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THERMALLY INDUCED CYCLIC STRAINS IN THE ORR 
LARGE-FACILITY DISHED HEADS 

J. M. Corum B. L. Greenstreet 

Abstract 

Measurements were made to determine tee magnitudes of the 
temperature-induced strains in one of the -facility 
of the ORR. The results from these measurements, along with 
data obtained from tests on a model of the large-facility hous-
ings, were used to estimate the peak strains. The structural 
behavior in terms of resistance to cyclic or stresses, 
was then predicted from these peak values. 

The effects were found to be less serious than anticipated. 
However, cracking of the dished heads may occur after 20 000 
cycles for the present cooling-water exit-temperature range (70 
to 135°F). the maxlmum cooling-water exit tempera-
ture to 150°F may reduce the number of cycles before cracking 
to 7600. 

Introduction 

A previous report1 described the structural investigations which were 

made to determine the feasibility of increasing the power level of the 

Oak Ridge Research Reactor. Consideration was given to increasing the 

reactor cooling-water outlet temperature and to raising the coolant flow 

rate. An increase in the cooling-water outlet temperature would result 

in greater thermal-expansion stresses throughout the system, and a higher 

flow rate would be accompanied by higher hydrostatic pressures and con-

by larger stresses in portions of the core and reactor tank. 

It was predicted that increasing the reactor cooling-water flow rate 

to 22 000 gpm would cause localized plastic deformation in certain 

of the core box. It was concluded, however, that the deformation could 

be tolerated and that the structural integrity of the core box would be 

maintained. It was also pointed out that vertical thermal expansion of 

the reactor tank might induce severe cyclic strains in those portions of 

the large-facility dished heads above and immediately adjacent to the ob

rounds, and, consequently, it was recormnended that two specific steps be 



taken to obtain information necessary to more accurately assess the struc

tural integrity of the large facilities. These were (1) to obtain addi

tional strain measurements on the large-facility housings and (2) to ob

tain mechanical :;>roperties data, including stress-strain correlations and 

strain-cycling data, for the housing material. These steps were taken 

and the effects of cyclic strains in the dished heads were re-examined. 

The results of this extended investigation and the final structural 

evaluation are reported here. The strain measurements made on the north

facility hoUSing, the strain-gage ~~alysis of a 1/4-scale aluminum model 

of the large-facility hoUSings, and an interpretation of the results are 

presented. The applicable mechanical properties of the dished-head rra

terial are discussed in the Appendix. 

The authors wish to acknowledge the participation and contributions 

of several individuals in this work. Professors R. L. Maxwell and R. W. 

Holland of the University of Tennessee Mechanical Engineering Department 

were responsible for constructing and calibrating the special strain

measuring devices whicb were used. The measurements were made with the 

help of R. L. Maxwell, R. W. Holland, and JoE. Smith. J. E . Smith was 

responsible for conducting the model strain-gage analysis. Credit is also 

extended to the Reactor Operations group at the ORR for their assistance 

and patience during the several strain-measurement tests, 

Results of Strain Measurements on I~arge-Facility Housings 

Vertical thermal expansion cf the ORR reactor tank produces large 

reaction forces 'between the large-facility obrounds and the dished heads, 

y.Thich are rigidly attached to the concrete pool wall. Since the obround

dished head region is less deformation-resistant than other parts of the 

reactor tank structure, these reaction forces produce large strains in 

the region.s of the dished. heads which are directly above and adjacent to 

the obrolmd-dished head junctions. As the reactor undergoes its normal 

cycles of startup and shutd.own, theBe strains become cyclic and could 

possibly cause damage that would lead to fatigue cracks. 

'I 
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Several series of measurements were made on the north-facility housing 

in order to determine the nature and magnitudes of these large strains. 

The first series was made using Huggenberger tensometers, which are mechani

cal strain gages. The gages were positioned on the large-facility housing 

by lon.g pole and the elongation readings were made from pool-side, using 

binoculars. The Huggenberger tensometers had three important limitations: 

1. Lack of space between the dished head and the reactor vessel made 

it impossible to install a gage directly in the region where the large 

strains occurred. 

2. The gages were difficult to position using long poles. 

3. Precise readings of the gages could not be made. 

All subseQuent strain meas~rrements were made using specially designed 

instruments which utilized waterproofed electrical-resistance strain gages. 

