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I. INTRODUCTION

The integrity of the first wall and the blanket structure behind
it is of crucial importance for any fusion reactor. The severe radiation
damage to the materials limits the 1ifetime of these components to less
than the plant lifetime. The engineering feasibility of fusion depends
to a large extent on the lifetime of the first wall and blanket, and
on the ease with which these structures can be replaced. The novel
blanket design developed for the SOLASE reactor(]4)'has the advantage
that Tittle pressure is exerted on the blanket structure by the coolant
material. Hence, materials other than metals can be selected. Graphite
was chosen as a first-wall blanket material because of its great thermal
shock resistance, high melting point, low activity following neutron
activation, and Zow cost. Opposing these advantages are the Zow fracture
strength -of graphite composites and the radiation-induced dimensional
changes.

In order to assess the integrity of the first wall and blanket,
several sources of stress must be considered. The loading by the dead
weight of the structure and the coolant is of minor importance in the
SOLASE design. Dynamic stresses in the first wall are also produced by
the blast wave of the buffer gas in the reactor cavity. The number of
radial diyider sections in the blanket is selected based on the require-
ment that the maximum dynamic stress associated with the flexure of the
first wall be below 20.7 MPa (3000 psi). Another source of stress in
SOLASE arises from the absorption of X-rays emitted from the fusion
reaction and from the gbsorption of laser light reflected by the pellet,

In both cases, the associated thermoelastic stress is restricted to a



depth less than the diameter of the crystallite particles of the graphite
composite. Therefore, this surface stress may exceed the composite's
fracture stress which is determined by the binder material. It may not, how-
ever, exceed the fracture strength of the particles. The latter is an order
of magnitude larger than the composite strength. A1l of the above stress
sources will be neglected in the following analysis.

With regard to the long-term integrity of the graphite structure there
remain then only two sources: the static thermoelastic stresses and those
produced by radiation-induced dimensional changes due to temperature and
flux gradients. These sources are of generic nature and are likely to be
encountered in any fusion reactor where graphite is used as a structural
material. The following analysis of this problem may be considered also
as a case study, and its implications go beyond the particular SOLASE design.
In fact, a major objective of this study is to develop a self-consistent
methodology for the determination of the lifetime of a graphite structure
under irradiation. By self-consistency we refer to the physical interrela-
tions that exist between the radiation-induced porosity changes and the changes
in the elastic and strength properties. We also refer to the spacial vari-
ation of these properties as they affect the evolution of the stress distrib-
ution. The latter in connection with the strength distribution determines
then the location and the time of failure.

The immediate objective of the present study is to estimate the lifetime
of the blanket structure of the SOLASE reactor, while keeping in mind that the
result should not depend on minor design features but rather on more general
aspects. Accordingly, we select that part of the blanket structure for the
analysis which is subject to the largest temperature and neutron flux gradients.
Clearly, this is any one of the radial dividers in a blanket module shown in
Fig. 1. To further simplify the analysis the radial divider is modelled

as an annular disk.
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II. Radiation Effects in Graphite

I1.1, Behavior of Point Defects in Graphite

The crystalline structure of graphite, shown in Fig. 2 » is highly
anisotropic, and for this reason, the radiation-induced property changes
are strongly related to this structure. This is particularly reflected
in the migration of interstitials and vacancies. The interstitial,
occupying a position between basal planes, has a very low activation
energy of 0.45 eV for motion parallel to the basal b]anes, but a large
energy of 2.8 eV for migration in the c-axis direction.(]) Likewise,
the vacancy requires an activation energy of about 3 eV to move in the
basal plane, but it takes 5.45 eV for motion along the c-axis. The
addition of interstitials between basal planes results in a large increase
of the lattice parameter "c" relative to the change in the other parameter

‘"a". Contrary, the vacancies do not appreciably alter the.c- spaci¥ng.
but give rise to a decrease in the a =.spacing according to(z)
“Aa/a = -0.14 n,» where n, is the number density of vacancies.
Since in the production of interstitial-vacancy pairs by energetic
recoil atoms the point defect pair is spacially separated, a correlated
recovery is very unlikely unless the point defects are situated on the
same basal plane. Consequently, the predominant reaction at high temperatures
will be the formation of separate interstitial and vacancy clusters. As a

result, the growing interstitial loops produce additional basal planes,

whereas the old basal planes contract. Hence, each single-crystal region
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in a graphite solid under irradiation will expand in the c-direction and
contracts in the a-direction.

11.2 Dimensional Changes of Polycrystalline Graphites

Polycrystalline graphites exhibit large dimensional changes after
irradiation. These dimensional changes depend strongly on the raw
material and the fabrication process used. As illustrated in Figs. 3,4,5,&
6 these changes are characterized by an initial densification followed by an
expansion at higher radiation doses.
This phenomenon can be explained by the dimensional changes of the
graphite crystallites that make up the graphite particles and by the
closure and expansion of pores and microcracks. Following the
notation of Engle(3), there are three different types of pores (see Fig.7/).
The crystallites themselves contain micropores which contribute the
volume Avp] to the total porosity. Many crystallites are contained in a
single graphite particle, and transgranular microcracks between the crystallites
occupy a volume AVp . In turn, the particles are held together by a tjfaphite
- binder,.-produced from coal-tar pitch, and they may enclose intergranular micro-
cracks which take up the volume Avp3.
During irradiation the individual crystallites expand in the c-direction,
i.e. perpendicular to the basal planes, but contract parallel to the basal
planes (or in the a-direction). As a result, the different pore volumina
change with time. Initially, the dimensional changes are produced by
a partial closure of all three pore types. However, as the crystallites
continue to expand in the c-directions, new and old microcracks open up,

causing Avp and Avp to increase.
2 3
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The contribution of the three different types of pores has been measured
as a function of irradiation dose by Eng]e.(3) This was accomplished in
the following way. First, the total volume change

AV = N+ AV + AV
Py TPy g (1)

was determined by length change measurements. After that the specimens

were immersed in a liquid thereby filling the porosity Avp . The measurement
3
gave then AV + AVp . Finally, the graphite was crushed into its particles,

and the powder was agdan immersed in a liéuid. Because the liquid penetrated

ihérpare volume AVp » the volume Avpi could then be found.
2
In summary, Engle was able to describe dose dependence of the three

porosity contributions. He found that Avp] increases slightly initially and
changes little thereafter. However, AVp2 decreases initially, contributing
mostly to the initial densification phase, and then increases moderately

at higher doses. The pore volume Avp3 changes 1ittle during the densification
phase but then increases dramatically. Therefore, Avp3 is the major
contributor to the final expansion rate of graphite under irradiation.

