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ABSTRACT 
Computer modeling of thermo-mechanical behavior of coated particles 

during operating both at normal and off-normal conditions has a very 
significant role particularly on a stage of new reactors development. In Russia 
a big experience has been accumulated on fabrication and reactor tests of 
CP and fuel elements with UO2 kernels. However, this experience cannot be 
using in full volume for development of a new reactor installation GT-MHR. 
This is due to very deep burn-up of the fuel based on plutonium oxide (up to 
70% fima). Therefore the mathematical modeling of CP thermal-mechanical 
behavior and failure prediction becomes particularly important. The authors 
have a clean understanding that serviceability of fuel with high burn-ups are 
defined not only by thermo-mechanics, but also by structured changes in 
coating materials, thermodynamics of chemical processes, “amoeba-effect’, 
formation CO etc. 

In the report the first steps of development of integrate code for 
numerical modeling of coated particles behavior and some calculating results 
concerning the influence of various design parameters on fuel coated 
particles endurance for GT-MHR normal operating conditions are submitted. 
A failure model is developed to predict the fraction of TRISO-coated particles. 
In this model it is assumed that the failure of CP depends not only on 
probability of SiC-layer fracture but also on the PyC-layers damage. The 
coated particle is considered as a uniform design. 
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INTRODUCTION 
 

The TRISO fuel particles for GT-MHR have specific features as compare 
with developed earlier “traditional” fuel particles based on UO2. The coated 
particles consist of a fuel kernel (PuO2-x) ~200 µm dia with four protection 
coatings made of pyrocarbon and silicon carbide. The typical design of 
TRISO particle is presented in a fig. 1. Assignment of various layers of a 
coating is described in a number of works were published earlier [1], for 
example.  

In Table 1 the requirements on fuel accepted on a stage of the GT-MHR 
Conceptual Project are represented [2]. 

 
Table 1 - Main specification of coated fuel particles GT-MHR [2] 

1. Fuel composition (x>0,25) PuO2-x 
2. Kernel diameter, µm 200±25  
3. Kernel density, g/cm3 ≥ 10  
4. Kernel non-sphericity ≤ 1.05 
5. Buffer thickness, µm (ρ~ 1 g/cm3) 100±15  
6. IPyC thickness, µm (ρ~ 1,8 g/cm3) 35±8 
7. SiC thickness, µm (ρ~ 3,2 g/cm3) 35±8 
8. OPyC thickness, µm (ρ~ 1,8 g/cm3) 40±8  
9. Fraction of CP with through-hole failure of 

coating (as-manufactured) 
 
≤1⋅10-5 

10. Burn-up, MW·d/kg Pu 
average 
maximal 

 
640 
1000 

11. Irradiation time (average), efpd(1) 840 

12. Maximum temperature of fuel, °C 
                at normal operating 
                with overheating factors 
                under off-normal (for 100 hours) 

 
1250  
1300  
1600 

(1) effective full power days 
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Fig. 1. Design of TRISO coated particle 

1. Basic principles of mathematical model development 
 
The basic task of a coating is – retention of output of fission products 

outside of the fuel. Keeping integrity of coating during operating is a basic 
condition for decision of this task. The main role has SiC-layer, which is a 
basic diffusion and “force” barrier both for solid and gas fission products. The 
mathematical modeling of behavior CP allows solving two main tasks: 

A)  to choice optimal CP design; 
B)  to predict fraction of broken CP during operating time. 
During irradiation numerous physical and chemical processes occur in 

the coated particles, which can lead to failure of coating. According to 
classical pressure vessel models the main factors determining the 
development of mechanical stresses in CP coating and its failure at normal 
conditions are the following:  

1. Internal pressure of gases. 
2. Development of radiation-induced dimensional changes in dense 

pyrocarbon. 
3. Development of radiation-induced creep deformations in coating 

layers. 
The following processes determine the internal pressure in the CP: 

• fission gases release from the kernel (mainly krypton and xenon); 
• formation of CO and CO2 from the carbon-oxygen interaction; 
• mechanical pressure of swelling fuel kernel; 
• changes in internal free volume because of changing buffer layer density, 

deformation of coatings and kernels swelling. 
Besides at high burn-ups the mechanical interaction between fuel 

kernel and coating is possible. 
Thereby, the internal pressure depends on the irradiation temperature, 

changes of free volume and burn-up that determining the quantity of GFP and 
kernels swelling. The free volume, in it is turn, depends on the porosity 
changes of buffer and kernel.  