A photograph of one of the instruments is shown in Fig. 1. The instru

ments were located on the dished head by using long aluminum tubes (see 

Fig. 2), which were removed after the device was properly positioned. 

Strain in the dished head between the upper and lower contact points of 

the strain-measuring instrument produced displacements at the end of the 

cantilever beam, and these displacements, in turn, produced strains in the 

electrical strain gages attached to the beam. These strains were read 

using portable indicators and were con.verted into Quantities applicable 

to the dished head by the use of predetermined calibration curves. 

Successful measurements relating strain to cooling-water exit tem

perature were made at eight lo~ations on. the north-facility housing, as 

shown in Fig. 3. Measurements at locations 1, 2, 3, and 4 were made using 

Huggenberger tensometers, at'1d the remaining measurements were made tising 

the special instrum.en.ts. 

The Huggen.berger tensometer measurements were made for the following 

conditions. The reactor cooling-water exit temperature was raised to ap

prOXimately l05°F usi:~1g reactor poi-rer. The reactor was then shut down, 

the water level was lo-wered t,o the reactor tank top, and the gages were 

pOSitioned. The cooling-,water exi.t tempe:cature was then lowered approxi

mately 30°F in steps of roughly lO°F each) and readings were made at the 

end of each ir..cremental temperature drop. FOl~ the remai::ling measurements, 
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. 1. Instrument Used for Measuring Strains in the 
Dished Heads. 
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using the special instruments, the instruments were attached to the dished 

head with the reactor shut down and the cooling-water exit temperature 

near 70°F. The reactor was then brought to power and the cooling-water 

exit temperature raised to approximately 135°F. The temperature was held 

at this value until a quasi steady-state thermal condition was reached; 

the reactor was then shut down and the cooling-water exit temperature 

lowered to 70°F again. Strain measurements were made at 5-mi~ intervals 

during the entire cycle. Strip charts which record the reactor cooling

water exit temperature as a function of time were used to correlate the 

strain measurements with temperature. 

The strain data obtained with the Huggenberger tensometers are shown 

in Figs. 4 and 5 as functions of the cooling-water exit temperature • 

Straight lines were arbitrarily drawn between the points. The dashed 

straight lines drawn through each set of data represent the approximate 

slope of the strain versus temperature data. The measurements which were 

made using the special instruments are shown as functions of the cooling

water exit temperature in Figs. 6 through 9. Again, the points were con

nected by straight lines, and dashed straight lines were drawn through 

each set of data to represent the approximate slope in each case. The 

arrows distinguish the data taken during heating and those taken during 

cooling. The peculiar behavior exhibited at low temperatures in Fig. 6 

was caused by the pool water level being raised during the initial part 

of the heating period and lowered during the latter portion of the cooling 

period. The change in pressure head produced strain changes in the dished 

head which are superimposed on those produced by temperature. 

The strain-measurement results depicted in Figs, 4 through 9 were 

used, in combination with the results of the model strain-gage analysis 

and mechanical properties of the dished-head material, to assess the ef

fects of the present cooling-water exit temperature range, as well as the 

effects which may be expected when the maximum cooling-water exit tempera

ture is raised. 
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Experimental Determination of Strains in the 
Large-Facility Dished-Head Model 

As discussed in the previous report,l a 1/4-scale aluminum model of 

the large facilities was constructed at the U~iversity of Tennessee for 

the purpose of performing electrical-resistance strain-gage analyses on 

the model under various loadings. The previous report contained the re

sults of tests performed on the model at the Unive:;::·sity. These tests were 

restricted to small strains, however, and random loadings were used that 

did not accurately simulate those actually imposed on the large-facility 

housings. 

In order to study the behavior of the housings when large strains 

are imposed on them, the model was instrumented with new gages and sub

jected to additional tests. These tests had four specific objectives: 

1. to determine the magnitudes of the peak strains when strains corre

sponding to those selected points on the actual housing were dupli

cated; 

2. to determine the effects of local yielding in the dished heads on the 

strain magnitudes and distributions; 

3. to verify that the maximum strains occur en the pool side of the 

dished head and in the region directly above the obroundj 

4. to determine the biaxiality of Btrains at critical lo::!ations in the 

dished heads. 

