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THERMAL CYCLING OF EBR-I , MARK III FUEL 

by 

G. K. Whitham and E . S. Sowa 

ABSTRACT 

A brief descr ip t ion of the EBR-I , Mark III fuel fab­
ricat ion p r o c e s s is followed by an exposition of the the rma l 
cycling t e s t s on fuel samples by Reactor Engineering and 
the Idaho Divisions. All sanaples tes ted were received from 
the ANL Metal lurgy Division and fabricated in the Lemont 
shop. Resul ts of these the rmal cycling t e s t s , coupled with 
observat ions made by the Metal lurgy Division on the i r r a ­
diation behavior of the fuel, resul ted in the selection of the 
opt imumheat t r ea tment subsequently used in the fabrication 
of the Mark III core loading. 

INTRODUCTION 

The EBR-I5 Argonne National Labora to ry ' s Exper imenta l Breede r 
Reactor No. 1, was operated for four yea r s through two core loadings to 
produce 4 million kwh of heat. It was used to demonstra te the ability of a 
fast r eac to r sys tem to b r e e d nuclear fuel and to prove that NaK-cooled 
sys tems coiold be operated re l iably. In normal operation the plant was 
quite stable and la rge ly se l f - regula t ing . 

However, evidence was obtained which showed that the r eac to r had 
a prompt positive coefficient of react ivi ty . The combination of this coef­
ficient with delayed negative coefficients led to instabil i ty under operating 
conditions more severe than the designed operating conditions. A study of 
kinetic cha r ac t e r i s t i c s was undertaken as a last set of exper iments on the 
reac to r . Together with assoc ia ted s tudies , this led to the belief that the 
prompt positive coefficient of react iv i ty was associa ted with the inward 
bowing of the fuel rods in the r eac to r co re . Before studies could be com­
pleted, they were t e rmina ted by a par t i a l melt ing of the fuel e lements . 

Since the stabil i ty of any r eac to r , e i ther therraal or fast, poses an 
important p rob lem, it was felt that observance of the posit ive coefficient 
in the fast S B R - I r eac to r mierited further investigation. Accordingly, a 
th i rd loading (Mark-III) was fabr ica ted with design efforts concentra ted on 
miniinizing or el iminating rod-bowing. Provis ion was also made for 
g rea t e r flexibility in coolant-flow a r rangement by adding the option of 
using pa ra l l e l coolant flow through the core and inner blanket in addition 
to the previous s e r i e s flow a r r angemen t . 



4 

FUEL FABRICATION 

The extrus ion p r o c e s s was chosen for the th i rd fuel loading because 
it could effect a meta l lu rg ica l bond between the Zi rca loy-2 cladding and the 
U-2 w/o Zr core . ( l ) This type of bond would insure maximum rigidity 
together with excellent heat t r ans fe r . After considerat ion of severa l methods 
of extruding r ibs direct ly on the rods., the decision was made to extrude a 
conventional round rod with emphasis on maximum yield pe r bi l let , pa r t i cu ­
l a r ly with respec t to the enr iched meta l . The r i b s , deemed n e c e s s a r y for a 
rigid core configuration, would be welded on l a t e r by ANL during assembly 
of the fuel rods . 

Two extrusion billet s izes were developed, one for fabricating the 
enr iched fuel rods , and one for blanket rods . The maximura billet size for 
the enr iched ext rus ions was l imited pr incipal ly by cr i t ica l i ty cons idera t ions ; 
however, tools available for the extrusion step in fabricat ion also p resen ted 
a p rob lem. The enr iched billet developed was 2 in. in d iameter by 94 in. in 
overal l length. Since there were no cr i t ica l i ty l imitat ions on the blanket 
b i l l e t s , the objective were simply to develop the l a rges t billet that could be 
extruded into a rod and st i l l meet the clad thickness and uniformity specif i­
cations. The final blanket bil let developed was 2^ in. in d iameter by 9 in. 
in overal l length. The finished rod specifications were 0.406 to 0.408 in. OD. 

Cladding components were machined from p re - ex t ruded Zi rca loy-2 
tube stock f rom a l a rge forged ingot supplied by ANL.'^) All were p repa red 
at ANL and shipped to Nuclear Metals , Inc. , with e i ther an a s - c a s t or a rough 
machined surface , and /o r an a s - c a s t or hea t - t r ea t ed s t ruc tu re . 

A c c e s s o r i e s , such as copper-nickel alloy for nose plugs and cutoffs, 
were cast in l a r g e - d i a m e t e r molds , extruded into rod stock, and mach ine -
finished to the conaponent specifications. Copper extrusion cans , end plugs, 
and evacuation tubes , were p r e p a r e d by conventional techniques. 