In the manufacture of graphite components, the selected coke particles
are combined with the binder material, and the components are formed at
high temperatures either by extrusion or by molding. In the extrusion
process, the particles and crystallites arrange themselves in such a
fashion that there results a preferential orientation of the c-axis
perpendicular to the extrusion direction. If the component is molded, the

c-axis aligns itself parallel to the pressure direction.
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The resulting composite exhibits anisotropic behavior. The direction
which is predominantly influenced by the c-axis properties suffers an initial
contraction followed by expansion at high exposures. On the other hand,
the directions predominantly aligned with the a-axis of the crystallites
continue to contract up to much higher exposures before the expansion begins.
By proper selection of raw material and processing steps, it is possible to
produce graphites with macroscopically isotropic properties.

The change of porosity in graphite as a function of irradiation is
accomphpiiedi by corresponding ehanges in the strength, elastic properties,
thermal expansivities, thermal conductivity and most other physical properties.
Hence, it was important to develop a quantitative model for the dimensional
changes of graphites which are used for structural purposes. As discussed
above, one can rationalize the dimensional changes by a two-step process.
Initially, the densification is mainly due to a partial closure of the
fabricated porosity which accomodates the dimensional changes of the
crystallites. After exhaustion of this process, further accomodation can
only be accomplished by creation of new,and enlargement of, existing micro-
cracks between the particles and crystallites. It is then reasonable to
assume that the initial densification rate is proportional to the initial
porosity, Po’ but the final expansion rate should not depend on Po‘

However, the onset of expansion is delayed with increasing initial
porosity PO.

A phenomenological equation, reflecting this behavior, is given by

P-P, =§ = - P[1 - exp(- CF)] (2)
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where F is the radiation dose, and A, B, C and n are materials parameters
which must be determined by fitting Eq. (2) to the experimental data.
The particular dose dependence chosen for the first term in Eq. (2) is
based on the assumption that the volumetric expansion will eventually
become linear with dose. At present, there are no data at high doses
available that either contradict or confirm this conjecture. Howevér, it
appears reasonable to assume that the expansion of the crystallites along
their c-axis must eventually be linear with dose.

It has already been mentioned that the different graphites vary
as far as their dimensional changes are concerned. Therefore, no attempt
was made to fit Eq. (2) to any particular graphite. Instead, we strived for
a description that is generic rather than specific. Accordingly, by
inspection of available data and various equations of the form of Eq. (2)
it was determined that the following equation is most compatible with the

entire body of data utilized. This equation is

p-p =4V, -lllii——7? - P 1 - exp(- CF)] (3)
L P/C+F °

It contains now only two parameters, A and C, which must be determined
from experimental data. The most convenient way to accomplish this is to
compare the initial shrinkage rate and the final growth rate with the

data. Since

, P [C+ F2:
dP/dF = AF¢ —2 77 - P.C exp(- CF) (4)

(PO/C + F

the initial shrinkage rate is given by
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P, = (dP/dF) [y = -P.C (5)

and the final growth rate is

Pe = (dP/dF) |, , = A. (6)

The data that were used to determine A and C were length changes of
anisotropic graphites. Therefore, the volume changes AV/V0 were computed

from the length changes (AL/L)"para11e1 ard #hg lepath ghanges (AL/L):
' i

perpendicular to the extrusion direction according to the formula

:.A_V..z & —A—L—
A R R 7

Conversion from fluence units to displacement units (dpa) were made
according to correlations of Morgan.(4) The final growth rates for the
length changes were estimated from the curves reported in the literature,
and the volumetric growth rates were theri computed with Eq. (7). These values
are listed in Table 1 and plotted in Fig. . 8. The same procedure was
followed for obtaining the initial shrinkage rates. The corresponding
values are given in Table 2 "~ and plotted in Fig. 9.
According to Fig. 8 , it appears that one can divide the different

graphites into two groups. The group comprising the majority of the data

AV
Yo

in Fig. 8 has a modest final growth rate with a maximum of about 1.5(

at 1000°C. Both data groups were fitted to simple analytical expressions.

For the low-growth graphites

2 12 -1
T AV
+ (77350 } [17&%/dpa] (8)

where T is the temperature in °C, and for the high growth graphites

s _ /800
A=Pg= {(—T——)

%)/dpa



16

Table 1

Final Volumetric Growth Rates of Graphites

Graphite Ref. Temp. Pe Symbo1
(°c) [%/dpa]l
1125 1.03
Gilso 5 1150 1.44 0
1300-1500 0.20
1125-1150 1.32
Petro-coke 5 1175-1200 1.14 0
1300-1350 0.26
1400-1425 0.16
400-475 0.14
Nuclear Grade 6 650-750 1.42 -
950-1050 6.78
1200-1300 0.68
Improved 715 0.68
[sotropic 6 X
950-1060 1.36
Extruded Gilso 7 1400 1.25 A

Pitch-coke 7 1400 3.90 +
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Table 2