The first and second objectives were specified in order to predict the 

peak strains which would occur in the dished heads if the cooling-water 

exit temperature were increased beyond the maximum value for which measure

ments were made (135°F). The third objective was specified to ensure that 

strain measurements on the large-faeility dished heads were actually made 

at the location where the maximum strains occur, and the fourth objective 

was important because biaxiality affects fatigue life.* 

The model and the method of loading are shewn in Fig. 10. The lower 

flat plate, which is attached to the loading-frame bed, represents the 

*The effects of biaxiali ty on fatigue life are discussed in the 
Appendix. 
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reactor tank wall, and the upper plate represents the pool wall. The 

model was loaded horizontally through the large load cell at the left. 

This horizontal loading represents the vertical force exerted on the dished 

head by the obround as the rear::tor cooli.ng-i,rat.er exit temperature increases. 

The two vertical loadings on the model were used to keep the upper flat 

plate parallel to the lower plate as the horizontal load was applied. 

These vertical loadings cor:cespond. 1~C the c0u::ple applied to the dished 

head by the pool wall to which it i3 bolted. A total of 56 gages were 

applied to t.he model. Gages with a 1/4-in. gage length were used, except 

in the immediate vicinity of the dished. head.-obrow'ld junction, where 

1/16-in. gages were used i!l order to measure accurately the strain con

centrations at these points. 

The model was loaded in varying ir:.erements of horizontal load up to 

a total load of 24 636 lb. Strain readings were recorded after each incre

ment of load was applied. It was fOU!ld that the maximum strains always 

occurred on the pool side of the dished head immediately adjacent to and 

above the obround. In addition, the gages which were to the top 

of the obround showed approximately zero strai.n. fo:, all loads, ThUS, the 

strain biaxiali ty in the regio?} of maxim1.L."'l1 straiOl was zer'J, and the last 

two objectives of the test. were fulfilled. Except for the above observa

tions J only the results for seyeral gage PCS:.tiOOlS will be given. The 

chosen gage locations are ShOW11 in Fig. 11 and cOrl~es?ond to the locations 

for which measurements were mad.e or.. the actual large-facility housing or 

to positions of maxim1.L.'1l strains. Gages n-'lrn'.::Jered. 1 through 5 are in loca

tions corresponding to similarly numbered locations at whi2h measurements 

were made on the actual large-faciE ty housing. The stra~.ns at each loca

tioOl in Fig. 11 are plotted in Fig. 12 as a function of horizontal load .. 

Interp:::-etation of Results 

The preceding sections described the actual strain measurements made 

on one of the large-facility dished heads and. the strain measurements 

made on a scale-model of the large facilities, A discussion of the 

mechanical properties of the dished-head material (aluminum alloy 5154-0) 
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is given in the Appendix. The results will now be considered in conjunc

tion with the mechanical properties to evaluate the effects of cyclic 

strains in the large-facility dished heads. 

The results of the strain measurements (Figs. 4-9) made on the north

facility housing at the locations shown in Fig. 3 are given in Fig. 13, 

where the strain-temperature correlation for each gage point is represented 

by a single straight line, the slope of which was determined from the 

dashed straight lines in Figs. 4 through 9. All strains in • 13 were 

referenced to zero at a temperature of 70°F, since this is the minimum 

reactor temperature. The solid portions of each curve span only the 

cooling-water exit-temperature range over which measurements were actually 

made, and the dashed portions are extrapolations based on the assumption 

that the strains remain linear with temperature up to 150°F. A careful 

comparison of the strains in Fig. 13 with those of Fig. 12, which shows 

the model test results, indicates that the strain magnitudes, for each 

location, at a temperature of 135°F are in the general range of strain 

magnitudes for corresponding locations on the model when a horizontal 

load of approximately 12 000 lb is applied. This is within the load range 

for which the strains cease to be linear with horizontal load. Figure 12 

indicates that, as the load is increased beyond the 12 000 lb range, the 

larger strains increase at increasing rates. However, the temperature 

change corresponding to a given increment of horizontal load, when the 

total horizontal load is above 12 000 lb, would be greater than the tem

perature change corresponding to the same increment of horizontal load 

when the total load is less than 12 000 lb. Thus, if a plot of the actual 

strains which would occur in the large-facility housing at cooling-water 

exit temperatures above 135 deg were available, it would show that the 

maximum strains would not deviate greatly from linearity, at least for 

temperatures below approximately 150°F. 