Before assembly , all bil let components were mechanical ly or chemi­
cally cleaned. The components were assembled into extrusion bi l le ts i m ­
mediate ly following a i r drying, then connected to a vacuum sys tem by means 
of a copper evacuation tube at the end of the bil let . After holding at 800°F 
for one-half hour for additional outgassing, the tubes were sealed off hot by 
pinching the evacuation tube closed, then removing the r emainder by torch 
cutting. After preheat ing for I j hr in a 1225°F furnace, the bi l le ts were in­
se r ted into the 2-in. d iameter l iner and extruded through a 0,453-in. d iam­
eter die. All extrusion tools were p rehea ted to 900°F and lubr ica ted with a 
colloidal suspension of graphite and oil to facili tate the p r o c e s s . 

The next step was to pickle away the copper ext rus ion jacket in a 
50% ni t r ic acid - 50% water solution. Rods were then swaged to a finished 
size of 0.406 - 0.408 in The average amount of cold working was approxi-
raately 6%. Swaging plus cold working reduced the core m a t e r i a l in a ra t io 



of forty to one. In t e r m s of uniform core and cladding for extrusion, the 
acceptable lengths var ied from 137 to 146 in. These rods were sent to ANL 
for fabrication into final fuel e lements . 

At ANL the U rods were cut into appropria te lengths for core s e c ­
tions. The natura l u ran ium rod was cut into lengths for upper and lower 
blanket sections to be used for the breeding sections of fuel rods.(3) Natural 
u ran ium blanket sect ions were zone-welded to the U core . The U rod 
was a lso cut into full-length blanket rods . These th ree -p iece fuel rods and 
blanket rods were then pas sed through an automatic spot-welding machine 
that s imultaneously welded on th ree equally spaced Zirca loy-2 wires to form 
the support r ib s . The completed uranium sections were welded to the lower 
Zircaloy tip and the upper Zi rca loy handle section. 

A ra the r broad test ing p r o g r a m was undertaken when the f i rs t ex­
t ruded ma te r i a l was avai lable. The Metallurgy Division undertook nonde­
s t ruct ive testing!'*) and i r rad ia t ion testing,!^) while Reactor Engineering 
and the Idaho Division pursued the rmal cycling t e s t s . 

EXPERIMENTAL EQUIPMENT (Idaho Division) 

The Idaho Division used two t h e r m a l cycling uni ts , each designed to 
handle 2-in,- long samples . The smal l unit handled one slug; the l a r g e r 
cycler accommodated eight 2- in . - long slugs. F igure 1 shows the sma l l e r 
unit which consis ted of: (1) a wa te r -coo led cold tank and (2) an insulated, 
e lec t r i ca l ly heated hot tank, both of which were filled with NaK. A long 
me ta l bellows (4) was used to insure containment of the argon blanket gas 
in the sys tem. The t r ave l of the shaft was set by the length of the slot (5). 
Since the change in gas volume caused by the bellows movement was con­
s iderab le , an argon bal las t tank (6) reduced this p r e s s u r e change in the s y s ­
t em. The timing cycle was set by the moto r -d r iven cam and microswi tch 
(3), which operated the solenoid valves (7), controlling the a i r to the drive 
a i r -p i s ton (8). 

The f i rs t samples tes ted were cut f rom the long, extruded rods as 
rece ived from Nuclear Meta ls , The 2-in,- long samples were polished on 
the ends to remove any b u r r s or r idges and to facilitate the m i c r o m e t e r 
readings of total length, A line was sc r ibed the length of the sample and 
the ends were marked for identification. 

In subsequent m e a s u r e m e n t s , all m i c r o m e t e r measu remen t s were 
made independently to an accuracy of 0,001 in. The readings were com­
pared and any deviations were c r o s s - c h e c k e d until agreement was reached. 
Measurement of the total length was difficult after cycling because of the 
crowned uran ium surface at the ends. During ear ly t e s t s , d iameter 



measu remen t s made on the ends were difficult because of a slight f lare . 
As discussed la te r , zirconiunn end-caps (zone-melted on each end) r e ­
solved this difficulty 

X 

f*. .:x,^ 

Fig. 1 Idaho Division Thermal Cycling Unit 



EXPERIMENTAL EQUIPAGE NT (Reactor Engineering Division) 

The Reactor Engineer ing the rmal -cyc l ing unit consis ted of a long, 
cyl indrical tank filled with NaK (see F igs . 2 and 3). The upper section of 
the cylinder was sur rounded by h e a t e r s and insulation, providing a high-
t empera tu re heating zone. The lower section of the cylinder was unin­
sulated and unheated. 