Buffer 

IPyC 

SiC 

OPyC 

Kernel 
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During irradiation in pyrocarbon develops radiation-induced dimension 
changes (RDC), which are connected with reorganization of structure. In 
result the degree of anisotropy of pyrocarbon increases. RDC in the 
beginning of irradiations (up to ~ 2⋅1025 n/m2) are practically isotropic and 
then with fluence of fast neutron rising begin occurs anisotropic nature of 
RDC. Herewith in direction parallel to the plane of deposition occurs 
shrinkage, but in perpendicular direction - swelling. Such pyrocarbon behavior 
causes the development additional mechanical stresses in coating layers. 
The velocity of RDC depends on initially density, anisotropy and irradiating 
temperature and increases together with increasing of pyrocarbon anisotropy 
[3,4]. The large importance for stresses development has the radiating-
induced creep of pyrocarbon. In the report [5] was made detail review of 
different problems that are concerning data needed for modeling CP 
performance. 

The PyC and SiC are brittle materials. The Weibull statistics are using 
for each layer of coating. 

 
2. Development of calculating algorithm 

 
For each time step the calculation of temperature distribution on radius 

of coated particle carries out. Thus the CP is divided into 5 zones: kernel, 
buffer, IPyC, SiC, OPyC. Each zone has individual thermal and physical 
characteristics. The heat generation in kernel is assumed as uniform. The 
heat generation in coating layers is assumed insignificant. The calculating of 
temperature on radius carries out consistently:  

 
Kernel → Buffer → IPyC → SiC → OPyC. 

 
Thus a boundary condition is the temperature at the centre of kernel, 

which is determined as fuel technical parameter. 
The mathematical model for calculating stresses and strains is built on 

the basis of standard system of mechanics equations for solid body. The 
essence of this method consists of using of finite difference approximation of 
the initial differential equations set. The coated particle is divided into small 
spherical sub-layers each having its own parameters of material and 
temperature. The former depend both on the temperature and on fast neutron 
fluence. The dividing carries out so that the nodes of a grid did not get on 
borders of sections of CP zones. The calculation is performed by rather small 
steps in time. Thus calculating of stresses in CP during its manufacturing is 
possible: heating up to coatings deposition temperatures and cooling to room 
temperature are taking into account. The calculating scheme of coated 
particles is shown in fig.2. 
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Fig.2 The calculating scheme of coated particle 
 
For the “n-th” time moment we can write: 

ττττn  = ττττn-1 + ∆∆∆∆ττττn   
1. Components of total (geometrical) deformation of the j-th layer are 

describing as follow: 
εεεεj
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where: εεεεe(n)
j - elastic deformations; 

 εεεεc(n-1)
j - accumulated radiation creep deformations; 

 εεεεR(n-1)
j - accumulated radiation dimension changes; 

 εεεεT(n)
j - temperature strain; 

 ∆∆∆∆εεεεc(n)
j - increments of creep strain through n-th time increment ∆τn; 

 ∆∆∆∆εεεεR(n)
j - increments of radiation dimension changes through n-th 

time increment ∆τn. 
The increment of radiation creep strains are calculated according to: 
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where:     Kc(T,γ)  -coefficient of radiation creep; 
  i, j = r, θ - indexes of coordinate axes; 
 δI,j - Kroneker’s symbol. 
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The code GOLT-v1 was developed on the basis of the model. It takes 
into account development of stresses and deformations in all volume of a 
coated particle including a buffer layer and fuel kernel. On each time step the 
burn-up, fluence of fast neutrons, temperature of each sub-layer, increment of 
creep and RDC deformations, physical mechanical characteristics of material 
for each sub-layer are calculated. The internal pressure and increment of 
creep deformation in each unit of a calculating grid are calculated with use of 
iterative process. Such approach allows avoiding accumulation of a mistake 
at large deformations and most full to take into account changes of properties 
of materials during an irradiation. 