The model results presented in Fig. 12 were obtained from a single 

loading into the plastic range. If subsequent cyclic loading were applied 

to the model, a shakedown period would occur during which the plastic 

strains would diminish in magnitude because of strain hardening of the 

material. An examination of Fig. A.l of the Appendix, which shows two 
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short-time stress-strain curves for the dished-head material, indicates 

that the typical alloy 5154-0 specimen exhibits elastic behavior up to a 

strain of approximately 900 ~in./in. However, the alloy 5154-0 rod ma

terial exhibits elastic behavior up to a strain of approximately 1750 

~in./in. The effects of strain hardening are further illustrated by 

stress-strain data for a typical aluminum alloy repeatedly strained by 

moderate amounts into the plastic region. The data indicate that if the 

material is unloaded and then reloaded, it remains elastic up to the pre

vious maximum stress. From these observations, it is concluded that even 

if short-time plastic strains should occur, or have occurred, in the dished 

head, the material would strain harden so that during subsequent cycles 

the strains would remain essentially elastic. In addition, it is shown 

in the Appendix that stress relaxation of the dished-head material will 

not contribute any significant time-dependent plastic strain during a 

reactor cycle. Thus, the linear extrapolations in Fig. 13 represent 

reasonable approximations of the strains which would occur at cooling

water exit temperatures as high as 150°F. 

The naximum strains occur at point 8; the magnitudes of these strains 

are -920 ~in./in. and -1130 ~in./in. at cooling-water exit temperatures of 

135 and 150°F, respectively. Referring to Fig. A.2 in the Appendix, which 

gives the total strain range versus cycles for the dished-head material, 

it may be concluded that the parent dished-head material can withstand an 

indefinite number of cycles between cooling-water exit temperatures of 

70 and 150°F. However, the strain at point 8 in Fig. 13 is at the obround

dished head weld junction, and the weld material is less resistant to 

fatigue than the parent alloy. Since the model test data indicated that 

the strain perpendicular to the maximum measured strain at point 8 was 

zero, the stress range at that point is given by 

where E is the modulus of elasticity, ~ is Poisson's ratio, and DEt is 

the total strain range. Using 920 and 1130 ~in';in. as the strain ranges 

for cooling-water exit temperatures of 135 and 150°F, respectively, the 

• 
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corresponding stress ranges become 10 300 and 12 650 psi. The fatigue

strength of aluminum welded joints is discussed in the Appendix. Figure 

A.3 represents the fatigue strengths of welded joints, which may be as

sumed to be representative of the o:)r01.md-,dished head junctions. The 

fatigue curve is based on complete specimen failure. As mentioned in the 

Appendix, fatigue cracking of nonwe~ded aluminum material first occurs at 

apprOximately 80% of U:e nu.mber of eycles to cOffiplete failure, and it will 

be assum,ed that this is also the cane for welded joints. Using Fig. A.3 

and the above assumptions, it may be concluded that cracking of the dished 

head-obround weld joints will occur after 20 000 cycles of 70 to 135°F 

operation of the reactor or after 7600 cycles of 70 to 150°F operation. 

Previous 70 to 135°F cycles s~'lould be cODnted in the latt.er case. 

The applicable curves in Figs. A.2 and A.3, which were used to ob

tain the cycles-to-fail-ure estimates, were obtained from the original 

fatigue data by applying a reduction factor of at least 10 on cycles and 

2 on strain range or st.ress range. As discussed in the Appendix, the 

latter factor was applied to compensate for the detrimental effect of 

water on the fatigue strength of aluminum alloys. Although reduction fac

tors were applied, the cycles-to-failure estimates should be considered 

as conservative estimates of the number of cycles in which failure will 

actually occur and not as design values wherein factors of safety have 

been included. 



20 

APPENDIX. Mechanical Properties of Aluminum Alloy 5154-0 

The damaging effects of cyclic strains are believed, to be due 

to the plastic component of the total strai21 occurring during each cycle. 