Initial Volumetric Shrinkage Rates of Graphiteg

Temp. -Range "Pi/P?
Graphite Ref. (°c) [dpa~’] Symbo]
. +0.031
Gilso 5 1125-1400 ().096_0-020 ()
+0.
Petro-coke 5 1125-1425 0.10570 03 o
+0.012
Nuclear Grade 6 400-475 0'036-0.007 |
+6.008
650-750 0.024_0.005
+0.025
950-1050 0.045_0'009
+0.032
1200-1300 0.068_0.0]4
. +0.0008
Improved Isotropic 6 715 0.0024_0.0004 X
+0.0022
950-1300 0.0068_0.0014
Extruded Gilso 7 500 0.028 A
600 0.026
700 0.024
800 0.031
900 0.059
1000 0.074
1100 0.039
1200 0.067
1300 0.120
1400 0.170
0.215

1500




19

(2-Y-AX @198l

93s s|oquAS jo buiuesy 404) -aunjedadwsd] uoLeLpRUU] 4O

009!

uotyoung e se sajiydeay jo ajey abejuluys dL43BWN|OA [@LILU] --
Do ‘ JUNIVHIAWNIL
0,004 002I 0001 008 009 00Ot
T T T T W T
ey
,c.-?AW 8 _ -
T v
IL._. . ._. v X
—FH— % j
O~ O
F 5
v

6 ‘bt4

8
o
|

oro-

SI'o-

0c0-

G20-

3
o
|

%d odp/%;a; ‘3LVH 3FOVININHS TIVILINI



20

A= Pe= 9.4 (599 (73%5-34}‘5[$%5z /dpa] (9)
Plots of Egs. (8) and (9) are shown in Figs. fo and11, respectively.
In contrast to the distinction in the final growth rate, the graphites
considered for this study do not differ in their initial shrinkage rates,
as can be clearly seen from Fig. 9. Therefore, all the data can be

fitted to one expression. The nominal or average fit is simply given by

C = -b./p, = 0.01 (15%%9)2 +0.02 (9a)

A lower bound can be obtained from

4

o ; By/Py = 0.01(15%%9-§2 | (9b)
Aﬁd an upper bound from

¢ = -py/p, = 0.01 ((FRH% + 0.04 (9¢)
A1l three expressions are plotted in Fig. 12. The volumetric changes

for the model graphite, as given by Eq. (3), are shown in Figs.3,4,5,and 6
for the low-growth graphite (A given by Eq. (8) and C given by Eq. (9)).
I1.3 Irradiation Creep of Graphite

Concurrent with the dimensional changes, graphite also exhibits
radiation-enhanced creep when subject to either external loads or
self-generated stresses due to non-uniform dimensfona] changes. A
recent review and discussion of the data has been given by B]ackstone.(g)
""The creep rate de/dF of graphite under jrradiation is a linear function

of the stress o, i.e.

(10)

48
n
g
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where F is the dose. Veringa and B]ackstone(g)have shown that a satisfactory
correlation of most irradiation creep data can be obtained when the product
of the créep coefficient K and the initial Young's modulus,EoVis plotted

as a function of the irradiation temperature T, as shown 1n Eig.“]3. The

data can then be correlated with the expression

KE, = fé—Tl + g(T) (1)
where f(T) and g(T) are linear functions of the temperature and are given
by

£(T) = (1.775 + 0.0185*T) x 1078 sec™! (12)
and
-g(T) = (-0.544 + 0.00403*T) dpa” - (13)

Even though the créep‘corke]ation of Eq.’(11) is based on the initial
elastic modulus, Eo’ thebdata cén be equally well corré]atéd with the
final elastic modulus after the irradiation. In fact, since the elastic
modulus changes as a function of the porosity, we presume that Eq. (11)
should actualiy reéd - | '

ke = HO) 4 g(m) | (14)
¢ /
where E is the instantaneous elastic modulus. It should be noted that

the transient or primary part of the irradiation creep has been neglected
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in Eg. (10) since it is of little consequence in the forthcoming

analysis.

11.4 Changes of Elasti¢ Properties and Strength

Fast neutron irradiation produces changes in both elastic modulus
and ultimate strength. Initially, both increase rapidly but then level
off after a dose of about 1 dpa. Further changes take place more slowly,
and they are accompanied by the corresponding dimensional changes. The
initial rapid rise of the elastic modulus is commonly attributed to
dislocation pinning by defect clusters within the crystallites, whereas

the latter changes appear to be related to the changes in the porosity

volumes of AV ) and AV ) Fig. 14 shows the change of Young's modulus
as a function of the fast.neutron dose.(]o)
The change in the tensile fracture stress is depicted(]o) in Fig. 15
together with empirical fit of the form
g _(En
o= () (14)
It can be seen that a satisfactory correlation exists between o and E

for n = 1/2. This square-root relationship follows also from the Griffith

fracture formula
o = V/2Ey/mC (15)

where y is the effective surface energy for fracture, and 2C is the length
of the largest crack. This length can be expected to be of the order of

the grain or graphite particle diameter. Hence, if we assume that 2C as
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well as y are independent of the changes produced by radiation damage,

then Eq. (15) reduces to
0/0o = VT7EB (16)

where T and EO are the tensile stength and elastic modulus, respectively,
before irradiation.

By using this relationship (16), the tensile strength can be computed,
knowing the elastic modulus. The latter, in turn, can be related to the
porosity of the graphite. Although an exact relationship between elastic
properties and porosity can only be established if the porosity is characterized
in great detail, approximate relationships have been derived by many authors.
These relationships givegycthavupper and lower bounds for the elastic.
moduli as a function of the volume fraction of the porosity. In our analysis,
we have used the results of Christensen,(]1) who gives as a lower bound
for the shear modulus the expression

S0 15(1-v) (7+5v) (p’/3-1)p -1
(7-5v) (7+5v) (1-p) (p’/3-1)+126p(1-p*/)?

(17)

e

Here, v is Poisson's ratio, G* the shear modulus of the theoretically
dense material, and p is the volume fraction of the pores, i.e. p = P/100.
In order to compute a lower bound for E/E*, it WOuld be necessary to
utilize the lower bound for the ratio K/K* for the bulk modulus, which

was also given by Christensen.(]]) However, since G is much more affected

by the porosity than K, we use the approximation
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E =6
F* - G%

and we replace the relationship in Eq. (16) by

/% /S (1e)

0

1w

9
%

where GO/G* is given by Eq. (17) for p = P0/100. The degradation of the
tensile strength of graphite can now be computed with the help of Egs.
(18), (17), and Eq. (3).