 
3. Failure model 

 

 For the determination of the strength of CP coating layers the statistics 
theory of Weibull brittle strength is used. The expression for the determination 
of the probability of single spherical layer fracture was proposed by K. 
Bongartz [6] : 

P(s) = 1 - exp {ln(0.5) (s ⁄⁄⁄⁄ σσσσm)m }   
 

 where P(s)    is the probability of that  s ≥ σm; 

  s   is the maximum stress in the layer; 
  σm  is the median strength  ( P(σm) =  0.5 ); 
  m   is the Weibull parameter. 

This expression can be separately applied to each layer of CP coating. 
In the GOLT-v1 code the automatic calculation of the probability of CP failure 
as a uniform design is provided. Thus the complete probability of failure of a 
layer SiC is received by consideration of complete set of probable variants 
("scenario") of CP behavior: 

 Variant 1: all layers of a coating are intact. 
  Variant 2: the layer IPyC is fractured, the layer OPyC is intact. 
  Variant 3: . the layer OPyC is fractured, the layer IPyC is intact. 
  Variant 4: both layers IPyC and OPyC are fractured. 

 
The "total" probability of SiC layer failure is in this case determined by 

formula: 

)/()(
4

1
k

k
ktotal VWPVPP ∑

=

⋅=   

where: P (Vk) - probability of  k-th variant; 
       P (W/Vk) - probability of failure of a SiC-layer under k-th variant. 
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Developed model also provides a possibility of calculation CP with 
fractured SiC-layer. In this case it is considered 2 variants: 

(A)  the layer IPyC and SiC are fractured, layer OPyC – is intact; 
(B)  the layer OPyC and SiC are fractured, layer IPyC - is intact; 
In the case (A) is expected that all internal pressure is acting on layer 

OPyC; in the case  (B) - on layer IPyC. These models of CP failure are 
auxiliary. The main calculations are conducted according to formula of total 
probability. 

 
4. Calculating of internal pressure 

 
The calculation of internal pressure is the important task, from which 

decision, in many respects, depends the final result. In the developed code 
for calculation of pressure the formula for ideal gases is used: 

V
TRnP ⋅⋅

=  

The total pressure develops as the sum of partial pressures: 
P = Pf + Po + PT 
Where Рf - pressure of gaseous fission products (GFP), Po - pressure of 

CO and СО2, PT - pressure of residual technological gases. 
The pressure of GFP (Pf) is well known and does not represent any 

difficulties [1,7]. A much more difficult situation with definition of the 2-nd 
component of pressure Po, connected with formation CO and CO2 inside 
coated particles. In the number of works is shown that the second component 
of pressure Ро approximately in 2 times surpasses pressure of GFP for CP 
with UO2 kernels /8,9/. The thermodynamics of system MeO2±x → PyC in 
conditions of high temperatures and burn-ups of fission atoms of metal 
determines both internal pressure in CP and kernel migration velocity through 
coating («amoeba-effect») as a result of reaction: 

MeO2±x  +  4C  =  MeC2 + 2CО 
For fuel base on PuO2- x at present time practically no data on this 

problem. In Table 2 are submitted dependencies of outputting of free atoms 
of oxygen on one fission in fuel base on 235U and  239Pu. 

 
Table 2 - Relative output of free oxygen on one division [10] 

 
Temperature, 

°C 
Atoms oxygen on one 

division of 235U 
 

Atoms oxygen on one 
division of 239Pu 

1000 0.002 0.12 
1200 0.0092 0.18 
1400 0.031 0.23 
1600 0.076 0.28 
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From data presented in the table 2 it is clear, that the formation of free 
oxygen at fission of fuel on a basis of plutonium is much higher, than in fuel 
on basis of uranium. It is explained by that at fission of uranium, the large part 
of oxygen consumes on oxidation of fission products, but at fission Pu the 
considerable part of oxygen consumes on formation CO and CO2. At the 
same time in Ref. [11] are presented results of irradiation tests (experiment 
FTE-13) according to in PuO1.84 "amoeba-effect" was displayed in the same 
degree, as in fuel on a basis UO2, but in fuel PuO1.69 up to ~70%FIMA 
"amoeba-effect", practically, was not observed.  On the basis on these data a 
conclusion was made that there was no formation of CO and CO2 in fuel with 
PuO1.69. The result is explained thus: at fission of fuel PuO2-x on oxidation of 
fission products goes ~ 1.25 of (2-x) atoms of oxygen while b*[(2-x) -1.25] 
(where b - burn-up, FIMA) atoms of oxygen consumes to increase the relation 
O/Pu up to achievement O/Pu =2. After this moment free atoms of oxygen 
enter reaction with carbon with formation CO. Thus, the pressure of CO 
inside CP for fuel with the relation O/Pu<1.7 which is accepted for GT-MHR 
has double dependence from burn-up (time).  