Transfe r of samples was done by moving a basket containing them 
up and down from one zone to the other . The basket was suspended from 
a long rod, the upper end of which was connected to a moto r -d r iven cable. 
The cable entered a long, cyl indr ica l gas-blanket region through a seal 
in the top of the cylinder. 

A thermocouple moved with the basket , providing a var iable signal 
and permi t t ing the amplitude of the cycles to be recorded on a potent iom­
e te r . Timing and control of the cycles was per formed by electronic 
c i r cu i t s , 

EXPERIA4ENTAL TESTS (Idaho Division) 

The f i r s t slug was supplied to Idaho with machined ends of exposed 
uranium. During Run 1 (see Table I), the t empera tu re difference was from 
35 0 to 30°C, with t rave l time of one second from the hot tank to the cold 
tank. Residence t ime in each tank was 15 sec . 

This t empe ra tu r e difference was considered too smal l for fuel e l e ­
men t s , so in Run 2 the t e m p e r a t u r e of the hot tank was ra i sed and the cycler 
operated from 420 to 25®C. This slug was furnished with cup-shaped, 
Z i rca loy-2 end caps r e c e s s e d into the uran ium, and a he l ia rc end-weld 
sealed them to the Z i rca loy-2 cladding. 

The th i rd sample was identical with that in Run 2, but the t e m p e r a ­
ture difference was from 500 to 35°C, which was considered n e c e s s a r y for 
adequate test ing of the core m a t e r i a l . Total t he rma l cycles exceeded 
1000 on this run. Final examination showed the uranium had bulged out 
about-j^ in. on each end, forcing off both end caps (see Fig. 4). The d iam­
e te r in the middle of the slug had grown about 0,020 in. The overal l length 
appeared to have shor tened and the bowing was approximately y^ in. as 
evidenced by roll ing on a flat surface . Inspection at 1 OX magnification 
showed the 0. 020-in.- thick Z i rca loy-2 surface covered with hai r l ine c r a c k s . 
Severa l l a rge c racks r a n the length of the slug. The black color was caused 
by an oxide surface which resu l ted f rom the scavenging of oxygen from the 
NaK in the cyc ler . 



§^, 

Fig. 2 Reactor Engineer ing Division Thermal Cycling Unit 
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It was apparent f rom these tes t s that the g ram s t ruc ture of the 
uran ium had been given a p r e f e r r e d orientat ion by working the metal into 
rods ; the re fo re , a suitable heat t r ea tmen t seemed n e c e s s a r y to r e s t o r e 
the uranium to a randomi gra in s t ruc tu re . As a resu l t of these data, all 
subsequent slugs were subjected to some type of heat t r ea tmen t . 

The fourth slug was placed in a s t a in l e s s - s t ee l capsule and blanketed 
with argon gas before seal-welding the final c losure . This capsule and slug 
received the following heat t rea t inent : furnace-heated to 800°Cs held at 
t empera tu re one h r , then furnace-cooled to room t e m p e r a t u r e . This s t ab i ­
l ized the u ran ium considerably and the he l ia rc welded end-caps stayed in­
tact during this tes t . At this t ime , the Metal lurgy Division selected th ree 
heat t r ea tmen t s (A, B, and C) for subsequent t r i a l s so the best one could be 
used for final fabricat ion. 

HEAT TREATMENT 

A. Held at 800°C for 15 min; cooled to 500°C. Held at 500°C for 
1 hr ; a i r - coo led to room t e m p e r a t u r e . 

B. Held at 800'̂ C for 15 min; cooled to 690°C for 1 hr ; a i r - coo led 
to room t e m p e r a t u r e . 

C. Held at 800°C for 15 min; water quenched. Held at 690°C for 
1 h r ; water quenched. 

In Runs 5 through 8 (see Table I) th ree slugs with hea t - t r ea tmen t "B" 
and one without any t r ea tmen t were tes ted . These slugs all had "as m a ­
chined" ends. These four t e s t s had one thing m common: both ends of the 
slugs f lared out enough to make d iameter m e a s u r e m e n t s impossible unless 
the m i c r o m e t e r m e a s u r e m e n t s were taken about -g-in f rom the end of the 
slugs. A slight bulging or crowning of the uranium end-sur faces made the 
final total- length m e a s u r e m e n t difficult to make and in te rpre t . The r e su l t s 
of these tes t s can be seen in F ig . 5, which shows the wrinkled surface of 
slugs from Runs 6 and 7. 

