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The sensitivity of lifetime predictions for fusion reactor blanket structures 1s investigated by applying the Monte Carlo
numerical technique. A structural computer code, Stress Analysis Including Radiation Effects (STAIRE), developed for the
analysis of mirror fusion blankets, is used as a deterministic model for the prediction of the lifetime of semicircular coolant
tubes. Uncertainties in material variables are treated as probabilistic inputs 1o the STAIRE code and ouiput disiributions are

obtained.

Irradiation creep rates are shown to be sufficient for relaxation of swelling-induced stresses under most conditions. In
absence of high stresses, the creep limit seems to be life-limiting, although this depends on the design-dependent swelling limit.
In the case of the Mirror Advanced Reactor Study (MARS) blanket design, a lifetime of several hundred dpa is shown to be

highly probable.

1. Introduction

The lack of a large data base for material properties
in a prototypical fusion environment complicates the
process of component lifetime prediction. A consider-
able degree of uncertainty is associated with measure-
ments aimed at assessing radiation effects on structural
materials. If we consider structural swelling due to
neutron displacement damage as an example, we realize
the sizable degree of ambiguity in the swelling behavior
due to the nature of the irradiation environment. Dis-
placement damage rate, helium generation rate, and
helium-to-dpa ratio are just a few of the parameters that
influence swelling. Other uncertainties may result from
heat-to-heat variations, compositional differences, sam-
ple conditions, etc. In view of such a wide range of
conditions, a lifetime prediction of a fusion reactor
component is best trealed as a probabilistic guantity.
This is especially true if various phenomena interact in
a non-linear fashion,

A sensitivity analysis of a blanket’s lifetime can be
used to guide future materials testing. If the lifetime is
particularly sensitive to a measurable property, such as
the creep modulus or the swelling rate, additional test-
ing in that area can be quite valuable to designers.
Alternatively, testing of parameters for which uncer-

tainty has little impact on blanket life can be deem-
phasized. The potential for equipment and manpower
savings are obvious.

A useful by-product of a detailed lifetime analysis is
a set of scaling functions which contain the dependence
of the blanket dimensions. Full-size fusion reactor
blanket modules must eventually be tested before com-
mercial fusion is achieved. To reach this goal, however,
smaller size modules may have to be used in order to
study interactive phenomena at a reasonable cost. An
interesting question arises in this regard: Is it possible
to preserve the “structural state” of a blanket module
when its size is scaled down? In other words: Can the
failure of a structure be simulated by a scale model?
The scaling functions can be utilized to address these
questions.

We have recently developed the computer code
STAIRE for the determination of blanket structural
response in mirror fusion reactors [1]. The model has
been applied to the analysis of the MARS [2] blanket
modules. The significant features of this work are the
inclusion of radiation swelling and creep, as well as
thermal creep. With this in hand, it is possible to
perform a complete structural analysis of semicircular
tubular fusion blankets, as described in the MARS
design.
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We aim to accomplish two objectives in this paper:
(1) to establish the sensitivity of lifetime predictions to
uncertainties in material properties, and (2) to develop
scaling functions for the study of the effects of geomet-
rical dimensions on lifetime determination,

In the following section, we discuss stress and strain
limits that determine the structural lifetime. In section 3
we present simple analytical equations for the de-
termination of component lifetime based on swelling,
stress or creep strain limits. This is followed by a brief
description of the stress analysis model as applied to a
mirror fusion reactor blanket. We then proceed to de-
velop methodology for determining the sensitivity of
lifetime predictions to material variables in section 5
and scaling relationships in section 6. Section 7 is
devoted to the results of the analysis. Conclusions are
given in section 8.

2. Stress and strain limits

After performing a thorough stress analysis, the
structure’s life is determined by imposing limits on
either the strain or stress. Strain limits account for
impaired performance due to either large deflections or
damage which causes fracture or rupture, while stress
limits account for a number of failure modes. In this
paper, limits of 10% swelling (excessive deformation)
and 1% total creep strain (damage) are considered. The
creep limit is based on guidelines in the ASME Code
[3], despite the fact that the code doesn't treat irradia-
tion creep explicitly. In this context, the limit is some-
what contrived but it can still be meaningful if consid-
ered as a conservative limit. Since it has been argued
that irradiation creep is non-damaging [4] and thermal
creep rates in HT-9 are low for the temperature at
which the MARS blanket operates [5], the actual damage
limit could actually be much higher than 1%. Conserva-
tive limits are advisable though, until more is known
about material failure in a fusion environment,