At present time the thermodynamics model of formation CO and СО2 
under CP coating for GT-MHR fuel inheres in stage of development so 
calculations of CP fulfilled in this work were conducted on base of empirical 
results of in-pile testing of coated particles with PuO2-x fuel kernels in 
experiment FTE-13. 

 
5. Testing of code 

 
To check correctness of functioning the algorithm of calculation 

stresses and strains in code GOLT-v1 there were carried out calculations of 
some tasks, for which known analytical results. For spherical layer is 
undergoing under the action of internal and external pressures analytical 
decision was provided in publication [12]. 

To perform the test calculations some corresponding changes were 
made in code GOLT-v1. The calculation stresses and strains of kernel and 
buffer layer were not produced and its physical-mechanical characteristics 
were reduced on several orders. There were input identical physical-
mechanical characteristics for dense layers, i.e. calculations, practically, was 
conducted for hollow microsphere made of thick PyC. The temperature on 
thickness was assigned constant. Radiating creep and RDC are equal zero. 

The good coincidence of results between analytical and numerical 
calculations was received. Inaccuracy does not exceed 1%. 

Similarly decision of test with internal pressure the test calculation for 
spherical layer made of uniform material, is undergoing under the action of 
stationary heat flow (the source of heat inside spheres) was carried out. The 
comparison of results of calculations on code GOLT-v1 with analytical 
solution at temperature drop on thickness of layer 50°С is shown satisfactory 
coincidence of results (inaccuracy < 5%). 
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6. Some results of calculations GT-MHR fuel 
 
6.1 Initial thermo-elastic stresses 
 

During deposition of various coating’s layers the semi-manufactured CP 
are heating up to deposition temperatures of the appropriate layer and 
subsequent cooling to room temperature. Then after a load in reactor core CP 
are heated up to operating temperature. Because to distinctions of 
temperature expansion factors there are the thermal stresses arising in all 
layers of CP coating. The distribution of radial stresses over CP radius at 
working (1250°C) and at room (20°C) temperatures is shown in fig. 3. From 
these results follows, that in the buffer significant tensile radial stresses at 
cooling of CP down to room temperature are arising, which can result to 
cracking of buffer. On the boundary between IPyC and SiC develops tensile 
radial stress up to ~60 MPa which can results in separating of IPyC from SiC 
layer. And when it is heating up to operating temperature there are only small 
tensile stresses. 

The diagram of tangential stresses is shown in fig. 4. When CP is cooling 
to room temperature in layer SiC develop compressing stresses, but under 
heating up to operating temperature in SiC appear small tensile stresses ~1 
MPa. 

 

80 120 160 200 240 280 320
Radius, µm 

-50

0

50

100

150

200

250

St
re

ss
es

, M
Pa

Radial
1250 C
20 C

Buffer
IPyC

SiC OPyC
Kernel

80 120 160 200 240 280 320
Radius, µm

-200

-150

-100

-50

0

50

St
re

ss
es

, M
Pa

Tangential
1250  Χ
20 Ñ

Buffer
IPyC

SiC
OPyC

Fig. 3 Diagrams of radial stresses at room 
(20°C) and operating (1250°C) temperatures 

Fig. 4 Diagrams of tangential stresses at room 
(20°C) and operating (1250°C) temperatures 

