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ABSTRACT 

The SNAP Annealing P r o g r a m was conducted to de termine 

the dimensional stabili ty of z irconium hydride fuel, 90% Zr and 

10% U, byheating i r rad ia tedfue l of burnup as high as 0.6 met . at. %, 

Annealing t e m p e r a t u r e s of 1400 to 1700°F were selected to evalu

ate the t empe ra tu r e sensit ivi ty of the fuel in the expected range 

of fuel center l ine t empera tu re s required for SNAP p r o g r a m s . 

The annealing prograna consisted of th ree major phases as 

follows: 

1) Iso thermal annealing at 1400 to 1700°F to de te rmine 

t empe ra tu r e effects. These tes t s were conducted on fuel in 

var ious z i rconium-hydr ide phases . Insignificant volume 

changes occur red in all phases with the exception of j3 phase . 

Beta hydride phase ma te r i a l swelled from 5 to 29%. 

2) Hydriding and dehydriding annealing to s imulate various 

r eac to r conditions with changes of H_ content in the fuel. The 

re su l t s of this phase of the p r o g r a m indicated that fuel c r ack 

ing was a problem when the fuel was dehydrided. Dimen

sional changes did not occur in the z i rconium hydride until 

the /3 phase was obtained. Increases in volume as high as 

14% were obtained by annealing fuel dehydrided to ^ phase . 

3) Thermal gradient annealing obtained by placing a 

100°F/ in . gradient on the fuel sample , which would s imulate 

an axial the rmal gradient in the r eac to r . There was no ap

prec iab le fuel swelling with the above gradient and actual 

fuel t empe ra tu r e s of 1200 to 1600°F for as long as 1/2 h r . 

Volume changes were insignificant when the the rmal gradient 

was r e v e r s e d or cycled over a total of 4 h r . 

In genera l , it appears that SNAP fuel i r rad ia ted to burnup as 

high as 0.6 met . at. % is dimensionally stable above the j3 phase; 

however, the re is a relat ionship between fuel swelling and t e m 

pe ra tu r e for ^ -phase ma te r i a l . 

NAA-SR-12033 
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I. INTRODUCTION 

The objective of SNAP Annealing P r o g r a m was to m e a s u r e the dimensional 

changes in i r r ad ia ted SNAP fuel with burnup ranging from 0.2 to 0.6 met . at. % 

when heated i so thermal ly in the t empera tu re range from 1400 to 1700°F. The 

exper iments were also designed to study the possible dimensional changes 

caused by varying the hydrogen composition of fuel; that i s , inducing phase 

changes in the fuel, axial the rmal gradients on the fuel, and elevated shor t - and 

long- t e rm the rmal soaking of various z i rconium hydride phase samples . 

A. SOURCES OF MATERIAL 

The i r r ad ia ted fuel for the annealing studies was obtained from the S8ER 

reac to r , the NAA 115-1 i r rad ia t ion exper iment , and the NAA 116-1 and -2 

i r rad ia t ion exper iments . Samples were selected to yield burnup levels up to 

0.6 met . at. %, carbon concentrat ions from 0 to 0.4 wt %, H / Z r ra t ios from 

0.8 to 1.85, and center l ine operating t empera tu re s of 500 to 1550°F. Un i r r ad i 

ated s tandards w^ere run along with the i r r ad ia ted m a t e r i a l . The s tandards were 

obtained from production ma te r i a l s used for all SNAP exper iments . The follow

ing is a brief descr ipt ion of the sources of the m a t e r i a l . 

1. SNAP 8 Exper imenta l Reactor (S8ER) Core 

The S8ER core was 14 in. high and 9 in, in d iameter and consis ted of 

211 fuel e lements , approximately 0.560 in. in d iameter . NaK-78 was used for 

p r i m a r y coolant. The fuel elements contained hydrided 90 wt % Zr - 10 wt % U 

alloy clad in 0.010-in. -thick Hastelloy N. The uranium enrichnnent was 93.15%. 

The cladding was coated on the inside with a ce ramic hydrogen retent ion b a r r i e r . 

A descr ip t ion of the fuel elements is presented in Table 1. 

* H / Z r , in this r epor t , indicates an "effective" hydrogen- to-z i rconium ra t io , 
calculated on the bas i s that the zirconium added to the fuel as ZrC does not 
hydr ide . 