The magr..itude of the plastic strain not only on the short-time 

stress-strain characteristics of the material but al.so or.. the relaxation 

characteristics at the te:J1pera.t-ux'e and stresses involved. Any relaxation 

t~~t occurs .a cycle results in a of the elastic strain be-

coming plastic and thus ir..c:'easing the strain per cycle. In addi-

tion' strain-cycling fatigue data are affected by the strain ratio (ratio 

of minimum-to-maximum strain in a cycle), temperature of the test, and 

stress biaxiality in the test specimen. The fatigue characteristics of 

aluminum are also extremely sensitive to the presence of water. 

Thus, in order to accurately assess the strain-cycling E-ffects in the 

large-facility dished heads, the following mechani-cal properties data 

were needed: 

1. ordinary short-time stress-strain curves for determining the minimum 

strain at which short-time plastic deformations will occur, 

2. relaxation data for determining the time-dependent plastic strains 

which occur the duration of a reactor cycle, and 

3. strain-cycltng fatigue test data, including information on the effects 

of strain temperature, biaxiality, and environmental 

for determining the fatigue life of the material. 

In ad.di tion, data indicating the effect of a welded joint on 

strength were needed because the highly strained region i3 at a weld 

jOint, and the results of fatigue-crack propagation studies were 

to indicate how a fatigue crack propagate if it developed. 

The large d.ished heads are made of aluminum alloy 5154-0, 

which contains magnesium. The 5000-series are weldable materials 

used in structures such as pressure vessels, In contrast to the copper-

type aluminum (2000 series), which are widely used in aircraft 

applications, the mechanical properties of the magnesium-type have 

received comparatively little attention. The need for mechanical proper-

ties data for 5154-0 '",as discussed with Dr. Marshall Holt of the 

" 
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Alcoa Research Laboratories, and, as a result, Alcoa subsequently pro

vided considerable information applicable to the dished-head material. 

In addition, the Syracuse University Research Institute (SURI) under con

tract with the Atomic Energy Commission is investigating the strain cy

cling characteristics of aluminum alloy 5454-0, which is used as a nuclear 

pressure vessel material. This alloy is similar in chemical composition 

and mechanical properties to the dished-head material, 5154-0. Compari

sons of the nominal composition and the mechanical properties of the 

two alloys are presented in Tables 1 and 2. The data were taken from 

Refs. 2 and 3. Based on the close similarity between the two alloys and 

on the opinion of the Alcoa Research Laboratories, 3 the strain-cycling 

data generated by SURI for aluminum alloy 5454-0 were assumed to be 

representative of alloy 5154-0. The published creep data for alloy 5454-0 

were also assumed to be representative of alloy 5154-0,* and relaxation 

data were derived from these creep data. 

*Limited creep data subsequently obtained for alloy 5154-0 substantiate 
this assumption. 

Alloy 

5154-0 
5454-0 

Table 1. Comparison of Nominal 
Compositions of Aluminum 
Alloys 5154-0 and 5454-0 

Alloying Elements (%) 

Manganese 

0.8 

Magnesium 

3.5 
2.75 

Chromium 

0.25 
0.10 

Table 2. Comparison of Typical Mechanical Properties of 
Aluminum Alloys 5154-0 and 5454-0 

Strength (psi) Elongation Endurance 
Alloy in 2 in. Limita 

Ultimate Yield Shear (%) (psi) 

5154-0 35 000 17 ODD· 22 000 27 17 000 
5454-0 36 000 17 000 23 000 22 20 500" 

~ased on 5 X 108 cycles of completelJ reversed stress. 
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5154-0 are shown i.n Fig. A.l. 

and the other is for rod ma-

terial. Both curves were furnished by Alcoa and indicate the wide varia

tion in the proportio::J.al limit which can be expected. 

The strai::J. measurements made on the mcdel of the large-facility 

housings indicated that the strab. in the region of highest 

strain was zero. Th::"s same c~)lldition was o"btained4 at SURI in straiIl.-

controlled reverse-bend 

thickness ratio, wlh, of the 

obtained from wiQe plates are 

tests on flat plates when the width-to

s was greater than 8. Thus, the data 

to this case. The large-facility 

dished heads were welded to the tank. assembly -while the tank. was at a 

temperature of 105°F. Thus, as the reactor is cycled from room tempera

ture to its operating temperature and back, the maximum strains are ex

pected to undergo 20mplete reversals about a mean strain of zero at 105°F. 

