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ABSTRACT

Nuclear reactor components may accumulate significant stresses and

deformations in response to irradiation induced swelling. Failure to

accommodate these swelling deformations may compromise the performance of

the reactor. Also, vif high swelling stresses coincide with irradiation in-

duced embrittlement, fracture may occur. This paper describes experience

*

gained with the swelling problem at the Advanced Test Reactor". A sug-

gested analysis procedure is outlined and demonstrated with a three-

dimensional finite element analysis. Some of the design aspects of the

swelling problem are also discussed.

The Advanced Test Reactor is located at the National Reactor Testing
Station, Idaho Falls, Idaho. This facility is operatfid by Aerojet
Nuclear Company under contract to the U. S. Atomic Energy Commission.
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INTRODUCTION

Cracks in two of the eight beryllium blocks which comprise the re-

flector of the Advanced Test Reactor (ATR) were discovered after about

two operating years'in the spring of 1972 . A detailed investigation

revealed that the cracking was due to a combination of irradiation in-

duced swelling stresses and material embrittlement. Further analyses

indicated that either swelling stresses or swelling deformations would

force early replacement of sooe of the other reactor internal components.

Similar experiences have been reported in various operating reactors ' '

The intent of this paper is to provide some guidelines for the prac-

ticing engineer for dealing with the swelling problem. An analysis proce-

dure is outlined which has emerged from experience with the ATR. The

analysis approach is straight forward, but the details are subtle enough

to justify an in-depth discussion.

MATERIAL BEHAVIOR

Irradiation effects on engineering properties of materials have been

under observation for some time. While a great deal of data has been

gathered, there is much yet to be done, particularly for the higher irradi-

ation levels. The properties of concern in this paper are swelling, duc-

tility, and strength. The particular materials of interest in the ATR are

beryllium, aluminum, and stainless steel, Emphasis is placed on beryllium

since the example analysis involves a beryllium component. Metallurgical
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aspects, such as swelling mechanisms, are beyond the scope of this paper.

Also, higher temperature effects, such as creep, are not considered.

In general, the irradiation damage to structural materials is a func-

tion of two quantities: the neutron flux, 4>t expressed as neutrons, n,

crossing a unit area in unit time, and the neutron energy spectrum, E,

which specifies the energy (or velocity) distribution of the neutrons.

Usually, the high energy or "fast" neutrons have the most effect on the

engineering properties of materials. The total number of neutrons, for

a given energy level, crossing a unit area over a given time period is

termed the fluence. Irradiation effects on materials are generally pre-

sented as a function of fluence.

Swelling response versus fluence for some typical materials are given

in Fig. 1 . As indicated, the response is generally assumed to be linear

on a log-log plot. This given an exponential relationship of the form

«-Jf-.#". (1)
where E is the one-dimensional strain and $ is the fluence ($ = /<J>dt). The

values a and ra are material constants. Note that excluding beryllium, all

of the materials under consideration have an m value which exceeds one.

This means that the swelling rate of a component may significantly increase

with time in the reactor. It is important to keep this time exponential

effect in mind in both design and surveillance programs. Also, it should

be emphasized that this exponent may not be valid for extrapolation much

beyond the maximum fluence of the test data.

Ductility losses due to an irradiation environment may be very signifi-

cant. Hot pressed beryllium, for example, achieves nil ductility at a rela-

tively low fluence of 1-4 x 1021 n/cra2 (E > 1 M ). In comparison, signifi-

cant ductility reductions in stainless steels generally do not occur in

levels below 1 x 1022 n/cm2.
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Ductility losses are generally accompanied by an initial increase in f;J

yield and ultimate strengths. This strength may reach a peak at some jt'j

%
fluence level as indicated for the beryllium data shown in Figs. 2 and 3. j'j

li
Due to the embrittlement at high fluences, some difficulty was experienced pi

In obtaining the tensile strengths. The tensile strength band of ± 14 ksi §
§,

corresponds to the standard deviation for all the tensile tests. This li
[ti

scatter has been observed elsewhere , but may be due, in part, to the :j

test method used'' . The effects of multiaxial stress states have not H

been investigated although a failure criteria by Nadai has been postu- i

S
Another property of interest is fracture toughness. At the present jj

w,
time, however, fracture toughness data at higher fluences is not available. if

if
ANALYSIS PROCEDURE |

I
• . s

The analysis: approach is based upon the assumption that irradiation .-

induced swelling can be treated in essentially the same fashion as ther- |

mally induced swelling. This means, for example, that stresses- occur j|

only if the body is externally or internally constrained. Although this f'i1
assumption has been questioned, it has been substantiated in part by com- |Iparison with predicted and measured deformations and failures. This ther- |

mal analogy permits the analyst to utilize the powerful computer methods ,
t;

available for treating thermal stresses and deformations. A significant |

departure from thermal loading is the time response. Excluding creep

effects, thermal stresses are independent of time for a given temperature

distribution. In contrast, the irradiation swelling response to a given

flux pattern may take years before reaching significant levels.

