
under irradiation.

The swelling pressure increases with rising temperature and burnup. The nonuni-
formity of swelling pressure appears to be aggravated under high burnup more than
high temperature. The maximum increases more under high temperature than under
high burnup.

Based on the proposed formalism, the swelling pressures exerted on the matrix inter-
faces and the stress states in the metal matrix can be numerically analyzed for porous fuel
particles under different irradiation conditions. The nonuniformity analysis of swelling
pressures can be employed to investigate the failure, strength and integrity of dispersion
fuel meat.
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Nomenclature

Q The inclusion domain of a fuel particle

R3 The three-dimensional Euclidean space

r The interface between metal matrix and interaction layer

C The fourth-order elastic tensor

u The second-order displacement tensor

£ The second-order strain tensor

o The second-order stress tensor

f,IL,M Superscripts which denote variables of fuel particle and interaction layer, respectively
H,G,T Superscripts which denote variables of inhomogeneous, fission gaseous fragments

and temperature, respectively
The eigenstrain of the first equivalent transformation
The eigenstrain of the second equivalent transformation

e? The applied strain produced by environmental pressure
Pf The irradiation swelling pressure exerting on matrix

Py, The environmental pressure

P The internal pressure in fission pores

G(x—x') The Green’s function

X The point set out of a fuel particle

x The point set inside a fuel particle

Opr The radial stress

References

1.  Wang, H,; Liang, J.; Lu, C.; Huang, H.; Ren, J. Research on the grain growth and the mechanism of (U,Ti)O, dispersion fuel
microspheres. Ceram. Int. 2014, 40, 4421-4427. [CrossRef]

2. Long, C.S,; Zhao, Y.; Wen, G.; Hongxing, X.; Tianguo, W. A model for cracking of ceramic fuel particles in dispersion fuel. Nucl.
Power Eng. 2014, 35, 92-96.

3. Savchenko, A.; Konovalov, I.; Vatulin, A.; Morozov, A.; Orlov, V., Uferov, O.; Ershov, S.; Laushkin, A.; Kulakov, G.;
Maranchak, S.; et al. Dispersion type zirconium matrix fuels fabricated by capillary impregnation method. J. Nucl. Mater. 2007,
362, 356-363. [CrossRef]

4. Savchenko, A.; Vatulin, A.; Glagovsky, E.; Konovalov, I.; Morozov, A.; Kozlov, A.; Ershov, S.; Mishunin, V.; Kulakov, G.;
Sorokin, V.; et al. Main results of the development of dispersion type IMF at A.A. Bochvar Institute. J. Nucl. Mater. 2010, 396,
26-31. [CrossRef]

5. Rest,].; Hofman, L. DART Model for Irradiation-Induced Swelling of Uranium Silicide Dispersion Fuel Elements. Nucl. Technol.
1999, 126, 88-101. [CrossRef]

6. Kim, Y.S.; Hofman, G.; Cheon, J.S.; Robinson, A.; Wachs, D. Fission induced swelling and creep of U-Mo alloy fuel. . Nucl. Mater.
2003, 437, 37-46. [CrossRef]

7. Olander, D.R.; Wongsawaeng, D. Re-solution of fission gas-A review: Part I. Intragranular bubbles. J. Nucl. Mater. 2006, 354,
94-109. [CrossRef]

8.  Olander, D. Growth of the interaction layer around fuel particles in dispersion fuel. J. Nucl. Mater. 2009, 383, 201-208. [CrossRef]

9. Kim, K. UO;/Zry-4 chemical interaction layers for intact and leak PWR fuel rods. J. Nucl. Mater. 2010, 404, 128-137. [CrossRef]

10. Gao, L.-].; Chen, B.-D; Jiang, S.-Y.; Xiang, Z.; Yu, ].-Y.; Zhang, L.; Li, Y.-M. Analysis of blistering mechanism for dispersion-type
fuel plates during irradiation. Atom. Energy Sci. Technol. 2012, 46, 819-825.

11.  Yuan, T.; Huang, K.F,; Wang, ]. Solutions to the generalized Eshelby conjecture for anisotropic media: Proofs of the weak version
and counter-examples to the high-order and the strong versions. J. Mech. Phys. Solids. 2022, 158, 104648. [CrossRef]

12.  Eshelby, J.D. The determination of the elastic field of an ellipsoidal inclusion, and related problems. Proc. Roy. Soc. Lond. 1957,
241, 376-396.

13.  Moschovidis, Z.A.; Mura, T. Two-ellipsoidal inhomogeneities by the equivalent inclusion method. J. Appl. Mech. 1975, 42, 847-852.
[CrossRef]

14. Mura, T.; Cheng, P.C. The elastic field outside an ellipsoidal inclusion. J. Appl. Mech. 1977, 44, 561-569. [CrossRef]


http://doi.org/10.1016/j.ceramint.2013.08.114
http://doi.org/10.1016/j.jnucmat.2007.01.211
http://doi.org/10.1016/j.jnucmat.2009.10.048
http://doi.org/10.13182/NT99-A2960
http://doi.org/10.1016/j.jnucmat.2013.01.346
http://doi.org/10.1016/j.jnucmat.2006.03.010
http://doi.org/10.1016/j.jnucmat.2008.07.035
http://doi.org/10.1016/j.jnucmat.2010.07.013
http://doi.org/10.1016/j.jmps.2021.104648
http://doi.org/10.1115/1.3423718
http://doi.org/10.1115/1.3424141

Materials 2022, 15, 3231 14 of 14

15.