/Tx/7^x 90.496 ( w t % H ) 
v^/^^ 'ef f ~ 100 - 8.595(wt % C) - (wt % U) - (wt % H) 

The subscr ip t is somet imes omitted from the (H/Zr) rr t e r m for s implici ty. 

NAA-SR-12033 
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TABLE 1 

S8ER DESIGN CRITERIA 

Number Fuel Elements 

Composit ion 

Uranium Enr ichment (at. % U ) 

Fuel Alloy (wt % U in Zr) 

Carbon (wt %) 

Hydrogen Concentrat ion (a toms/cc) 

Fuel Rod Diameter (in, ) 

Fuel Rod Length (in. ) 

Cladding Mater ia l 

Hydrogen Leak Rate at 1400°F (cc /h r ) 

Fuel Element Radial Gap (in. ) 

211 

Z r - U Alloy, Hydrided 

93.15 

10.01 

0.49 

6 X 10^^ [~1,76 (H/Zr)^^^] 

0.532 

14.00 

Hastelloy N 

0.56 

0.0016 

2. NAA 115-1 I r radia t ion Exper iment 

The NAA 115-1 I r radia t ion Exper iment was designed to t es t and evaluate sub-
(2) length S8ER fuel elements which contained z i rcon ium-uran ium hydrided fuel. 

The experiment contained 12 sublength fuel rods , '~0.532-in. d iameter by 4 in. 

long. The composit ion of the fuel was 90 wt % Zr and 1 0 wt % U enriched to 

93.1% U 235 Carbon contents were 0,02, 0 ,1 , and 0.4 wt %, and the fuel was 
,22. hydrided to 5.6, 5.8, 6.0, and 6.5 x 10 hyd rogena toms /cc !~1.6 to 1.9 (H/Zr ) ^.^1. 

The cladding was 0,010-in, -thick Hastelloy N, with a continuous ce ramic hydro

gen b a r r i e r coating on the ins ide. 

The NAA 115-1 exper iment was designed for a nominal of 0.4 met . at. % 

burnup in -^1 0,000 hr total i r rad ia t ion t ime with operating center l ine t e m p e r a 

tu res ranging from 1300 to 1600°F. 

3. NAA 116 I r radia t ion Exper iment 

The NAA 116 I r radia t ion Exper iment contained two capsules , each consisting 

of a fuel specimen t r a in within a nickel flux dep res so r tube, which were i r r ad ia ted 
(3) 

at low t empera tu r e . The two t ra ins contained 10 fuel specimens each. Each 

fuel specimen contained 5 z i rconium-uran ium hydride fuel slugs encapsulated 

in a Type 304 s ta in less s teel tube. The fuel d iameter was 0.290 in, , the 3 center 

NAA-SR-12033 
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„ugs ware 3/4 in. long, while tHe 2 outer slugs were 0.3 in. long. Various 
compositions were irradiated to 0.6 n,et. at. % turnup at 500-r centerUn 

I t e r a t u r e . The uraniutn varied fron, 3 to 20 wt %, carbon vaoed f r o ^ 0.2 
temperauu i 9 t^ 1 s wt % from slug to slug, 
to 0.45 wt %, and hydrogen var ied from 1.2 to 1.8 wt /o t rom g 

B PURPOSE OF STUDY 

Annealing studies on SNAP i r r ad ia t ed fuels w e r e performed to examine the 

p o s s r h i U t l of a cor re la t ion between swelling induced by annealing i r r ad ia t ed 

uel " p e r a t u r e s in the range of 1400 to ITOO-P and swelling wh.cH occurs 

: Pit Fuel samples of varying burnup, H / Z r r a t io , carbon addU.ve, and 

; e r ing t e m p e r a t u r e s w e r e selected to examine the effect of these var .abl s 

n dimensional s tabil i ty. Data obtained in the pos t i r rad ia t ion e .amtnat .on £ 

l e 8EK reac to r showed volume changes of -5.8% to .5 .8%<" based on l.^utd 

eusTty de te rmina t ions . Also , the r e su l t s of the pos t i r radia t ion e .am.na t ton of 

the NAA 115-1<2> i r rad ia t ion expe r imen t showed fuel volume inc rease from 