The re su l t s of Run 9 (see Table II) st i l l showed definite shortening 
in length with inc reased d iamete r . After some del iberat ion, it was decided 
that the t h e r m a l shock given these samples by the fast t ravel speed of the 
cycler was considerably m o r e severe than any thermial shock encountered 
in r eac to r operat ion. The cycler was therefore changed from a one to 
t e n - s e c . t r ave l t ime from hot tank to cold tank. Residence t ime in each 
tank was kept the same so that samples would reach tank t e m p e r a t u r e . It 
was bel ieved that the reduced the rma l shock would also reduce the b imeta l 
effect, which is no doubt the controll ing factor in the dimensional changes 
encountered during the rmal cycling in fuel fabr icated with this type of 
coextruded bond. 
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Run #6 Run #7 
As Machined Ends 

Fig. 5 Thermal Cycled Slugs with "B" Heat Treatment 

Twenty-four samples were tes ted with reduced thermal shock con­
ditions and a t empera tu re difference still between 500 and 35°C. These 
data a re repet i t ious; therefore , only two typical runs will be dealt with and 
tabulated he re . 

On subsequent t e s t s , in order to obtain sat isfactory mic romete r 
m e a s u r e m e n t s , it was elected to use the zone-melting technique developed 
by Argonne National Labora to ry ' s Metallurgy Division, i .e . , to bond the 
ent i re interface of uranium to a Zi rca loy-2 end cap. It was felt that this 
technique would el iminate the end-flaring observed on all previous t e s t s . 
Since this technique was to be used in final rod fabrication, it was felt that 
bonding the end caps would produce a sample equivalent to the final a s s e m ­
bly. The next slugs received from Metallurgy had-g-in.- thick, zone-
mel ted end caps and received heat t rea tment "A." Comparison of the one 
slug tes ted in Run 9 (fast cycling r a t e , "B" heat t reatment) and slugs tes ted 
at the slower cycling ra te used in Run 10 showed a big difference in growth 
ra te (see Table II). F r o m resul ts obtained thus far, the slower cycling 
rate seemed to r e semble actual r eac to r operating conditions more closely. 
Accordingly, requi rements for final fabrication were frozen on this bas i s . 
Considering i rradiat ionl^) and the rma l cycling data, it was decided to use 
the "B" heat t rea tment for final fabrication. 
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All of the l a s t s e r i e s of slugs (see Table IV) to be run used m a t e ­
r ia l the same as that used in the fabricat ion of the Mark-III loading. This 
m a t e r i a l rece ived two '"B" heat t r ea tmen t s during fabrication to remove 
any differences between 20:1 and 40:1 reductions for core and blanket 
rods , respect ively . Slugs 4, 5, and 6 were taken from 2 j - i n . m a t e r i a l 
that was reduced 40:1 for blanket m a t e r i a l . F igure 6 shows these six 
slugs after 1000 cycles . The surface showed only slight imperfect ions 
between the g- in.- thick Zi rca loy-2 end caps . 

Run 46 Run #7 Zirca loy-2 
As Machined Ends Corrosion Samples 

"B" Heat Trea tment 

1 2 3 4 5 6 

Final Core Mater ia l F ina l Blanket Mater ial 

F ig . 6 Mater ia l Selected for Mark III Loading after 
Thermal Cycling (1000 Cycles between 35 
and SOO'̂ C) 



Two Zi rca loy-2 samples were run at 500°C for 50 hours to m e a s u r e 
the effect of NaK cor ros ion or oxidation. The final appearance and the 
weight gain showed (see F ig . 6) that the only effect was the production of a 
solid oxide layer . The two samples had original weights of 21.0 937 and 
21.0941 g. After the run they showed gains of 4.9 and 3,1 mg, respect ive ly . 
Careful handling of these spec imens showed the oxide layer was formed 
from get ter action in the NaK, and not from oxidation during chemical c lean­
ing and remova l of the NaK alloy from the slugs. 

F r o m Run 12 (Table IV), it can be seen that the blanket m a t e r i a l 
showed less growth ra te and gave m o r e consistent data than the core m a t e ­
r i a l . All t h e r m a l cycling growth r a t e s seemed high in compar ison to the 
m a t e r i a l used in the two previous EBR-I loadings, 

EXPERIMENTAL TESTS (Reactor Engineering Division) 

Concurrent ly , t h e r m a l cycling t e s t s were conducted by the Reactor 
Engineering Division on long samples of the coextruded element m a t e r i a l . 
The f i r s t tes t was t r i ed on a fu l l -scale e lement as shown in F ig . 7, P r i o r 
to t h e r m a l cycling, the e lement was heat t r ea ted for 1 hr at 800°C, followed 
by an isotherme.1 quench into lead at 500°C. It was held at 500°C for 1 h r , 
then a i r - coo led to room t e m p e r a t u r e . The pre-cycl ing tes t consis ted s im­
ply of running a profile t r a c e of the e lement , from which it was determined 
that the maximum deviation from a s t ra ight cylinder was 0.00 7 in. The 
e lement was subsequently cycled a total of 200 t i m e s between 35 and 550°C. 
The t r ans fe r t ime was 1 inin from one t empe ra tu r e zone to the next, with a 
5 min holdup t ime in each zone. 