Stress limits, such as those in the ASME Code,
attempt to account for a number of possible failure
mechanisms, including tensile instability and creep rup-
ture. Again, the present analysis employs stress limits
suggested by the ASME Code, although these limits do
not explicitly include radiation effects. As with the
damage limit, the stress limit used in this paper is
conservative, although for different reasons. In the
ASME Code, thermal stresses (referred to as secondary
stresses) have higher allowable levels because they are
selflimiting. However, a key deficiency of the Code is
the absence of any time-dependent strain that would be

Table 1
Stress limits (MPa) for ferritic/martensitic alloys (without
irradiation)

Temperature  21Cr—1Mo HT-9
°C

O 3years 30 years, 3years 30 years
450 170 170 190 185

475 160 130 180 155

500 130 100 155 130

525 100 80 130 105

550 80 60 105 80

analogous to void swelling. Failure due to stresses
developed by such a phenomenon will likely be bounded
by the well understood primary and secondary stresses
considered in the Code, so the conservative primary
stress limit has been used because of the uncertainty
involved.

The values in table 1 illustrates stress limits for the
two structural materials HT-9 and 24 Cr-1Mo [5]. These
limits are determined according to the ASME Boiler
and Pressure Vessel Code guidelines for S,,,,.

3. Lifetime equations

This section presents material behavior equations
that are used to model swelling and irradiation creep. In
each case these equations are the simplest available, so
some potentially significant effects are ignored. The
swelling equation, for instance, ignores temperature
dependence of the incubation dose and stress depen-
dence of the swelling rate. Also, the irradiation creep
rate is assumed to be independent of temperature. These
equations do not necessarily reflect the exact material
behavior, but they are useful for analyzing the gross
effects of material data deficiencies. The analysis can be
refined as material behavior is better quantified.

3.1. Swelling limit

If one assumes that the swelling rate in a material is
independent of the stress state, the lifetime can be easily
determined. In general, the swelling rate depends on the
hydrostatic stress [6], but this effect is assumed to be
small. The volumetric swelling AF/V is given by an
equation of the form:

av

S(T)==-=S(T)(6-8)), (1)
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where 8 is the dose in displacements per atom (dpa), §,
is the incubation dose, and S(T) is the swelling rate at
a given temperature T. The lifetime (in dpa) due to a
swelling Timit S, is then given by:

B(T) = =i 45, @)
where S, is a predetermined engineering swelling limit,
which is design dependent. For the MARS design [2],
the average swelling is about 2/3 of the peak swelling,
due to the predicted temperature variations in the swell-
ing rate [1], so one must be careful to specify whether
the peak or average swelling is life limiting.

3.2. Creep limit

Commonly, irradiation creep is modeled according
to [7]:

é° = Co, (3)

where ¢° is the creep strain rate (s '), C8 is the creep
compliance (MPa~! s™') and o is the effective stress.
Using modified beam theory, which applies to the
MARS blanket, one finds the following eguation for the
local stress in the blanket pipes [1].

g exp(—38/4), <38,
o={ 0y exp(—8/4) +dA{1l—exp[—(8-8,)/4]},
o> @
where o, is the thermal stress, & is the creep-free rate of

stress increase (MPa/dpa), 8, is the incubation dose,
and 4 is a relaxation parameter given by

A=1/CE, (5)

where E is Young's Modulus. Eq. (4) features an
exponential decay of the thermal stress and an exponen-
tial approach of the local stress to a steady-state value
of 4.

Integrating eq. (3) with eq. (4) and assuming that the
lifetime is much greater than the incubation dose (which
seems to be valid for ferritic steels), one finds

8 =8+ A+ (Eef, — 05) /6, (6)

where ¢f,, is a pre-determined creep limit. Hence, for a
given matenal, the creep hife depends only upon o, and
é, which are design dependent.

3.3. Stress limit

The stress-limited life is easily obtained from eq. (4).
Assuming 87 > 8,, one finds

)i, — 64
o, ~ 64 exp(8,/4) |’

87 =—4 ln[ 7

where oy, is the stress limit, In deriving this equation,
the quantity in brackets was assumed to be positive.

4. Model description

The investigation in this paper is generic and can be
applied to any irradiated structure once a stress analysis
approach has been adopted. To give specific conclu-
sions, however, we will apply the structural code
STAIRE [1]. This computer code has been developed by
a modification of beam and arch theory to include
inelastic radiation strains. The method has been suc-
cessfully applied to the MARS [2] blanket configura-
tion, For the reader’s benefit, we include in this section
a brief description of the method and its application to
the MARS study.