To 4 3% The r e su l t s from the NAA 116'^ ' pos t i r rad ia t ion e.am^nat.on 
. r.f ^ 1 to 5 0% based on density m e a s u r e m e n t s , yielded volume inc rea se s of 1.1 to tj.u/o oase 

t, ^ ^ ; A ^ fnpl reflect a combination of 
vo lume changes in u r a n i u m - . i r c o m u m hydrtde fuel . . d r o g e n 

hydrogen loss and fuel swelling. The two effects oppose one another . ' ' V d - S e n 

l o t s causes a volume d e c r e a s e , and i r rad ia t ion effect on the fuel causes sweU n . 

t h e o r i . e d that the fission products generated in the fuel can e agglomerated 

I c o n i u m hydride when it undergoes diffusional phase change — " P ^ -

tion. P h a s e changes can be caused by loss of hydrogen through P " - - " 

«, . h the cladding redis t r ibut ion of hydrogen in the fuel caused by t e m p e r a 

r r g C l n t t the fuel, or thermal cycling of the fuel from a low temperature 
to a high t e m p e r a t u r e . 

It Should be understood that only the z i rconium in the fuel is hydrided and 

not the uranium. As the . i r con ium-u ran ium alloy is hydrided, the urantum .s 

prec ip i ta ted out of solution; thus , the z i rconium-hydrogen phase d tagram 

applicable. 

Phase change phenomena can be demonst ra ted on the phase d iagram seen 

in F igures 1 and 2 by the following. 

NAA-SR-12033 
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Fuel of 1.6 H / Z r at 1400° F i so thermal will go from 6 phase to (j8 + 6) phase 

at 1.4 H / Z r , and into pure ^ phase at ^-0.9 H / Z r ra t io . Phase changes induced 

by g ros s hydrogen loss could be obtained in fuel with defective cladding. Fuel 

with 1.7 H / Z r ra t io and a t empera tu re gradient between 1300 and 1600°F will 

genera te '^1 a tm of hydrogen, and the H / Z r gradient will range from 1.6 to 1.8 

and s t ruc tu re gradient from 6 to € , as shown by constant p r e s s u r e lines on the 

phase diagrann. A the rmal cycle from 1500 to 1100°F on z i rcon ium-uran ium 

hydrided fuel of H / Z r ra t io of 1.4 will change the ma te r i a l from 90% 6 and 10%j8 

to pure 6 phase; and if the ma te r i a l w^ere cooled to l ess than 875 °F , it would be 

in a mixed phase of 6 + a . When H / Z r changes a r e experienced in the z i rconium 

hydr ide , it should be r e m e m b e r e d that the lever a r m pr inciples apply in mixed 
(4) phase reg ions . That i s , a m a t e r i a l can change from 90% 6 and 10% j3 to 80% 6 

and 20% j3, which means 10% of the ma te r i a l has changed s t ruc tu re . 

C. PHASES OF PROGRAM 

The Annealing P r o g r a m on i r r ad ia ted SNAP fuel was conducted in t h r ee 

bas ic phase s . 

1. I so thermal Annealing 

These tes t s s imulated long- t e rm s teady-s ta te r eac to r conditions w^ith negl i 

gible hydrogen l o s s . Samples with carbon additives ranging from 0.01 to 

0.54 wt % were annealed. Samples of fuel with an H / Z r rat io ranging from 

0,8 H / Z r (pure ^ m a t e r i a l at t empera tu re ) to 1.88 H / Z r (pure € ma te r i a l ) 

covering a burnup range of 0.1 to 0.65 met . at. % were annealed. Samples were 

a lso selected that were operated in the r eac to r at fuel center l ine t empe ra tu r e s 

ranging from 500 to 1550°F, F igure 3 shows these p a r a m e t e r s and locations 

for the samples se lected for this phase of the p r o g r a m . Unirradiated control 

samples (not show^n in Figure 3) were a lso annealed to de te rmine whether i r 

radiat ion had any effect on the dimensional changes in the fuel. 