I1.5 Fatigue Strength of Graphite

When graphite is subjected to alternating loads, fatigue fracture
occurs at stress levels below the static strength of the material. In
general, the lower the stress amplitude produced by the alternating load,
the greater is the number of load cycles the material can endure before

fracture.

-

Due to the heterogeneous structure of graphite, static as well as

fatigue strengths show large statistical variations from sample to sample.

(10)

As an example, Fig. - shows the data for tensile fatigue (i.e. the

alternating stress varies between zero and Oy > 0). The data points

represent the homologous stress Sp = oa/és, where o, is the average

S

value of the static tensile strength. A substantial reduction of the data
scatter can be achieved if the homologous stress is defined as op = oa/os,
where Og is now a statistically defined value of the fracture strength
during the first cycle which is analyzed according to a Weibull distribution.
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Fatigue curves based on o, are shown in Fig. 16 " as solid curves.

Regardless of the definition of the homologous stress, however, it
is seen that a long fatigue 1ife can be obtained if the stress amplitude
does not exceed 65% of the static strength.

It is necessary to modify this rule somewhat since the fatigue life
depends also on the mean stress. This is demonstrated by Fig. 17 which
shows the fatigue curves for a mean stress of ca/2 (tensile fatigue) and
for zero mean stress (loading between +ca/2 and -ca/Z). Accordingly,
it appears to be prudent to adopt the conservative rule that the tensile
stress level for fatigue loading should not exceed one-half of the static
tensile strength. This rule has been employed in the following stress
analysis of the blanket structure as a design criterion.

117 . Stress and Failure Analysis of the Blanket

I1I1.1- Procedure for Lifetime Analysis

A lifetime analysis of the blanket structure was carried out according
to the following guidelines, illustrated by the flow-diagram in Fig.
The central criterion for determining the 1ifetime was that the stress
at any location in the blanket structure must be lower than one-half
of the tensile strength at that location. This must be true for the
stress distribution during reactor operation as well as during a shutdown.
To implement this procedure, it is necessary to first specify the
boundary conditions and the distribution of temperature and atomic dis-

placement rates. Next, the thermal stress distribution is computed, and
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it is tested whether the strength is exceeded. Then, for a short time
step, the change of the porosity, elastic modulus, and static strength
is calculated. In addition, the irradiation creep strains are computed
for this time interval, and the new stress distributions for on and off
power are evaluated. Comparison between stresses and strength is made
~again. This cycle is repeated until the failure criterion is satisfied
at some location in the blanket structure.

This procedure represents a general, se]f-consistent approach to
the determination of the 1ifetime of fusion reactor components.
However, to carry it out in detail would have required an inelastic
finite-element analysis which was judged to be beyond the scope of this
design study. Therefore, we selected a part of the blanket structure
for the analysis which is subject to the largest temperature and neutron
flux gradients. Clearly, this part is one of the radial dividers in a
blanket module. To further simplify the analysis the radial divider was
modelled as a thin, annular disk as illustrated in Fig. 19. This simulated
in an approximate fashion the circumferential constraints imposed on the
blanket sections when they are connected to form the entire reactor cavity.

IT1.2 Inelastic Stress Analysis

In this section, we describe briefly the inelastic analysis of the
blanket radial divider modelled as an annular disk.(]z) The reader
interested only in the final results may wish to proceed to the next

section.
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Fig. 19 -~ Blanket Radial Divider Modelled as an
Annular Disk, and Loaded in Plane Stress
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If we neglect the circumferential variation of the temperature,

i.e. assume axial symmetry, then the radial stress, o., and the hoop

stress, g, satisfy the equilibrium equation(12)
do o -0
e L2 =0 (19)

The stress component normal to the disk can be neglected, i.e.

o, = 0. If £ denotes a total and e an inelastic strain component, then

Hooke's law is given by

o, = 1—%2 e, - &) +v (g - &)} (20)
o = ]—57 g - &) + v (e, - &)} (21)

The total strain components can be derived from a radial displacement

function u(r) according to

_ du _u .
€r-a_r_.':€e—? (22)

If these equations are used in Eqs. (20) and (21), then Eq. (19) gives

(e,-eq)

- (23)

G A = G (e ¥ veg) + (1 - W)

Integrating this equation twice we obtain after some manipulation the result

C
u(r) = 3 cyr + 2+ {300 ar) + 0200 pp(r) (24)
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where
A(r) = |
= Idl +
r ! r'dr (er ee) (25)
L dr!
B(r) = | T+ (e, - ) (26)
a

The constants C] and Cz must be determined from the boundary conditions.

On the inner boundary, at r = a = 6 meters,
o.(a) =0 (27)

From Eqs. (24), (22), (20), and (21) one can derive the following

expressions:
o C C
ro_ 1 2 _A(r)
L - B(r) (28)
E 209 7 (qay)e? 22
o C C
8 ’m—r] 2 +Al), Ta(r) - e (29)
B (1+v)r 2r 2. ®
Hence, cr(a) = 0 implies that
“ . %2 .
2(]-\)) (~|+\))a2
and
i:c(]_lz_)-ﬂ.g).+]a(r) (30)
E 2 2
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o 2

Fﬁ =C (1+ EE) + Aigl + %-B(r) = e, (31)
r 2r

For the condition at the outer boundary, namely at r = b = 6.6 m, we

can consider either a stress-free situation, i.e.

or(b) =0
or a rigid constraint, i.e.
u(b) = 0
For the stress-free case,
A(b)  b%B(b)
C= - (32)

2(b%-a)  2(b%-a?)