Fig. 1 shows one pipe of the MARS blanket. In our
model, we treat the pipe as an indeterminate beam of a
hollow cross section. Because the pipes are inde-
terminate, the stress and deflections are coupled and
must be simultaneously found by setting up three equa-
tions for the deflections at the end of the pipe in terms
of the inelastic strains and the unknown end reactions.
For example, the equation for the radial displacement
at the end AR is:

x ds

AR=—fw’xds+fé’ sinﬂds+XMfﬁ

xy ds 2ds
+XFf—%,—+xpny] , (8)

D=10.14 cm

Fig. 1. Model used for analysis of the MARS coolant pipes.
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where

o o, AV
W= KHIL(e + 3V+aT)§dA, (9)
and

o1, AV |
e—;i-j;(e +3V+aT)dA. (10)

The quantity w’ is the change in curvature duc to the
inelastic strains and & is the average inelastic strain
over the cross-sectional area 4. Combining eq. (8) with
equations for the axial end displacement and end rota-
tion, the system can be solved for the end reactions
XM, XF, and XP,

Once the reactions are known, the stresses in the
pipe can be determined with the use of simple statics.
The moment M and axial force F, at any angle 8, can
be found in terms of the reactions. The axial stress is
then given by:

L
4

o=—+§1 _1(152)(% - Ew’)
11

c 4 =
—E(e + Y% +al—é& ), (11)

where K; and K, are constants determined by the pipe
dimensions. ¢ is the distance from the neutral axis at a
given cross section, J the moment of inertia, e® is the
creep strain, AV/3V is the swelling strain, a is the
coefficient of thermal expansion, and E is Young's
Modulus. For further details of the method, the reader
should consult ref. [1].

5. Uncertainty analysis
5.1. Monte Carlo technique

Because the irradiated behavior of many ferritic steels
is essentially unknown, an investigation of the response
of a first wall to changes in the material parameters is
useful for addressing the relative importance of these
unknowns. If the blanket life calculation is not sensitive
to variations in a given parameter, then precise knowl-
edge of the value of that parameter is relatively unim-
portant and testing should be focused elsewhere. These
types of evaluations can be made by considering material
parameters as random input, with a probability distri-
bution centered about some average value. Then the
response is also random and its distribution about an
average indicates its sensitivity to a particular input or
groups of inputs.

There are two basic methods for inserting random
variables into a structural model. The first, which is
termed linear statistical analysis [8], uses a truncated
Taylor’s series expansion to create a relationship be-
tween the input variables and the random response. The
drawback of this method is that it only yields limited
information about the response function [8].

The second method is a Monte Carlo iechnique [8],
which is ideal for use with an existing computer code.
In essence, the method simulates an experiment by
generating a random number to represent the uncer-
tainty in each input parameter and then calculates the
corresponding parameter according 1o an assumed dis-
tribution function. The structural response to these in-
puts is then calculated. After repeating this process
many times, a response distribution is obtained. This
method is generally more favored than the Taylors
series approach because it yields the complete response
function, regardless of the degree of non-linearity in the
relationship between input and output. The Monte Carlo
method will be used here for the above reasons and
because it adapts very well to use with the STAIRE
computer code.

5.2, Input representation

In representing a random input or outpui, one as-
signs to it a probability density function p(z), where
p(z) dz is defined as the probability that a variable
exists between z and (z + dz). In addition, one can also
consider the cumulative probability distribution func-
tions P(z), which gives the probability that the variable
will have a value less than or equal to z.

In this section, the variables C, 8, and § will be
treated as random. For comparison purposes, all three
will be characterized by normal probability density
functions.

To define these functions, an average and standard
deviation must be supplied. For the three random input

Table 2
Baseline parameters of MARS blanket and average material
parameters

R=64cm a=113x10"¢=C""
r=35¢cm C=725%10"" MPa~'dpa~!
7=025cm 8 = 0.03% /dpa

T — Thep = 320°C 8,=9%0dpa

Tout — N =470°C €hm = 0.01

AT =-30°C Ui = 180 MPa

d=0 8im = 10% (average)

E =180 GPa -
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variables, the standard deviation is chosen to be 10% of
the average values given in table 2.

6. Scaling relationships

For a given set of design limits and material parame-
ters, the lifetime depends only on ¢ and o, which are
geometry dependent. As shown in fig. 1, the MARS
coolant pipes are semi-circular, with the baseline dimen-
sions as given in table 2. For simplicity, the temperature
difference over the cross section, i.e., the difference
between the shield-side and plasma-side temperatures,
is assumed to be independent of 4.