2. Hydride and Dehydride Annealing 

This t es t s imulated s teady-s ta te r eac to r conditions with g ross hydrogen 

changes caused by hydrogen leakage or hydrogen redis t r ibut ion. Table 2 shows 

the p a r a m e t e r s of samples selected for this phase of the p r o g r a m . He re , a l so , 

samples var ied in wt % carbon ranging from 0.12 to 0.54; H / Z r ra t ios ranged 

NAA-SR-12033 
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I 
04 
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I 
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H/Z[ 
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l^l^^^.4.4^ 
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IRRADIATION 
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C F ) 400 
-I 
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O-
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ISOTHERMAL ANNEALING SAMPLE PARAMETERS AND LOCATIONS 

O (INDICATES SAMPLE LOCATIONS) 

4 27 67CRD(GP1) 7695 51157 

Figure 3. I so thermal Annealing Test P a r a m e t e r s 

TABLE 2 

HYDRIDE AND DEHYDRIDE ANNEALING TEST PARAMETERS 

Preannealing History 

Additive 
(wt %) 

0,12 

0,54 

0.49 

0.48 

0.54 

0,25 

0,25 

0.17 

0,30 

Temperature 
(°F) 

1400/1550 

1380/1400 

1390/1400 

1380/1400 

1390/1400 

1100/1400 

1100/1400 

-

-

(H/Zr)^^^ 

1,45/1.55 

1.49/1,55 

1,55/1.60 

1,35/1,40 

1.50/1.60 

1.78 

0.92 

1,73 

1,77 

Burnup 
(met, at, %) 

0.4 

0,2 

0.2 

0.2 

0.2 

0 

0 

0 

0 

Test Objectives 

Hydride—• 
Dehydride 
(1600°F) 

X 

X 

X 

X 

X 

Dehydride —• 
Rehydride 
(1600°F) 

X 

X 

X 

X 

X 

NAA-SR-12033 
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from 0.9 to 1.7 and burnups of 0.2 and 0.4 met . at. %. The i r rad ia ted fuel used 

for this phase had previously been operated in the r eac to r between the t e m p e r a 

tu res of 1100 and 1550° F . Unirradiated fuel of s imi la r composit ion was also 

tes ted. 

3. Thermal Gradient Annealing 

Thermal gradient annealing tes t s were run to s imulate the axial the rmal 

gradient obtained in a r eac to r . These tes ts were run with a thermal gradient 

of 100°F/ in , of fuel. Table 3 shows the p a r a m e t e r s of the samples selected for 

this phase of the p r o g r a m . Carbon additives between 0.1 to 0.5 wt % were used. 

The H / Z r ra t io var ied from 1.4 to 1.7, burnup var ied from 0.1 to 0.2 met at. %, 

and the fuel operating center l ine t empera tu re ran from 1270 to 1410°F. One 

uni r rad ia ted sample was tested using the same techniques as used for i r r ad ia t ed 

s ample s . The gradients were held 1/2 h r and were r eve r sed severa l t imes 

during a total of 4 h r . 

TABLE 3 

THERMAL GRADIENT ANNEALING PARAMETERS 

Preanneal ing His tory 

Additive 
(wt %) 

0,50 

0,37 

0,37 

0.48 

0,01 

0.05 

Tempera tu re 
(°F) 

1360/1410 

1320/1390 

1360/1400 

1270/1390 

1390/1410 

(H/Zr)^^^ 

1.41/1.56 

1.52/1.6 

1.57/1.65 

1.5/1.6 

1.6/1.7 

1.7 

Burnup 
(met .a t .%) 

0.14/0,2 

0.1/0,2 

0.2 

0.15/0.2 

0.15/0.2 

0 

_.— ___ _ _ " •' • : " ' ! 

Test Objectives 

100°F/ in . 
Gradient 

X 

X 

X 

X 

X 

X 

Reverse 
Gradient 

X 

X 

X 

X 

X 

X 

NAA-SR-12033 
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II. EQUIPMENT AND TEST PROCEDURE 

A. ENCAPSULATION 

All samples were sealed in quar tz tubes shown in Figure 4. The sample 

was placed inside the tube along with a quar tz platform space r . The la rge end 

of the tube w^as sealed in a ir atnnosphere. After the l a rge end was closed, the 

cylinder was evacuated to <50 t o r r and backfilled with hel ium. Helium was 

par t ia l ly evacuated and t h e tube was remote ly sealed at the r e s t r i c t i on with 75 

to 200 t o r r of helium remaining in the tube (Figure 5). All sealed quartz tubes 

were leak tes ted with a hel ium mass spec t romete r type leak t e s t e r . F igure 6 

shows a typical group of sealed conta iners . F igure 7 shows a group of samples 

after annealing. 