After cycling was completed, the element was removed from the 
cycler for examinat ion. The final appearance is shown in F ig . 8. It was 
found that the maximum deviation from a straight line now was fg in. 

Following this ini t ia l t e s t , two m o r e e lements with welded side 
r ibs\3) were p r e p a r e d for cycling. These two e lements were heat t r ea t ed 
by furnace-cool ing from 800*^0. In addition, the e lements were suspended 
from the i r upper ends during th is t es t , since it was conjectured that a por ­
tion of the bowing of the f i r s t e lement was caused by i ts en t i re weight 
res t ing on i t s lower end. Cycling was conducted between 50 and 550°C for 
a total of 203 cyc l e s . The appearance of the e lements before and after 
tes t ing can be seen in F i g s , 9 and 10, It i s apparent that a ve ry significant 
warping of the e lements occu r r ed despite the fact that they were suspended; 
the weight does not appear to contr ibute to the bowing. On one element a 
port ion of a r ib was detached from the cladding. The cycling holdup t ime 
was again 5 min, with a 1 min t rans i t ion in terva l from one t e m p e r a t u r e 
zone to the next. 



7 F i r s t Full Length Fuel Element Supplied to Reactor Engineering 
Division before Cycling 

8 F i r s t Full Length Fuel Element Supplied to Reactor Engineering 
Division after Cycling (200 Cycles between 35 and 550°C) 



Fig. 9 Second Group of Two Elements before Cycling 

Fig. 10 Second Group of Two Elennents after 203 Cycles between 
50 and 550°C 
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The influence of these developments resu l ted in an at tempt to s tab i ­
lize the alloy by var ious heat t r ea tmen t methods, A s e r i e s of 11 6-in. 
samples was p r e p a r e d by the Metal lurgy Division. Nine of these samples 
were divided into three groups of three samples per group, and each group 
was given a heat t r ea tment : A, B, or C, as previously descr ibed. 

One sample from each group was selected and its Z i rca loy-2 cladding 
machined off. Two additional samples were included, one a plain swaged 
Zi rca loy-2 rod, and the second a non-heat t r ea ted sample with cladding r e ­
moved. The appearances of these samples before cycling can be seen in 
Fig . 11. 

These specimens were cycled between 50 and 550*^0 for a total of 
203 cycles with the same t r ans fe r and holding t imes as during the prev ious 
tes t . The post -cycl ing appearances a r e shown in F ig . 12. Table V l i s ts the 
resu l t s of m e a s u r e m e n t s made before and after cycling. 

REACTOR PERFORMANCE 

A number of selected EBR-I , Mark III fuel rods , which were removed 
from posit ions extending from the r e a c t o r core center to edge have been 
m e a s u r e d to determiine dimensional changes after 1,135 Mwh of r eac to r 
operation. The maximum growth of each rod occur red in the top quar t e r of 
the fuel section and dropped sharply to the upper blanket d iameter at the 
fuel-blanket junction. None of the blanket sect ions m e a s u r e d showed 
appreciable growth. Rod growth was g rea tes t for rods near the center of 
the r eac to r and dec reased toward the outer edge of the r eac to r core . 

In the center subassembly , the maximum diametral growth of rods 
mieasured va r i ed from 0,006 to 0,005 in. The maximum growth in the rods 
from core subassembl ies surrounding the center subassembly ranged from 
0,004 in. at the face adjacent to the center subassembly to 0,0015 in. in the 
outermost fuel rods . 

T e m p e r a t u r e s m e a s u r e d at the center of the fuel slug inc reased 
from 482*^0 at the r eac to r ve r t i ca l center line to 497°C in the upper half 
of the fuel slug, and dropped sharply at the fuel-blanket boundary. Coolant 
t empera tu re inc reased from 25 0°C at the bottom of the coolant channel to 
400''C at the top. 

While these rods have been in the r eac to r , t he re have been 232 s t a r t ­
ups at 500 kw or above, of which 147 were with the r eac to r inlet coolant at 
230''C (normal inlet t empe ra tu r e for h igh- t empera tu re operat ion). The r e ­
mainder of the r eac to r operat ion was at lower inlet t e m p e r a t u r e . 
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RESULTS AND DISCUSSION 

In all of the t e s t s conducted, both at the Idaho Division and Reactor 
Engineer ing Division, it was apparent that rapid cycling resu l ted in di­
mensional changes to the e l emen t s . It was neces sa ry , therefore , to use a 
cycling ra te comparable to that expected in the r eac to r to obtain rea l i s t i c 
r e su l t s . The t e s t s showed that the coextruded mater ia l as received from 
the extrusion p r o c e s s was not dimensionally stabil ized for t he rma l cycling 
or i r rad ia t ion damage. Consequently, three heat t r ea tments were chosen 
for subsequent t e s t s and the "B" heat t r ea tmen t was finally selected, based 
upon the tes t r e su l t s as the best compromise to compensate for the b i ­
meta l effect and radiat ion damage. It should be understood that this t r e a t ­
ment would not n e c e s s a r i l y be used for unclad uranium, but was acceptable 
for the m a t e r i a l under investigation. 