In order to allow maximum flexibility in using the
lifetime equations generated in section 3, relationships
are developed for g, and & in terms of four key
parameters. First, the stresses are given in terms of the
temperature difference AT and the radial header trans-
lation 4, which is the radial distance traveled by one
end of the pipe relative to the other. If the pipes are
rigidly attached to a fixed header, then no translation is
allowed and d=0. On the other hand, thermal expan-
sion is better accomodated by a less rigid connection at
the header. Allowing some radial header motion then,
can relieve the stresses and increase the blanket life. In
this model, d is positive inward so a negative value will
reduce the stresses.

The second set of equations gives the stress parame-
ters o, and ¢ in terms of geometric quantities r, 1, and
R.

Using equations developed previously [1], the maxi-
murn thermal stress 65y (in MPA), is found to be

Opmax = 103.3+0.745 AT + 1873 d, (12)

assuming all parameters other than AT (in K} and d (in

cm) are constant. varying R, r, and ¢, and keeping AT

and d constant, one also finds

0.355 + 1.2(u/w)"
1+1.2(u/w)’

(13)

Gy Max = 2372 w

where u=1/r and w=r/R. According to eq, (13),
Gymax depends only on the ratios of pipe dimensions,
so if a scale model preserves these ratios and the tem-
peratures, the initial stress will be preserved.

Because the swelling equation used previously [1]
was a highly nonlinear function of temperature, equa-
tions for & could not be derived analytically. Using the
STAIRE code to determine the increase in the local
stress due to a constant swelling rate S, values of ¢ for
various values of w, u, and R were generated. These

data points were fit to equations similar to egs. (12) and
(13) with a least-squares fitting routine. The results (in
MPa /%) are:

K=656—-397AT, (14)
and

9.52x 1077

3

K =103+ 332 u+w[74.5+
u

2
><(0.355+201 u ] (15)
1+201 #°
where
¢ =KS. (16)
7. Results

7.1. Lifetime predictions

Given the lifetime criteria from egs. (2}, (6), and (7),
the lifetime is the lowest of 8], 8f, and 8f. The
following results will consider the stress limit along with
either of the strain limits, so the effects of creep and
swelling can be accounted for separately. After choosing
values for o, (81 MPa) and K (185 MPa/%), the
lifetime can be plotted in terms of $, as seen in fig. 2.
The 15% peak swelling limit, which leads to a deflection
at the pipe’s center of approximately 4.4 cm, is the most
conservative of the three limits, but the allowable swell-
ing may be lower in other designs.

swelling limited

(dpa)

creep 1inited

creep limited

€ =7 x10-7 /WPa/dpa

end-of-1ife dose

M stress linited

C =1.6 x10-7 [H]

Tl b 3 s
swelling rate (% /dpa)
Fig. 2. Lifetime as a function of swelling rate for the swelling
limit and for the creep and stress limits at two different creep
rates.

04
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lifetime < 420 dpa

treeg linifed

(% /dpa)

e stress 1imited

lifetime > 420 dpa

swelling rate

’ 1 T T
0 k| ]
€ xi0-7 [/MPa/dpa?
Fig. 3. Constant-life curve assuming stress and creep damage
limits are operative.

i

The importance of the stress limit depends on the
relative creep and swelling rates. If the creep rate is low,
the stress will increase rapidly and the stress limit will
quickly be reached. On the other hand, a relatively high
creep rate will relax the stress leading to a steady-state
stress below the limit, thus rendering the stress limit
inconsequential. As shown in fig. 2, a creep rate of
7.3x 1077 MPa~! dpa™! leads to a creep-limited life
for any value of § in the range expected for ferritic
steels. However, a creep rate of 1.6 x1077 MPa™!
dpa~! does invoke the stress limit, leading to rather
short lives for swelling rates above 0.03% /dpa.

To investigate the impact of the swelling /creep ratio,
one can plot curves of constant life in swelling-creep
space. Fig. 3 shows a typical plot for §; = 420 dpa. For
a given material, the swelling /creep ratio ($/C) can be
represented by a straight line from the origin and the
lifetime (and the relevant limit) is determined by the
intersection with the constant-life curve, A seen, the
ratio must be above 1790 MPa to invoke the stress limit.
Using data gathered by Gelles and Puigh [9], the swell-
ing/creep ratio of a typical ferritic steel is approxi-
mately 500 MPa, so the stress limit will not likely be
important for the MARS blanket. The design would
have to be more highly constrained (thereby increasing
K) before the steady-state stress exceeded the stress
limit.