and for the rigid boundary,

C = -(1+v)A(g)+(]-v)ng(b) (33)
2[(1-v)b +(1+v)a“]
If the inelastic strains e, and e, are known, the functions A(r)
and B(r) can be computed, C be determined from either Eq. (32) or (33),
and the stresses can then be found from Eqs. (30) and (31). For the

initial thermal stresses, e, = e, = a{r)T(r) where o is the linear thermal

)
expansion coefficient. To compute the time dependence of the stresses
as a consequence of irradiation creep we differentiate Egs. (30) and (31)

with respect to time, holding a and b constant. The differentiation of A(r)
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and B(r) results in the appearance of the inelastic strain rates e and

r
ée. For isotropic graphite these strain rates are given by
de
r_ s _1 1 1
———t—-er—-3-|5+ (KEF) [O'r--Z-O'e]-E— (34)
de
2 =8 =3P+ (KEF) [0 - 3 0] £ (35)

where P can be obtained from Eq. (3). The irradiation creep coefficient
KE is given by Eq. (14). Substituting these equations into the expressions

for A and B we obtain

A(r) = %Z rdrp + %Z rdr KEF (gr_ + —;9) (36)
B(r) - %Zg!: et (o - £0) (37)
The rate of change for the stresses is given by
%E(gl)=6(1-§§)-g£l+%3(r) (38)
g—f(;g)=é(1+%-22—+§—:£l+%ﬁ(r) (39)

Q

1 9
- 5 B - ke (-—E-ﬁ)

We note that by making the assumption that the irradiation creep constant

(KE) is independent of the dose,the changing modulus can be easily accommodated
in the stress analysis. In view of the large scatter of the irradiation

creep data this assumption is just as good as the original one (namely a

constant coefficient KEO, where E0 is the initial Young's modulus).
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The two equations (38) and (39) represents a coupled set of integro-
differential equations. The integral expressions for A and é weré evaluated
with the trapezoidal rule, and the Eqs. (38) and (39) are then replaced
by a set of first order ordinary differential equations fof the stresses
at the nodal points, rs. This set of equations was then intregated -

numerically by using a finite difference scheme with respect to time.

Using a forward time step method, we get:

5r(r,t) & [cr(r,t+At) - Gr(r’t)] (40)
At
Therefore: .
or(r,t+At) = Ator(r,t) + cr(r,t) (41)

where At = time step.
Although the numerical integration as outlined at the beginning of

this section is straightforward, it was found that numerical erfors
accumulated rapidly unless the following corrections were applied after

each time step. Integration of the equation (19) yields
b
[ og(r)dr = bo.(b) (42)
3 .

which is applicable for both free or fixed outer boundary conditions.
Because the stresses are computed only at a finite number of points,
the corresponding relationship

% oe(ri)Ari - bor(b) = R (43)

will yield equilibrium only when the residual R = 0. It was found that
this residual R is quite small for each individual time step, but can
accumulate quite rapidly. Therefore, after each time step, the nodal

stresses oe(ri) were corrected by addition of the term R/(b-a). The.
values for O and o, are forced to satisfy Eq. (40), so Bhat R = 0.
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Because of the large strains that accumulate over the entire lifetime,
the radial positions, ris were corrected after each time step by adding
the incremental displacement G(ri)At of each nodal point to the previous
nodal radius rs. Here, uAt was computed with Eq. (24). A finite strain
analysis was accomplished in this fashion, and the radial motion of the
disk could be followed.

II1.3 Results of the Stress Analysis

The inelastic stress analysis was carried out with 14 nodal points,
whose position was selected to closely match the temperature profile.
Table 3 . lists the location of these nodal points together with the
corresponding temperatures and radiation damage rates. It is seen that
the temperature drops off precipitously over the first two centimeters
and remains essentially constant for the remainder of the divider in the
radial direction. The dose rate, on the other hand, decreases more
uniformly across the blanket thickness, as illustrated in Fig. 20.

The computations of all stresses were carried ®ut. in the dimension-
less units (o/Eo), where E_ is the Young's modulus of the unirradiated
graphite. For the purpose of representation, however, the nodal stresses
and strength are given in units of ksi which were obtained from the dimension-
less values by multiplying them with E0 = 106 psi. it should be noted
that the comparison of strength and stress is independent of the values
chosen for Eo'

The other materials parameters that were selected as input data for

the computation were Poisson's ratio v = 0.2 and the linear thermal

expansion coefficient of a = 4 x 10‘6/°K.
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Table 3

Initial Nodal Points with Corresponding Temperatures and Damage Rates

Nodal Points Temperature Damage Rate
my . (°c) " (dpa/yr)
.000 1500 32.50
.003 1220 32.28
.006 1050 32.10
.01 ‘ 886 31.75
.02 688 31.00
.03 625 30.25
.04 607 29.50
.06 602 28.00
.10 600 25.00
.20 600 17.50
.30 600 12.00
.40 600 6.5
.50 600 3.93
.60 600 1.35

O O O O OV OV Oy O O Oy O O O
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The sequence of Figs. 21 to 29 shows the radial distribution
of the hoop stress oy for on and off power together with the distribution
of one-half of the tensile strength for a graphite with 5% initial porosity.

It was assumed that the densification is described by the nominal
case of Eq. (9), and that the final growth rate is the one'given by
Eq. (8) for low-growth graphites. Furthermore, the stress-free boundary
condition was selected for this example. Beginning with Fig. 21,
the initial thermal stress distribution is shown. Because of
irradiation creep, the thermal stresses relax rapidly, as can be seen
from Figs. 22 and 23. After about a month of operation, densifica-
tion of the graphite commences where the temperature and neutron flux is
high. This gives rise to a small tensile stress on power at the inside
of the disk, as seen in Fig. 24. Further irradiation leads then to
expansion, particularly at the radié] location r 2 6.01 m, where the
temperature is around 1000°C, the range of maximum expansion. At this
location, compressive stresses build up, as seen in Fig. 25.