In genera l , the effect of t h e r m a l cycling damage was apparent as 
bowing in long rods , a slight shortening of total length, and a corresponding 
inc rease in d iameter . In none of the samples cycled was there any sign of 
tors ional warpage. Table V does show that some influence is exer ted by 
the cladding, and it would be expected that this effect could become more 
pronounced with increas ing sever i ty of cycling conditions. 
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Table I 

RESULTS OF RUNS 1 THROUGH 8 

Run 
No. 

I 

2 

3 
3 

4 
4 

5 
5 
5 

6 
6 
6 

7 
7 

8 
8 
8 

Slug 
No. 

1 

2 

3 
3 

4 
4 

5 
5 
5 

6 
6 
6 

7 
7 

8 
8 
8 

Total 
Cycles 

500 

500 

112 
1267 

480 
1132 

200 
484 

1020 

144 
498 

1266 

236 
468 

200 
504 

1868 

Growth/in. 
Length 

-0.00125 

0.00242 

0.0022176 
-

0.009 
0.0206 

0.0005 
0.0005 
0.0035 

0.000525 
0.0011 
0.0034 

0.001225 
0.00015 

0.000 
0.00155 
0.00255 

Growth/in. 
Diameter 

-0.0005 

0.0013 

0.197 

0.0089 
0.028 

0 
0 
0.002 

0 
0 
0.0057 

0.001 
0.012 

0.0025 
0.0025 
0.0065 

Total Growth 
Length, 

/i i n . / in . / cyc le 

- 2,5 

- 4.5 

9.9 
end caps off 

-19 
- 2 0 

- 2.5 
- 2.5 
- 3.5 

3.6 
2.2 
3.4 

5 
.3 

0 
3.1 
1.3 

Total Growth 
Diameter , 

jU in . / in . / cyc le 

- 1.5 

1.7 

« 

39 

18 
25 

0 
0 
2 

0 
0 
5.7 

4.2 
25 

12.5 
5 
3.4 

Tempera tu re 
Range, °C 

350 - 30 

420 - 25 

550 - 35 
550 - 35 

550 - 25 
550 - 25 

500 - 30 
500 - 30 
500 - 30 

500 - 30 
500 - 30 
500 - 30 

550 - 30 
550 - 30 

500 - 30 
500 - 30 
500 - 30 
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T a b l e 11 

R E S U L T S O F RUNS 9 AND 10 F O R T H E T E M P E R A T U R E RANGE B E T W E E N 
500 AND 35°C 

R u n 
No . 

9 
9 

10 
10 
10 

10 
10 
10 

10 
10 
10 

10 
10 
10 

10 
10 
10 

10 
10 
10 

10 
10 
10 

10 
10 
10 

Slug 
No. 