B. VOLUME MEASUREMENTS 

Volume changes for i r r ad ia t ed and uni r rad ia ted U-ZrH fuel were m e a s u r e d 

by recording dianneter m e a s u r e m e n t s and liquid displacement densi t ies using 

monobromobenzene and a 200 gm remote ly operated Mett ler balance. The 

density technique proved to be m o r e accura te than the dimensional technique 

because of the i r r e g u l a r shape of the i r r ad ia t ed samples , such as ovality and 

-6 in.-

3/8 in. 

7 
20 mm ID 
22 mm OD 4 mm ID 

7 mm OD 

12 mm OD 

MUST FIT INSIDE 
1/2-in. VEECO VACUUM FITTING 

4-27-67 CRD (GP-1) 

MATERIAL: CLEAR QUARTZ 

7695-51158 

Figure 4. SNAP Annealing Vessel 
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A - ROTATING FIXTURE TO SEAL LARGE END OF QUARTZ TUBE 

B - STATIONARY FIXTURE TO SEAL RESTRICTION IN QUARTZ TUBE 

C-HYDROGEN OXYGEN TORCH 

D - VACUUM SYSTEM AND LEAK TEST SYSTEM 

5 25 67 CRD(GP11 7695 51159A 

Figure 5. Quartz Seal-Off Fixture 

4-27'€7 CRD (GP4) • • • • • • • • • • • • • • j j i i ^ ^ " 7695-51160 

Figure 6. Typical Group of Sealed I r radia ted Samples 
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i r r e g u l a r cut su r faces . The average 

percent e r r o r for density m e a s u r e 

ments was ±0.06% and the average 

percent e r r o r for the d iameter m e a 

surements of a uniform sample was 

±0.4%. Because of the g rea t e r a c 

curacy of the density technique, the 

d iameter measu remen t s were d i s 

continued during the p r o g r a m . 

C . FURNAG ES 

,4-27-67 CRD(GP-l) .ia-..j«j, 7695-51161 

Figure 7. Typical Group of Samples 
After 1500°F Anneal 

E lec t r ica l r e s i s t ance - type furnaces were used for annealing, and the tem

pe ra tu re control was accura te to within ±25% at 1400°F. The major i ty of test

ing was conducted at 1400 to 1700°F. 

D. TEST OF QUARTZ TUBING 

Unirradiated hydrided fuel samples sealed in 1-mm wall quartz w e r e p e r 

meation tes ted at 1600°F to evaluate the hydrogen permeat ion cha rac t e r i s t i c s of 

the quartz sample conta iners . The average leak ra te was 0.53 c c / h r . F igure 8 

shows the change in hydrogen composition for a 1.6 wt % H_ sample . Tes ts on 

3-mm wall tubing were conducted at both 1600 and 1700°F, The average leak 

ra t e s were 0.50 c c / h r at l 600°F and 0.85 c c / h r at 1700°F, Figure 9. Both tes t s 

were conducted using uni r radia ted SNAP fuel of H / Z r = 1.6. 

NAA-SR-12033 
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1 60 

-

-
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I 

SAMPLE ORIGINALLY WAS 1 60 wt% H2 

AVERAGE PERMEATION RATE - 0 53 cc/hr 
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Figure 8. Change in Hydrogen Weight Pe rcen t for a Sample 
Annealed at 1600° F in 1-mm-Wall Quar tz Tubing 

1600 1700 

TEMPERATURE (°F) 
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Figure 9. Leak Rate Through 
3-mm-Wall Quar tz at 1600 

and 1700°F 
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T A B L E 4 

R E S U L T S O F SNAP ANNEALING T E S T S , H / Z r VARIABLE 

H / Z r 

1,72 
(1 .6 )* 

1.81 

1.48 

1.57 

1,62 
(1 .5 )* 

~ 1 . 7 5 

1,58 

P h a s e 

c 

e 

6 

y 

•y + e 

€ 

y 

T h e r m a l Da ta 

Annea l ing 
T e m p e r a 

t u r e 
( ° F ) 

* 

1400 
1500 
1600 
1700 

-

1400 

-

1700 

-

1400 
1500 
1600 
1700 

-

1400 
1500 
1600 
1700 

-

1400 
1500 
1600 
1700 

-

1500 
1600 

-

1400 
1500 
1600 
1700 

Annea l ing 
T i m e 

(hr) 

0 
75 
75 
75 
75 

0 
75 

0 
75 

0 
75 
75 
75 
75 

0 
75 
75 
75 
75 

0 
75 
75 
75 
75 

0 
75 
75 

0 
75 
75 
75 
75 

( g m / c c ) 