16.

17.

18.
19.

20.

21.

22.
23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

Rashidinejad, E.; Shodja, H.M. Novel theories on magneto-electro-elastic ellipsoidal multi-inclusions and inhomogeneities and
associated impotent fields. Mech. Mater. 2020, 143, 103201. [CrossRef]

Lages, E.N.; Marques, S.P.C. Thermoelastic homogenization of periodic composites using an eigenstrain-based micromechanical
model. Appl. Math. Model. 2020, 85, 1-18. [CrossRef]

Ma, L,; Tang, Z.; Bian, Z.; Zhu, J.; Wiercigroch, M. Analytical solution for circular inhomogeneous inclusion problems with
non-uniform axisymmetric eigenstrain distribution. Int. . Mech. Sci. 2021, 194, 106213. [CrossRef]

Ma, L. Fundamental formulation for transformation toughening. Int. J. Solids Struct. 2010, 47, 3214-3220. [CrossRef]

Zhang, N.; Xiang, X.; Ma, L. On the crack-tip stress field due to the presence of isotropic dilatational inclusion: Theoretical and
numerical analysis. Arch. Appl. Mech. 2021, 91, 2893-2905. [CrossRef]

Zhang, X.; Sharma, P. Inclusions and inhomogeneities in strain gradient elasticity with couple stresses and related problems. Int.
J. Solids Struct. 2005, 42, 3833-3851. [CrossRef]

Ma, L.; Korsunsky, A.M. The principle of equivalent eigenstrain for inhomogeneous inclusion problems. Int. J. Solids Struct. 2014,
51, 4477-4484. [CrossRef]

Eshelby, ].D. The elastic energy-momentum tensor. J. Elast. 1975, 5, 3—4. [CrossRef]

Hongsheng, C.; Chongsheng, L.; Hongxing, X.; Tianguo, W.; Wen, G. Releasing model of fission gas based on dispersion fuel
particle cracking. Nucl. Power Eng. 2019, 40, 85-91.

Melnikov, Y.A.; Borodin, V.N. Green’s Functions Potential Fields on Surfaces; Springer International Publishing: Aargau, Switzerland, 2017.
Chen, W,; Liang, X.; Shen, S.P. Forced vibration of piezoelectric and flexoelectric Euler-Bernoulli beams by dynamic Green’s
functions. Acta Mech. 2021, 232, 449-460. [CrossRef]

Qin, Q.H. Thermoelectroelastic Green’s function for a piezoelectric plate containing an elliptic hole. Mech. Mater. 1998, 30, 21-29.
[CrossRef]

Yoshidal, K.; Arai, M. Prediction of Fatigue Crack Path Based upon Green’s Function Theory. Key Eng. Mater. 2017, 754, 141-144.
Love, A.E.H. A Treatise on the Mathematical Theory of Elasticity, 4th ed.; Dover Publications: New York, NY, USA, 1944.

Til, S.; Fedorov, A.V.; Magielsen, A.]. Study of ceramic pebble beds in post irradiation examination of the pebble bed assemblies
irradiation experiment. Fusion Eng. Des. 2012, 87, 885-889.

Brni¢, J.; Niu, J.-T.; Turkalj, G.; Canadija, M.; Lanc, D. Experimental determination of mechanical properties and short-time creep
of AISI 304 stainless steel at elevated temperatures. Int. . Miner. Met. Mater. 2010, 17, 39. [CrossRef]

Spino, J.; Cobos-Sabate, J.; Rousseau, F. Room-temperature micro-indentation Behaviour of LWR-fuels, Part 1: Fuel Micro-hardness.
J. Nucl. Mater. 2003, 322, 204-216. [CrossRef]

Katoha, Y.; Snead, L.L.; Parish, PM.; Hinoki, T. Observation and possible mechanism of irradiation induced creep in ceramics. J.
Nucl. Mater. 2013, 434, 141-151. [CrossRef]

Holden, A.N. Dispersion fuel Elements; Gorden and Breach Science Publishers: New York, NY, USA, 1967.

Lyu, J.; Zhao, Y.; Long, C. Mechanical modeling and parameter analysis for mesoscopic failure mechanism of dispersion fuels.
Nucl. Power Eng. 2020, 41 (Suppl. S1), 178-182.


http://doi.org/10.1016/j.mechmat.2019.103201
http://doi.org/10.1016/j.apm.2020.04.003
http://doi.org/10.1016/j.ijmecsci.2020.106213
http://doi.org/10.1016/j.ijsolstr.2010.08.002
http://doi.org/10.1007/s00419-021-01941-1
http://doi.org/10.1016/j.ijsolstr.2004.12.005
http://doi.org/10.1016/j.ijsolstr.2014.08.023
http://doi.org/10.1007/BF00126994
http://doi.org/10.1007/s00707-020-02859-5
http://doi.org/10.1016/S0167-6636(98)00022-2
http://doi.org/10.1007/s12613-010-0107-0
http://doi.org/10.1016/S0022-3115(03)00328-3
http://doi.org/10.1016/j.jnucmat.2012.11.035

	Introduction 
	The Equivalent Inclusion Method 
	Formalism of Irradiation Swelling Pressure by Equivalent Inclusion Method 
	Numerical Examples 
	Analytical Solution 
	Numerical Results and Discussions 
	The Numerical Analysis of a Porous Fuel Particle 

	Conclusions 
	References