B - 1 
B - 1 

A - 1 
A - 1 
A-1 

A - 2 
A - 2 
A - 2 

A - 3 
A - 3 
A - 3 

B - 2 
B - 2 
B - 2 

B - 3 
B - 3 
B . 3 

C-1 
C-1 
C-1 

C - 2 
C - 2 
C - 2 

C - 3 
C - 3 
C - 3 

T o t a l 
C y c l e s 

500 
1000 

200 
500 

1016 

200 
500 

1016 

200 
500 

1016 

200 
500 

1016 

200 
500 

1016 

200 
500 

1016 

200 
500 

1016 

200 
500 

1016 

G r o w t h / i n . 
Leng th 

- 0 . 0 0 5 
- 0 . 0 2 7 5 

- 0 . 0 0 0 6 5 
- 0 . 0 0 2 1 5 
- 0 . 0 0 7 7 

- 0 . 0 0 0 6 5 
- 0 . 0 0 1 8 5 
- 0 . 0 0 2 

- 0 . 0 0 0 6 5 
- 0 . 0 0 3 3 5 
- 0 . 0 0 6 8 

- 0 . 0 0 0 8 
- 0 . 0 0 2 3 5 
- 0 . 0 0 9 3 

- 0 . 0 0 0 5 5 
- 0 . 0 0 1 4 5 
- 0 . 0 0 7 5 5 

- 0 . 0 0 0 5 
- 0 . 0 0 0 8 5 
- 0 . 0 0 4 2 5 

- 0 . 0 0 0 6 
- 0 . 0 0 0 8 5 
- 0 . 0 0 4 3 5 

- 0 . 0 0 0 9 
- 0 . 0 0 1 4 
- 0 . 0 0 5 5 

G r o w t h / i n . 
D i a m e t e r 

0 .00925 
0.0425 

None 
0.00175 
0.00625 

None 
0 .00175 
0 .006 

0.00025 
0.001 
0 .00575 

None 
0 .00125 
0.0075 

None 
0 .00075 
0.003 

None 
0 .00025 
0.003 

None 
None 

0 .00275 

None 
0 .00025 
0.003 

T o t a l G r o w t h 
L e n g t h , 

fi i n . / i n . / c y c l e 

- 1 0 
- 2 7 

- 3.25 
- 5.3 
- 7.6 

- 3.25 
- 3.7 
- 1.9 

- 3.25 
- 6.7 
- 6.6 

- 4 
- 4 .7 
- 9.2 

- 2.75 
- 2.9 
- 7.4 

- 2.5 
- 1.7 
- 4.1 

- 3 
- 1.7 
- 4.2 

- 4.5 
- 2 .8 
- 5.4 

T o t a l G r o w t h 
D i a m e t e r , 

fi i n . / i n . / c y c l e 

7.7 
16.6 

None 
3.5 
6 

None 
3.5 
5, 7 

1.2 
9 

5.5 

None 
2.5 
7.2 

None 
2.5 
2.9 

None 
0.5 
2.9 

None 
None 

2.6 

None 
0.5 
2.9 



Table III 

RESULTS OF RUN 11 FOR THE TEMPERATURE RANGE BETWEEN 
500 AND 35°C 

Slug 
No. 

3 
3 
3 

A - 1 
A - 1 
A - 1 

A - 2 
A - 2 
A-2 

A-3 
A - 3 
A-3 

B - 3 
B - 3 
B - 3 

C - 1 
C - 1 
C - 1 

C - 2 
C - 2 
C - 2 

C - 3 
C - 3 
C - 3 

Total 
Cycles 

200 
500 

1080 

200 
500 

1080 

200 
500 

1080 

200 
500 

1080 

200 
500 

1080 

200 
500 

1080 

200 
500 

1080 

200 
500 

1080 

Growth / in . 
Length 

-0.00171 
0.00349 
0.01302 

-0.0004 
-0.00085 
-0.003 

-0.00025 
-0.00105 
-0.00425 

-0.00085 
-0.00145 
-0.0037 

-0.0002 
0.00065 
0.00225 

No Change 
0.0015 
0.0042 

-0.00025 
0.001775 
0.0048 

-0.00015 
0.001375 
0.00385 

Growth / in . 
D iame te r 

0.0005 
-0.00274 
-0.00749 

-0.000976 
0.000611 
0.00451 

0.000489 
0.001215 
0.002925 

-0.0003665 
0.001098 
0.00674 

No Change 
0.000487 
0.0017 

-0.0001214 
-0.016 
-0 .0127 

-0.000364 
-0.000121 
-0.001815 

-0.000727 
-0.000971 
-0.0034 

Total Growth 
Length, 

jl i n . / i n . / c y c l e 

- 8.5 
6.98 

13.02 

- 2 
- 1.70 
- 3 

- 1.25 
- 2.1 
- 4.25 

- 4.25 
- 2.90 
- 3 

- 1 
1.30 
2.25 

No Change 
3.0 
4 .2 

- 1.25 
3.550 
4 . 8 

- 0.75 
2.750 
3.85 

Total Growth 
D iame te r , 

jJ. i n . / i n . / c y c l e 

2.5 
-5 .48 
-7 .49 

-4 .88 
1.222 
4.51 

2.445 
2.430 
2.925 

-1.8325 
2.196 
6.74 

No Change 
0.974 
1.7 

-0 .607 
- 3 2 
-12 .7 

-1 .82 
-0 .242 
-1.815 

-3.635 
-1.942 
-3 .4 
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Table IV 

RESULTS OF RUN 12 FOR THE TEMPERATURE RANGE BETWEEN 
500 AND 35°C 

Slug 
No. 