The strain ratio, R of mi!1imum-to-maximQ~ strain), is thus approxi-

mately -1. The temperature of the dished heads was taken to be 100°F. A 

reversed-ce::J.d, strain-controlled, curve is reported in Ref. 5 

that fits the above conditions. The upper left curve in Fig. A.2 presents 

this STJRI curve for the Reference 4 indicates that the ef-

fect of biaxiality on fatigue is almost nil at 10 000 cycles. Thus the 

strain cycling curve sh01.ud an ordinary reversed-oending fatigue 

curve with the stress converted to strain range. Fatigue data for the 

alloy 515~·-0 obtained from Alc;oa6 aT!:) presented 'by the upper right curve 

in Figo A.2. The continuCils lower which was used in the analysis, 

was obtained by ltsing a reduction factor of at least 2 on strain range 

and of at least 10 on cycles. The presence of fresh water drastically 

reduces the fatigue of aluminQ~ alloys. 7,8 This is especially 

true if fatigue and cl)x'Tosion Simultaneously, as is the case for 

the large-i'acility d:1..sr~ed heads. The results of tests in wl:ich corrosion 

was brought about by the test in the presence of air indi-

cated that the rotati!1g··r,eam of aluminum alloys was re-

dl.;:_ced by as much as a fact-':Jr of 2. It would appear, however, that the 

i::J.fluence of oxygen is by nl) means , be(.!ause, when the corro-

sive solutio::J. is emplcyed in the a~:)sence of air, higher endurance limits 
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are found. As a conservative estimate, the reduction factor of 2 on 

strain range in Fig. A.2 is due largely to the effects of water on the 

fatigue behavior. The remaining reductions were applied to account for 

scatter of test data, si.ze effects, and surface finish. 

The regions of the dished heads that are subjected to the maximum 

strains are ad,jacent to the ·welded dished head-obround junctions. Data 

were obtained from Alcoa w~i~h i~d~cate that the fatigue strength of 

welded aluminum joints is considerably less than the fatigue strength of 

the parent alloy or al2.oys.9,lO The results also show that the fatigue 

strength is almost indepel'!dent of alloy composition and, when &'1 attach

ment is made to a solid plate by fillet welds, the fatigue strengths are 

practically the same as those of plain butt-welded joints. No tests were 

performed on alloy 5154 with a -0 temper; however, tests were performed 

on the same alloy with a -H34 temper; the results are shown in Fig. A.3. 

The upper curve was drawn through the minimum of the test points. The 

lower curve was taken from the upper one by using a reduction factor of 

at least 10 on cycles and 2 on stress range, as was done in Fig. A.2. 

The lower curve was then considered to be indicative of the number of 

cycles which the dished head-obround weld junction will withstand before 

failure. 

Relaxation data for aluminum alloy 5154-0 could not be found in the 

literature. However, creep data for alloy 5454-0 were found11 for the 

temperature range between 200 and 500°F. These data were extrapolated to 

100°F, and rela~ition curves were obtained by the methods described in 

Ref. 12. The relaxation curves (stress versus time) for initial stress 

levels of 10 000 and 20 000 psi were converted to accumulated plastic 

strain versus time correlations as shown in Fig. A.4. It is seen that 

for either initial level the interchange of elastic strain to plastic 

strain is very small for p:r-obable reactor operating cycle times. 

The Alcoa Research Labo:r-atories are investigating fatigue-crack 

propagation in alun1irru:m alloys.13 The tests are performed on flat plate 

fatigue specimens with a single hole in the center. The specimens are 

stress cyeled tL"ltil a visible crack appears; the cycles are then continued 

until the crack reaG~es an edge of the speeimerJ.. In all the tests the 
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results indicated that several thousand cycles are required for a crack 

to propagate 3 3/4 in. to the edge of the specimen after it is first de

tected. The reversed-bend strain-controlled fatigue tests performed by 

Syracuse University Research Institute4 indicated that the first appear

ance of cracks in aluminQm alloy 5454-0 usually occurred at about 80% of 

the number of cycles to complete failure. 
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