The increase in porosity at this location is reflected in the reduction
of the strength. This degradation of the strength becomes more pronounced
with irradiation, as illustrated by Figs. 26  to 29. It is seen
that after about one year of operation the hoop stress for the off-power
case approaches the value of 1/2 of the tensile strength near the inner
boundary. It is important to emphasize that the analysis presented here
shows that the stresses during shutdown are the controlling factor rather

than the stresses during operation.
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Fig. 21 ~ Hoop Stress and Tensile Strength Distribution in the

Radial Divider made of Low-Growth Graphite with 5%
Initial Porosity; After Start-up
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The case illustrated by the Figs, 21 to29 1is for a rather
dense graphite with only 5% initial porosity. Present-day.nuc1ear
graphites have typically an initial porosity of 20%. For such a
graphite material, the stress-distribution upon shutdown exceeds one-
half of the strength after a short irradiation period of only 3.6 days.

The reason for this situation, illustrated in Fig. 30 " is that thermal
stress relaxation and densification have produced a tensile hoop stress

on the inner radius of the disk in excess of the safe limit. This

problem persists up td an irradiation time of 36.5 days. At this time,

the stresses are those shown in Fig. 31 and further irradiation remowves
the problem, as can be seen from Fig. 32 | After about one year, the
hoop stress near the inner boundary of the disk approaches again the value
of 1/2 of the tensile strength, as shown in Fig. 33.

A similar calculation with a graphite of 10% initial porosity also
showed that the stresses on shutdown after 3.6 days exceed the safe
1imit. However, in this case, the problem persisted only for an irradiation
time of about 15 days.

If the computations were made with a dense high-growth graphite whose
final volumetric expansion rate is given by Eq. (9), the lifetime was
reduced to 0.4 years. Fig. 34 shows the stress and strength distribution
for this case, assuming again a stress-free outer boundary.

Finally, we note that the stress-distribution in a graphite disk with
fixed outer boundary, the thermal stressesalready reagh intolerable values
at start-up. Therefore, it is important that the b]anket structure is

allowed to expand freely.
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Irradiation.
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Irradiation.
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The extent of the radial motion of an unrestrained divider can be

seen from Fig. 3. Due to thermal expansion the outer boundary of the

..divider moves. out about 2 cm during startup. In the course of the

irradiation the graphite shrinks, and both boundaries start to reduce
their radii. Since most of the graphite is never irradiated past the
densification phase, the radial displacement of the boundaries is
inward. After about one year the outer boundary radius is reduced
by about 2 cm measured from the original radius of the cold structure.

Therefore, the cold structure has a final radius of about 6.56 m on the

butside and 5.94 on the inside.

111.4 Discussion of the Results

The major results of the inelastic analysis on a graphite structure

in SOLASE can be summarized as follows:

1. The structure must not be rigidly restrained at its boundaries
in order to avoid excessive thermal and swelling stresses.

2. Stresses generated internally by differential shrinkage and
growth are sufficiently relieved during operation.

3. However, stresses on shutdown, mainly due to the reversal of
thermal stresses, are life limiting.

4. The safe 1imit of the tensile strength reduces with increasing
growth of the graphite porosity. This represents the other
life-limiting factor. |

5. Low-density graphite develops tensile stresses due to excessive
shrinkage which when added to the reversed thermal stresses

exceed the allowable tensile strength very early in life.



RADIAL DISPLACEMENT [cm]

62

OUTER

-8 BOUNDRY

..53 - -

-0 —
INNER

-12 BOUNDRY _
-14 l |

(0 | ' 2

TIME IN YEARS

Fig. 35 The Radial Displacement of the Inner and Outer
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From these results we can draw a number of important conclusions.
The graphite structure must either be manufactured frpm a high-density-
* material (~ 5% initial porosity) or; possibly, a tailored density distribution
must be deBigned so that the dense graphite is in the high-flux and medium-
temperature region (-~ 1000°C). The mechanical connections between the
blanket structure and its surrounding supporf structure must be flexible.
These two basic requirements are well within the range of present-day
technology. Nevertheless, the behavior of graphite under irradiation
was based on models which need further experimental verification, in
particular with regard to irradiation at high temperatures (> 1200°¢)
and high fluences (> 10 dpa). Since the extrapolation of graphite behavior
under irradiation was rather modest in this study, the results presented
indicate that graphite is a suitable structural material for the blanket
of fusion reactors, and lifetimes of about one year or more are realistic.
Within the scope of this study it was not possible to extend the
analysis to the actual structure. Hence, the above conclusions are of
a general nature.
It should be noted that more restrictive materials limitations
often show up only after a more detailed structural analysis has been
performed. Therefore, we recommend that future studies be directed
towards a more comprehensive structural analysis and that they be
performed in the same self-consistent fashion which was developed
for this study. The inelastic analysis should, however, be generalized

to anisotropic graphites. The need for such an analysis was perhaps best
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demonstrated by the peculiar problem we encountered with Tow-density

graphite. Problems of this kind can only be identified by detailed

structural analysis.

10.
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12.

13.
4.
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APPENDIX--=---- Stress Analysis Program Listing

#RIUN WATSON,11162,5114B16969,%5,00

PFOR, IS
DIMENSION RO1AY,TC14),DC14),ACI4),BO14),C014),6014),HC14)
DIMENSTIAN 0D(14),U(14),0014),PC14),T3(14),T4¢14),23¢14)
DIMENSTON EC14),24014),P1(¢14),25(014)
NTMENSTON STGULT(14,14),ST60ON(14,14),STGOF(14,14), TIME(14)
DIMENMBTION RADIUS(14,14)
DIMENSTON NMLINE(2),MASK(4000),RNAT(14)
NLTNE (1)Y=
NLINE(2)=P
JI=0
WS- RN
READ, (ROYY,T=z=1,N)
READ, (T(1),1=1,M)
READ, (D(1),T=1,%)
PEAD, (0(1),T=1,N)
READ, (PCT),Iz1,N)
READ, (P1(T),1=1,N)
PRINT,R
PRINT,T
PRINT,D
PRYINT,O
RPEINT,P
PRINT, P!
HNomd, 2
FOsS ,Fm3
Mz
YOm0, 0014
M=
Y=,
FMl Xzd ,F=ph
IF (M,EQ,1) Gn TO %40
722 CLUANO)RR(I)AX2H+ (1N RR(N) %% 2)
C(llzm(14N0)/7
C(R)zm(1mNNYRP(N)*%2/7
REMN)zbh, b
GDOTN 590