 
6.2 Stresses and deformations during operation 
 
In fig. 5 development of tangential stresses on internal and external 

surfaces of layers IPyC and OPyC are presented. In the pyrocarbon layers 
are developing tensile stresses which in the beginning of irradiation 
increasing because of development of radiating shrinkage in pyrocarbon. 
Then the stresses are reducing because of relaxation, growth of internal 
pressure and change in character of RDC in pyrocarbon layers. 
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Fig. 6 demonstrates development of tangential stresses in SiC layer. At 
insignificant burn-ups in the layer SiC are developing compressing stresses, 
caused by shrinking of PyC layers. The drop of stresses at ~ 3 % FIMA is 
caused by failure of buffer layer. The further reduction of compressive 
stresses is caused by both increasing internal pressure and transition of 
radiation dimension changes from, practically, uniaxial shrinking to 
anisotropic behavior: shrinking in parallel and expansion in perpendicular 
directions with respect to a deposition surface. 

 

0 20 40 60 80 100
Burn-up,  % FIMA

-40

0

40

80

120

160

200

St
re

ss
es

, M
Pa

IPyC (inner side)

IPyC (outer side)

OPyC (inner side)

OPyC (outer side)

0 20 40 60 80 100
Burn-up, %FIMA

-400

-200

0

200

400

St
re

ss
es

, M
Pa

1250 0C
Variant- 1
Variant- 2
Variant- 3
Variant- 4

Buffer failure

 
Fig. 5 Tangential stresses in dense 

pyrocarbon layers 
 

Fig. 6 Tangential stresses in SiC layer 
 

According to the model of CP failure developed in the code GOLT-v1 
failure of separate layers made of dense pyrocarbon before achievement of 
ultimate stress is possible. In this case the stresses in the SiC- layer have 
some jump and may pass in area of a stretching. In figure 6 the development 
of tangential stresses in the layer SiC for 4-th variants of CP behavior is 
shown, when SiC stays intact. It was accepted in GOLT-v1 model that the 
failure of layers IPyC and OPyC occurs at the moment of development in 
them maximum stresses.  

The pictures 7 and 8 are demonstrated the estimations of kinetics of 
internal pressure and total probability of SiC-layer failure for fuel with initial 
ratio O/Pu=1,68. The probabilities of failure of IPyC and OPyC layers come to 
~28 and 2.6 % accordingly. The total probability of SiC-layer failure for single 
CP at burn-up 70 % FIMA and kernel's temperature 1250°C comes to ~ 
4.5⋅10-5. These results were received at nominal (mean) values of CP design 
parameters and conditions of operation (see Table 1). 
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Fig. 7 Development of internal pressure  Fig.8 Kinetic of total SiC failure probability

 
On the basis of the results it is possible to make the following basic 

conclusions: 
1.Thermo-elastic stresses in dense layers may cause separating layers 

IPyC and SiC at cooling CP to room temperature. At operating temperatures 
the thermo-elastic stresses are not significant.  

2. The development of stresses in coating's layers during operating are 
defined by interaction of 3 basic processes: 

I.  Development of internal pressure; 
II.  Development of anisotropic radiation dimension changes; 
III. Development of radiation creep. 
 

6.3 Influence of design parameters 
 
To determine degree of influence of various design parameters on 

probability of CP failure (i.e. on a share of CP with through-hole failure of 
coating) alternative calculations were made.  

In figure 9 the results of the calculations of CP failure probability 
depending on a kernel diameter are presented, when the other parameters 
remains constant. The calculations have shown, that the increase of a kernel 
diameter has negative effect on CP endurance and results in fast increase of 
probability of appearing CP with a fractured SiC layer. The nominal diameter 
of 200 microns is a limit according to the calculations and its excess results in 
increasing of a fraction of particles with destroyed coating. 

The similar result is received by researching of the buffer layer thickness 
influence on probability of CP coating failure As follows from data, presented 
in figure 10, reduction of thickness of the buffer results in growth of probability 
of coating destruction. It is desirable to consider an opportunity of increasing 
of thickness of a buffer layer. 
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The reduction of thickness of SiC layer also has negative effect to CP 
endurance and results in fast increasing of fraction CP with a destroyed SiC 
layer (Fig.11).  