\
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The procedure can be developed by first considering Equation (1).

The thermal strain equivalence can be represented as

e - o(t) T(x,y,z) = a$m(x,y,z,t), (2)

where the expansion coefficient, a, is assumed to be a function of time

only and the temperature distribution, T, is assumed to be dependent only

upon position. The assumed time dependency of or, rather than T, is arbi-

trary but simplifies the procedure, as indicated below. The fluence, #,

is a function of the flux history

*(x,y,z,t) = /0%(x,y,z,t)dt, (3)

where the flux, <j>, is generally expressed in units of neutrons/cm2/sec.

For discussion purposes, the neutron flux is first assumed to be constant

with time and Equation (2) becomes

a(t) T(x,y,z) = a$ (x,y,z)tm. (4)

If an expansion coefficient at a particular point in time (t.) is assumed,

the corresponding temperature field can be obtained:

a .in. v. ID

The expansion coefficient for any other point in time, t,, is simply

a(t2) - a(t.) (-V\ (6)

Since stresses are proportional to a, the full stress and deformation his-

tory can be determined. For a finite element solution, for example, a

single computer run would suffice since the solution at any other point in

time could be obtained by ratioing with respect to a.

If the flux pattern is not constant with time or if the component is

composed of more than one material, the above approach generally breaks

down. The procedure then may require a separate solution for each point

in time using Equations (2) and (3).



The usable life of a component can be estimated by comparing the

stress and deformation history with allowable values. Arriving at an

allowable stress merits further consideration. The appropriate limit

would depend upon the degree of embrittlement existing at the point in

question. If sufficient ductility is present, the secondary stress cate-

gory of Section III of the ASME Code1 would appear to be justified.

Otherwise, a comparison of the stress and strength history would be

necessary. The final decision on the allowable stress and corresponding

life of the component may hinge on the consequences of a brittle failure.

Since material strength data may be highly scattered, a statistical ap-

proach may also be helpful. If fracture toughness data are available,

a fracture mechanics approach may be taken.

Based upon the above considerations, the following procedure is

suggested:

(1) Obtain the necessary material properties including swelling, duc-

tility, and strength vs fluence.

(2) Determine the known or anticipated flux history. A non-time-varying

flux pattern assumption is probably sufficient for design purposes.

(3) Make the necessary assumptions on expansion coefficients and pseudo

temperature distributions to obtain the full stress and deformation

history of the component. This generally involves combining the

swelling response with other anticipated or known loads.

(4) Considering ductility, strength, and allowable deformations, deter-

mine the life of the component.

(5) If the component life is not adequate, consider possible design modi-

c_:•• fications such as alternate materials and geometry.



ANALYSIS OF ADVANCED TEST REACTOR COMPONENTS

The ATR is & 250 MW water-cooled reactor with a normal operating

power level of 220 MW. The clover leaf fuel pattern illustrated in Fig.

4 is designed to develop varying high flux in each of the five lobes

which contain the experimental tubes. The high flux is further enhanced

by the beryllium reflector blocks surrounding the fuel. The core compon-

ents which are significantly affected by irradiation swelling include the

eight beryllium reflector blocks, the beryllium outer shim cylinders, the

aluminum neck shim housing, and the aluminum baffle tubes. While all of

these components have been analyzed, only the reflector analysis will be

discussed in detail.

•; The ATR has the capability of varying the flux pattern considerably.

However, prior to the cracking of the beryllium reflector, the midheight

flux distribution shown in Fig. 5 was typical. The cracking was discovered

after 4.95 x 107 sec (S73 days) of operation. The fluence values at this

time are obtained by multiplying the Fig. 5 flux values by 4.95 x 107.

Using this time as t, in Equation (5), and assuming an a(tj) of 6.4 x 10~6

°Fia./in./°F (room temperature a for B ), the tenperature field,

can be obtained.

:. This also requires the use of the swelling material constants for

beryllium given in Fig. 1. For example, the maximum equivalent tempera-

ture at the tip of the reflector is

• • Tmax " (
O!fx

/?0-6 [(2'9 * ̂ W - 9 5 x lO'HICr22)]*93 - 425°F.