40 7s2%(R{N)**2mB(]1)x%x2)

C(1I=V /2
C(Rlzm(RIN)XADY/T
t(1)=n
BE8Y=D

C THTTTAL THERMAL STRESSES

590 Ro=w (1)

AQ=D
APz
N 710 TI=1,M
TN=T(T1)
Al sENLXxTO
ACT)ZA2+ (A1 4A0 YR (R{I)**2mRORK2) /D
AgzACT)
Aoz At
RnzR(1)
Re1d)=0



66

710 CCMTINUF
PEINT,?
PRINT, A
CosCr1Y*A(N)
DO 780 Ist,M
To=T(1)
Z2(CO*R(1I*#24A(TI/2)Y/R(TI RN
RCI)=C0w?
UCT)ISCO+ZwF N X%TO
780 CONTINUE
PRTNT,N
PRINT,U
1o=0
Ro=r(1)
Wz
DO BaD I=m), N
WaWe (H(TI+UO)R(R(I)wRO) /2
PRINT,w
Jo=ile1)
RO=R(II)
860 CONTIMUE
W2z WaR(NIXQ(N)
WaW/(R(NY=R(1))
IF (M EQ.2) GO TD 940
nn 920 I=1,N
(1)U (I )wW
920 CONTYINUE
G0 TN 870
40 DO 960 IZ{,N
HET)sU(I)muW2/(R(N)=R(1))
960 CONTINUE
970 DO 990 I=:t1,N
Ta()=L()
990 CONMTINUE
Y=o,
L=t
PRINT, T4
TIME LOOP
S0=P1(1)/100,
PRINT,JJ,L,Y2,Y,0(L)
CALL PLOTTS(T,D,Y,PL1oNO,FO,UpTa,N,R,B,A,CO,M7,73,24,25,T3,E,1
Mzt
Do 998 J=i,N
SIGULY (I, M)=Z3 ()
SIGON(JI,M)=Z4(J)
SIGOF(J . M)=T3(.))
TIME(M)sY
RADIUSC(J,MI=R(JI)*2,5
995 CONTINUE
1080 M7=1
1060 DN 1060 I=1,N
IF (M2,EQ,2) G0 TO 1100
RITISRCTI+E(T)
1090 CONTTINUE



1100

1140
1180

1250
1240

1320
1330

1380

1440
1450

1490

1570

67

IF (M,E6,2) 6Gp T0 1140

Qc1)=0

NERYz0

GO TO 118%¢

RiN)=h, b

POmr(1)

Aoz

Ap=(

Ri=(

Rp=z(

D130 Iz, N

To=Y(1)

Dozn(eI)

RimRe])

CalL SSDQT(TU,DOprPIJVQovlﬁSlsolI)
CALL CREERPCTQ,DO,)

Ale 2xS/3+.0x(0(1)+11(1))/2,
RIS(3+Tx((T)=li(T))/2)/(R1%xx%2)
ACT)2A24 (AL4AQ)I*(RI*%2wROX*2) /4
IF (1,6T,1) 6O TD 1320

R(l)my

GOTC 1339

BITIRBRP2+(RIHROI* (KI*x*2mROR%P) /2
ApzA(CT)

BrsR(1)

Anz Al

RO=R{

ROzR(T)

COMTTMUE
CosCl1YRA(NY+CI2)XR(N)

DD 1490 T=1,N

TosT(I)

Doz=n(T)

CALL 8SOT(TH,D0,Y,PL,VvD,V1,5,80,T)
CALL CREEP(TD,DO,D)
EOSS/3+4Tx(LI(T)=0(1)/2)

Iz (COXR1)Y %224 A(T)/2)/7(R(]1Yx%2)
AET)I=RCTIHLCOmZ+R(TY/2)2Y0
U=t (T)+(CO+7+R(TI/P=EQ)RYD
CONTINUE

=)

Ro=R(1)

N0

DO ISTH T=1,N

Wa (L(TIYHUHOIXR (R (TR0 /240
Uosil(1)

ROeR(1)

CONTTINUE

YsY+Y¥YD

JI=JJ+

WRmWaR NI *D (M)

Amu/(R{N)=R(1))

IF (M ERL2Y GO TD 1440

N LAUN T, N
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WETIsU(I)ew
1640 CONTINUE
GD TO 1690
1660 DO 1680 Ist,N
UCT)=UCTYmW2/(R(N)=R(1))
1680 CONTINUE
1690 IF (JJ,NE,12) GO YO 1700

Yaf,01

1700 IF (JJ.NE,18) GO TO 1701
Yr0,02

1701 IF (JJL,NF,35) GO TO 1702
Y=0,1

1702 TF (JJNF,S56) GO TO 1703
Yzn,2

1703 TF (JJLNE,TT7) GO 10 1704
Yan,d

1704 IF (JJLNE,98) GO TO {7058
Ya0,6

1705 IF (JJJNEL119) GO TO 1706
Ye0,R

1706 IF (JJINF,140) GO TO 1707
Yz1,0

1707 IF (JJ.NE,161) GO TO 1708
Y=1,?

1708 IF (JJ NE,182) GO TD 1709
Yzi,4

1709 TF (JJ,MHE,203) GN TO 1710
Yz1,6

1710 IF (JJ,NE,224) GO TO {711
Y=1,8

1711 IF (JJ,ME245) GO TO 1712
Yz2,0

1712 IF (Y, ,LT,0CL)Y) GO TO 1740
L=l +1
YosP (L)
JJ=JJI+)
PRINT,JJ,L,¥0,Y,0CL)
PRINT,R

173Q CALL pLQTTs(T'D!Yapl'NO,FOpUlTQ'N'R;BgA'CQ’M7’zzlzapZS’T3’E(I)
Mel

Do 1735 J=i,M
SIGULY (I, M)=273())
SIGON(J,M)=Z24(J)
SIGOF (I, M)=T3(¢J)
TIME(M)=Y
RAPTUS(J,MYsR(J)I*2,5
1738 CONTINUE
1740 IF (Y,GT.1,6) GO TN 1840
17599 CALL DISPLAIN,NO,R,B,A,CO,MT,Y0,F)
1760 JisNwi
DO 1R20 I=21,J1
RENES |
IF (R(J)GT,R¢(I)) GO TO {R3Q
PRINT 1810,1