7.2, Monte Carlo results

Because the Monte Carlo method is a sampling

process, its accuracy of representation improves as the

number of samples or trial runs is increased. Unfor-
tunately, the cost increases with the number of samples,

a 100 rung -
2 ®a
» 200 runs a
ale
o 500 runs .
a
45
2 a i‘
1 a .
a
05 ¥
- L
- a &
» “doy
" T
0 00 500 &0

doseio?dpaJ

Fig. 4. Probability density function for three different numbers
of Monte Carlo histories,

s0 one must choose a count that is sufficiently accurate
and vet affordable. Fig. 4 shows the probability density
function (pdf) for the blanket life, assuming that C, &,
and § are all variable. As seen, the result does not
converge to a single function as the number of samples
increases, s0 it is not apparent that even 1000 runs are
sufficient for the analysis.

The cumulative distribution function {cdf), on the
other hand, integrates out many of the variations inher-
ent in the density function so less samples are necessary
for the same accuracy. This is evident in fig. 5, which
shows the distribution function of the blanket life for
the same three random inputs. Apparently, even 100
samples would be sufficient for most analyses. The
effects of sample size on the accuracy of results can be
established [10], but this is outside the scope of the
present study.

! aBEE
H
a 400 runs ]
:
5w 200 runs -
3
& 300 runs
. :
T s
]
o
*
L]
|
" R
4 T T 1
b {00 200 P 500 600

dnsejo?dpal

Fig. 5. Cumulative distribution function for three different
numbers of Monte Carlo histories.
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€ = 7x10-7 /WPa/dpa

reep lieited

pdf

swelling 1inited

0 400
dose (dpa)

Fig. 6. Cumulative failure probability for € =7x10~7 MPa™'
dpa=l.

The failure ¢riteria used in the analysis can signifi-
cantly impact the blanket life. Fig. 6 gives the lifetime
distribution for the swelling and creep limits. The stress
limit is not significant because the creep coefficient C is
refatively high and the stresses are correspondingly low.
The distribution functions are of similar shape but the
swelling-limited curve is shifted almost 200 dpa up the
scale. Notice that the results of the Monte Carlo simula-
tions are smoothed in figs. 5-7 for clarity.

The stress limit enters the picture as the average
creep coefficient is decreased. If the average value of C
is lowered to 1.6 x 1077 MPa~! dpa™!, the lifetime
distribution becomes more complex because the stress
limit leads to end-of-life at 150 to 400 dpa. When stress
limits are reached early in life, the strain limits only
affect the remaining blankets, i.e., there is no interac-

creep limited

suelling limjted

stress limited

cdf

C = 1.1x10-7 /MPa/dpa

g0 oo

b o dm 3o Jm{ Soe
dose (dpa} -

Fig. 7. Cumulative failure probability for € =1.6x10"7
MPa~'dpa™’.

R T E | B0 ew  Two om0

tion between the criteria. These features are displayed
in fig. 7, which differs from fig. 6 only in the average
value of C. For the higher average creep coefficient, the
frequency of failure is essentially zero below about 320
dpa.

8. Conclusions

It is shown in this paper that an analogue Monte
Carlo technique can successfully be coupled to a de-
terministic inelastic structural analysis code. Such a
strategy allows investigations of the influence of material
property uncertainty propagation on the prediction of
structural failure. The need for such a techmique is
particularly important in fusion reactor applications,
since prototypical testing environments are non-existent
and radiation effects on material properties are nncer-
tain. The following are conclusions of the present work,
which specifically apply to the structural material HT-9
in a mirror fusion reactor:

(1) When considering the buildup of stresses caused by
swelling, the stress limit is potentially the most
severe of the three lifetime criteria used in this
paper.

(2) For ferritic steels, the creep rate seems high enough
to relax the swelling stresses and the stress limit is
relatively unimportant.

(3) The strain limit is life-limiting in all cases analyzed.

(4) A lifetime of several hundred dpa is highly probable
for a ferritic steel blanket in mirror fusion reactors.

These conclusions suggest that future material testing
of ferritic alloys should consider irradiation creep, to a
degree. Once it has been shown that the creep rates of
ferritic steels are high enough to relieve swelling stresses
before significant buildup occurs, the actual value of the
creep rate is unimportant. This is because the accu-
mulated creep strain is driven by the amount of swelling
strain it must offset, rather than by the creep rate.

When the creep rate is large, the accumulated creep is

very nearly equal to the accumulated swelling strain

(with opposite sign). Hence, accurate knowledge of the

swelling behavior of a material is more important than

precise radiation creep data for reliable lifetime esti-
mates.
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