The division by 300 is to convert volumetric strain in percent to one-

dimensional strain in in./in. The resulting midheight thermal field fol-

lows the same general pattern as the flux. The distribution of flux and



x
corresponding pseudo temperatures in the axial (z) direction varies as a

.cosine function:

?- T - T Cos ,5=2- , (7)

where T is the taidheight temperature and the z axis origin is at mid-

height. The reflector blocks were unconstrained externally.

Two independent three-dimensional finite element analyses were per-

formed on the beryllium reflectors shortly after the discovery of the

" foi

cracks. The first was performed by Aerojet Nuclear using the SAP program .

The basic element used was an eight-node isoparametric brick identified

as the ZIB8R9 element. One of the models developed by Aerojet is shown

in Fig. 6. A simultaneous analysis was performed by Franklin Institute

Research Laboratories using the program COPATS* . The basic element used

by Franklin was a 20 node isoparametric brick. A comparison of the result-

ing stress fields in the region of the crack, prior to cracking, is shown

in Fig. 7. This and other spot comparisons indicated reasonably good agree-

ment between the two independent analyses. The maximum stress at tine t,

occurred at the end of the beryllium block in the crack region ("A Ligament")

•3 shown in Fig. 8.

_ . A full history of the maximum tensile stress was obtained using Equa-

tion (6):

The stresses reported in Figs. 7 and 8 include pressure and thermal values.

The anax^Ci^ tem i n E 1 u a t i o n &) m u s t b e o n ly t n e swelling portion which,

In this instance, is about 95% of the total stress.



The stress field at the point of maximum tensile stress is uniaxial.

Therefore, a comparison of maximum stress and uniaxial tensile strength

should be valid. The maximum stress and strength histories are illus-

trated in Fig. 9. Note that the rtrength history is for a point at the

end of the reflector whore the flux is much lower than at midheight

(Equation (7)). Thus, the strength had not reached its peak at the time

of crack initiation. As indicated, the predicted time of crack initia-

tion corresponds closely to the time estimated by operations personnel.

Further confirmation of the analysis approach was obtained in the

analysis of other components. For example, predicted bowing in the outer

shim cylinders compared closely with measured deflections. The useful

life of some of the components was determined to be deformation rather

than stress limited. For instance, the bowing calculations for the outer

flux trap baffle tubes indicated that fuel removal would be impaired after

about four years of operation.

DESIGNING FOR SWELLING

The solutions to swelling difficulties are as varied as the problems

themselves. The solution nay be as simple as providing sufficient clear-

ance between components to accommodate the swelling deformations. If a

design provides significant constraints, deformations may be minimized

but stresses may become excessive. Occasionally, the accumulation of

swelling can be significantly reduced by periodic rotation or moving about

of components1 ' •'. Another possible solution is to develop core struc-

tural materials with low swelling rates . Periodic replacement of some

components may be a necessity, especially if the swelling aspect was not

considered ouring the design stage of the facility.



A redesign investigation was performed on the ATR reflector blocks

as an attempt to extend their life. Alternate materials were considered,

but none were found comparable to beryllium from the reactor performance

standpoint. Potential geometry modifications were minimal since the adja-

cent core hardware already existed. Segmenting the original reflector

geometry was investigated but was found to produce support and connection

problems plus excessive deformations. Since the high stresses in the re-

flectors were- due to the heavy sections imposing deflections on the thin

interconnecting ligaments, the new design selected was to provide hori-

zontal cuts on the fuel side projecting about halfway through the reflec-

tor. This shortened the heavy "columns" and reduced the deformations

Imposed on the thin ligaments. Analysis indicated that this minor modi-

fication should increase the reflector life by about a factor of two.

CONCLUSIONS

The nuclear power industry in young and growing. Problems are being

encountered which are not found in related industries. One such unique

problem is irradiation induced swelling. Although it may take years for

swelling stresses and deformations to reach significant levels, potential

swelling problems should always be examined in the early stages of reactor

design. The thermal stress analogy appears to be a reasonable approach

for analyzing the swelling problem. The outlined procedure has been

successfully utilized in predicting crack formation and deformations in

the ATR. ^
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problem is irradiation induced swelling. Due to its uniqueness, and also |

Its long-term cummulative nature,, ..this problemjnay^fie"overlooked in the 1

design stage of a reactor. SucJv-stT'Sversight may later result in costly §

shutdowns and .redesign efforts. • |
jij

The thermal stress analogy appears to be a reasonable approach to the \

h
problem. The outlined procedure has been successfully utilized in predic- }i
ting crack formation and deformations in the ATR. l|
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