The influence of thickness of the IPyC layer to probability of CP fracture 
is shown in figure 12. From the results follows that the thickness of this layer 
is desirable no increasing up to ~40 µm. Such unexpected, on the first view, 
result is explained by that due to increase of thickness of this layer the 
maximum stresses in it increase too, that results in increasing of failure 
probability of this layer and increasing of total probability of destruction of a 
coating as a whole (see expression for total SiC-layer failure probability).  

The increasing of thickness of layer OPyC as follows from calculate 
results reduces total probability of CP fracture. 
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Fig. 9 Influence of kernel diameter on probability 
of CP failure 

Fig.10 Influence of buffer thickness on 
probability of CP failure 

0 20 40
Thickness, µm

0

4E-005

8E-005

0.00012

0.00016

Pr
ob

ab
ili

ty

 

20 30 40 50
SiC thickness, µm

1E-006

1E-005

0.0001

0.001

0.01

Pr
ob

ab
ili

ty

Figure 11. Influence of IPyC thickness on 
probability of CP failure 
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7. Plan of development of integrate model of coated particles 
performance 

 
The developed technique and code for CP thermo-mechanical modeling 

are the first step in development of the integrate model, which should take 
into account: 

1. Thermo-mechanical performance at both normal and accident 
conditions; 

1. Thermodynamics processes in CP, including formation CO and СО2; 
2. Accounting of statistical character of design and operating parameters; 
3. Diffusion of fission products; 
4. Corrosion and thermal processes at emergencies. 
In fig. 13 the general views of integrate model development is submitted.  

Statistical analysis 

    
       Fission products
             release
   

Verification

Thermo-mechanics
normal conditions

Thermo-mechanics
off-normal conditions

Thermodynamics
       analysis 
(including CO formation)

 
 
 

Fig. 13 Diagram of integrate model development 
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Conclusions 

 
The mathematical model, algorithm and computer code GOLT-v1 were 

developed for modeling thermo-mechanics performance of coated particles at 
normal operating conditions which take into account: 

• any number of coating layers made of different materials; 
• initiation of thermo-elastic stresses in the layers during and after 

coatings deposition; 
• development of temperature distribution through CP radius; 
• kernel swelling and possibility of its mechanical interaction with coating; 
• production of gas fission products; 
• formation of CO and CO2; 
• temperature strains of the kernel and coating layers; 
• anisotropic radiation dimensional changes in the pyrocarbon layers, 

including the buffer layer; 
• radiation creep of pyrocarbon layers; 
• deformation of SiC layer; 
• changes in the physical-mechanical characteristics of coating materials 

during irradiation depending on fluence of fast neutrons and the 
temperature in each node of accounting grid; 

• possibility of separation and destruction of IPyC and OPyC layers; 
• possibility of SiC layer destruction at intact dense pyrocarbon layers; 
• probabilistic character of CP destruction in the whole; 

 
The model of coated particles failure is presented. The CP is 

considered as uniform multilayer design. The model takes assumed an 
opportunity of destruction of separate coating layers at preservation intact of 
another. As basis criterion of serviceability the preservation of integrity of a 
SiC layer is accepted. As auxiliary models of CP behavior with destroyed 
layer SiC is considered at intact IPyC and/or OPyC layers. 

On the basis of the GOLT-v1 code the development of integrate code is 
begun which will include the interconnected tasks: thermodynamics, statistics 
and diffusion of fission products. 
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Abbreviations and denotations: 
 
CP - coated particle; 
TRISO - four-layer coating of coated particle; 
BPyC - buffer layer of pyrocarbon; 
IPyC - inner force layer of dense pyrocarbon; 
OPyC - outer force layer of dense pyrocarbon; 
SiC - force layer of silicon carbide; 
FP - fission products; 
GFP -gaseous fission products; 
RDC –radiating-induced dimension changes; 
r - coordinate on radius, m; 
θ,ϕ - angular coordinates in the spherical coordinate system; 
t - temperature, 0 C; 
T - temperature, 0 K; 
Γ, γ - fast neutron fluence (E>0.18 MeV), n/m2; 
B – burn-up,  % FIMA; 
σj (r,t,F)  (j = r,θ,ϕ) - stresses, MPa; 
εj (r,t,F) (j = r,θ,ϕ)  - strains; 
ρ -  density, kg/cm3; 
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