1810
1820
1830
1840

1850

0o k%

akixn

Chedhk
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FARMAT ('=!,'“HOOPS, YOUR NODE POINTS HAVE KINKED!,15)

COMTTIHNUE

GO TO 1060

PRINT, Y

PRYNT,R

PRINT,Z3

PRIMT,Z4

PRINT, ZS

NO 1850 I=1,N

RNNTETISRADIUS(I,1)

PRYMNT,RNNOTY

PRTNT, TIME

PRINT,SIGON

ORTENTSGRINAD(IXIRNWS Y, ' OWER! ,RNOT, TIMF)

AXESZAXVALS (6, 0,6,6, ' AUTNY , YRADIUS (METERS)S$S',0,,1,.6,'AlLITOY,
#'TIME (YEARS)®S!,w3,5,5, e PAUTOY, THAOP STRESS (KSIYS%!)

CALL SURGEN(SIGOM,14,14,14,0RTENT,w30,,45,, S,, 5,,'CROSS!,
*NLTNE, N, P AXES,MASK, THONP STRESS NN PNWERS/STNITIAL PORNSITY =
ASY%EE1)

CALL SURGEN(SIGOF,14,14,14,0RTENT,»30,,45,, 5,, 5,,'CROSS!,
*NLINE, G, r AXES)MASK, 'HODP STRESS OFF POWERS/SINITTIAL PORASTTY =
*5Y83)

S5TOP
k**t******t****t***t********t******t**********t***********ﬁ*********t**k

SHRRNOUTINE [ENOTITO,D0,Y,PL,V0,Vv1,8,80,1)

DIMENSTON PI(14)

VO=1/0(800/TO)*%24(T0/1250)x%12)

VIS0, 014 (24((T0=T700)/210)%%2)

YulPixy

ZePITY/VI4X%%p

SEP*VOX(1 ,O*Xkk2/ZmXkxkU/TH*2)mP I (T)*VIXEXP(mV]4X)

§=8*D0/100

SOS(VO*X*x3/7wPl(I)*(1mEXP(=VixX)))/100

RE TURE
**ﬂ***t*k**t*****ﬁ**************************************t*****kt*****tt*

SUBRROUTINE CREEP(TO,D0,J)

Jztl.?7533+0,01852*T0)*1.&~8+CQ.OQOB*TO—S.UMBS)*O.1*00

RETURN
****k****************t*k****t***#*******************************i*i*ti*t

SURRDUTINE PLOTTS(T,D,Y,P1,NO,FO,i,T4,M,R,B,A,CO,™7,2%,74,25,T3,F,
1

DIMEMSTON TOIN),DEM) PLEN) pUENY, TA(N)Y ,REN),BIN), ACN)

DIMENSTON Z3(N),Z4(N),Z5(N), TI(N),F(N)

ZA=z0,001

N 2320 I=s1,H

TosT(1)

Phoehel)

CAalLL SSDOT(TN,DO,Y,P1,Ve,V1,S8,80,I)

30=80+P1(1)/100,

CALL SMODIMD,80,69)

Z3(1)=FO*SORT(9Y/ 74

2840112 (UCT)/ZR)4G9

Z5C€T)=(T4(1)/78)*:9

T Y=24(T)=25¢C1)
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CONTINUE

2580 CALL DISPLA(N,NO,R,B,A,C0,M7,Y0,E)

RETURN

c****t******i**ﬁ*tt**t*****ii***t**t******t*ﬁ**t*i*!i***t*k**t*ttt***i*ﬁt*i*i

SURROUTINE SMOD(NO,S0,69)
GQI(7*5*N0)*(7+5*N0)*(1-30)*(80**(7./3)~1)+126*80t(1~80t*(2./3))**
12

GORISx(1oNO)K(T+SANOIA(SORR(T,/3)wi) /GO

Gzl /(1+69%80)

RETURN

C***i**tttt*****t************itt**i******t***ﬂ*i**********t**i**ﬁi***ﬁ*****ii

2790

SURROUTINE DISPLA(NSNO,R,B,A,C0,M7,Y0,€)
DIMENSTION REIN),BINI,A(M),E(N)

DO 2790 lai,N
E(I)=(1eNO)RR(TI)#R(I)/2
ECTIISECI)CCI4NO)RA(T)/Z(2%R (1))
FECT)SECTIY+C14NOI*R{L)wa2%CO/R(T)
ECIIRECI)4(1mNOYNCORR(Y)

IF (M7,EQ,0Y GO TD 2790
ECI)mYORE(])

CONTINUE

RETURN

C***it****t********i**t*&****ﬁt*i**itt***ﬁ****iﬁ*ﬁ*********i******ﬁﬁ***ﬂ****t

8GSP

END

PLOTTER PEN/LTIQ/,S,S8PEED/SLOW

x0T

6 6,003 6,006 6,01 6,02 6,03 6,04 6,06 6,1 6,2 6,3 6,4 6.5 6,6

1500

1200 1050 BB6 688 625 607 602 600 600 600 600 600 600

32,5 32,28 32,1 31,75 31,0 30,25 29,5 28 25 17,5 12 6,5 3,93 1,35

0,002
,001

0,004 0,01 0,02 0,1 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6 1,8
001 ,001 ,002 ,005 ,005 ,01 ,01f ,01 .01 ,01 ,01f ,01 ,01

§$55 558885886568 §