#1 core 
#1 core 
#1 core 

#2 core 
#2 co re 
#2 core 

#3 core 
#3 core 
#3 core 

#4 blkt 
#4 blkt 
#4 blkt 

#5 blkt 
#5 blkt 
#5 blkt 

#6 blkt 
#6 blkt 
#6 blkt 

Total 
Cycles 

200 
4 4 7 

1004 

200 
447 

1004 

200 
447 

1004 

200 
4 4 7 

1004 

200 
447 

1004 

200 
447 

1004 

Growth / in . 
Length 

-0.00095 
-0.002 
-0.006 

0.00065 
0.00135 
0.00175 

-0.0009 
-0 .007 
-0.00565 

-0.0004 
-0.00055 
-0.00235 

-0.0011 
-0.0016 
-0.0035 

-0.00065 
-0.00095 
-0.00265 

Growth / in . 
D iame te r 

0,00125 
0.00225 
0.0055 

-0.0005 
-0.00075 
-0.00075 

0,00175 
0.002 
0.005 

No Change 
0.001 
0.00275 

0.0005 
0.00175 
0.003 

0.00025 
0.001 
0.00325 

Total Growth 
Length, 

jl i n . / i n . / c y c l e 

-4.75 
-4 .47 
-6 

3.25 
3.02 
1.75 

-4 .5 
-3.35 
-5.6 

- 2 
-1.1 
-2 .3 

-5 .5 
-3 .5 
-3 .5 

-3 .25 
-2.1 
-2 .5 

Total Growth 
Diamete r , 

/i i n . / i n . / c y c l e 

6 
4.57 
5,4 

-2 .47 
-1.53 
-0.73 

7.54 
4 .4 
4.94 

No Change 
2.2 
2,92 

2.47 
3.8 
2.97 

1.2 
2.2 
3.22 

Blkt = Blanket Ma te r i a l 

Core = Core Ma te r i a l 



Table V 

RESULTS OF TESTS WITH SAMPLES HAVING DIFFERENT 
HEAT TREATMENT 

Heat 
Trea tment 

A 

A 

B 

B 

C 

C 

The fol 

A 

B 

C 

-

-

Rod 
No. 

26-3 

27-3 

26-5 

27-5 

26-7 

27-7 

Lowing 

27-4 

27-6 

27-8 

#1 

#2 

Diameter , in. 

Before 

0.393 
0.400 
0.395 
0.400 

0.399 
0.402 
0.400 
0.401 

0.400 
0.403 
0.400 
0.404 

three hac 

0.344 
0.345 

0.344 
0.345 

0.343 
0.344 

0.375 
0.382 

0.403 
0,404 

After 

0.400 
0.407 
0,401 
0.407 

0.404 
0.406 
0.404 
0.406 

0.406 
0.408 
0.402 
0.408 

i the Zii 

0.344 
0.345 

0.344 
0.345 

0.344 
0.346 

0.350 
0.360 

0.403 
0.404 

Diff. 

0,007 

0.006 
0.007 

0.005 
0,004 
0.001 
0.005 

0.005 
0,006 
0.002 
0.004 

•caloy cl 

None 

None 

0.001 
0.002 

-0.018 
-0.25 

None 

L 

Before 

6.002 

6.006 

6.001 

6.002 

6.005 

ad remo-< 

6.005 

6.004 

6.002 

6.048 

6.033 

sngth, in. 

After 

5,868 

5.910 

5.880 

5,875 

5,925 

.-ed. 

6.045 

6.038 

6.053 

6.042 

6.031 

Diff. 

-0.144 

-0.096 

-0.121 

-0.127 

-0.080 

0.040 

0.034 

0.051 

-0.006 

-0.002 

Total Indicator 
Run Out 

Before 

0.004 

0.003 

0.0035 

0.006 

0.0025 

After 

0.110 

0.073 

0.095 

0.130 

0.128 

Diff, 

0.106 

0.070 

0.092 

0.124 

0.126 

0.002 

0.002 

0.001 

0.005 

0.0095 

0.082 

0.007 

0.140 

0.187 

0.015 

0.080 

0.005 

0.139 

0.182 

0.005 



APPENDIX 

A cutaway d iag ram is included as Fig. 13 to show some of the gen­
e ra l construction detai ls of the l a rge r cycling unit used by the Idaho 
Division. 

The top thermiocouple extended down the smiall central support tube 
and was attached to the top of the sample basket. The res idence t ime of 
the sample basket in each tank was recorded on a t empera tu re r ecorde r 
receiving i ts signal from this thermocouple . 

The bellow^s guide was found necessa ry to achieve a proper support 
and alignment of the long bellows assembly; this guide miaterially increased 
the life of the bellows. 

The main support tube for the ent i re asseinbly was a single s tain­
less s teel pipe with milled slots in the region of the hot and cold tanks. 
This continuous tube eliminated the possibil i ty of the sample basket catch­
ing or hitting any edge as it s t roked up and down. 

The vent tube in the hot tank was used during the NaK filling and 
la ter connected to the argon ba l las t tank r e fe r red to in the descript ion in 
Fig. 1. 

Fig. 13. Thermal Cycling Device 