5 .9683 
5.9739 
5.9739 
5.9730 
5.9720 

6.0016 
5.9829 

5 .9274 
5.9589 

5.8943 
5.9276 
5.9352 
5.9537 
5.9670 

5.9265 
5.9353 
5.9411 
5 .9464 
5 .9603 

5.8637 
5.8631 
5.8671 
5.8769 
5.8986 

6.0832 
6,0869 
6.0885 

5.8869 
5.8870 
5,8897 
5.8923 
5.9050 

Ap 
( g m / c c ) 

_ 

+0.0056 
0.0000 

-0 .0009 
-0 .0007 

_ 

-0 .0187 

-

+0.0315 

_ 

+0.0333 
+0.0076 
+0,0185 
+0,0133 

_ 

+0,0088 
+0,0058 
+ 0.0053 
+0,0139 

_ 

-0 ,0006 
+0,0040 
+0.0098 
+ 0.0217 

_ 

+0.0037 
+0.0016 

-

+ 0.0001 
+0.0027 
+ 0.0026 
+0.0127 

Pz 
(%) 

. 

+0.093 
0.000 

-0 .015 
-0 .012 

_ 

-0 .31 

-

+0.53 

_ 

+0.56 
+0.13 
+0.31 
+0.22 

-. 

+ 0.15 
+ 0.098 
+0.089 
+0.23 

_ 

-0 .010 
+0.068 
+ 0,17 
+0.37 

_ 

+0.061 
+0,026 

-

+0,0016 
+0.046 
+0.044 
+0.22 

* H y d r o g e n a n a l y s i s a f t e r c o m p l e t i o n of annea l ing by v a c u u m e x t r a c t i o n . 

N A A - S R - 1 2 0 3 3 
18 

' *' i l i • • 1 r* -I V * • « • • , . ; 



•rONFiriFNTTAT 

III. ISOTHERMAL ANNEALING 

A. POSTIRRADIATION H / Z r RATIOS 

The resu l t s of annealing i r rad ia ted fuel of var ious pos t i r rad ia ted H / Z r 

ra t ios a r e shown in Table 4. A posit ive Ap/p^ indicates a volume dec rea se 

caused by hydrogen l o s s , whereas a negative Ap/p^ indicates an inc rease in 

volume or swelling. 

No significant volume inc reases were observed from i so thermal annealing 

of 6- or e-phase fuel at 1400, 1500, 1600, or 1700°F. The physical appearance 

of the fuel was unchanged when annealed at 1400 and 1500°F (Figure 7), but fuel 

spalling on the c i rcumference of the fuel specimens w^as observed after anneal

ing the fuel at 1600 and 1700°F. In all c a s e s , the spalled fuel had indications of 

microcrack ing and slight dehydriding of the outer surface as shown on photo

mic rographs after i r rad ia t ion . Fuel which did not indicate m ic roc racks or 

dehydrided skin did not spall . 

Two i r rad ia ted samples were analyzed for hydrogen by vacuum extract ion 

technique after annealing. The hydrogen loss during annealing was in the range 

of 0.6 to 0.14%, 

B. BURNUPS 

Samples of (6+ e) and e SNAP fuel varying in burnup from 0.1 to 0. 2 met . at. % 

w e r e annealed at 1400, 1500, 1600, and 1700°F. The resu l t s a re shown in 

Table 5, No significant volume inc reases were observed. The physical ap

pearance of all samples was unchanged with the following exceptions: slight fuel 

spalling was observed on samples annealed for 75 h r at 1600 and 1700°F; and in 

all c a s e s , the spalled sample exhibited microcrack ing before annealing. 

C. CARBON CONCENTRATIONS IN FUEL 

No significant volume changes were obtained when samples of i r r ad ia t ed 

(6 + €) and € SNAP fuel containing varying percentages of carbon from 0.01 to 0.5 wt% 

were annealed for 75 h r at 1400, 1500, 1600, and 1700.°F. The resu l t s a r e 

shown in Table 6. In genera l , slight volume dec r ea se s were obtained as shown 

by the posi t ive density changes. One sample was analyzed for hydrogen by 

vacuum extract ion and showed a 0.07% change in hydrogen during annealing. 

NAA-SR-12033 
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TABLE 5 
RESULTS OF SNAP FUEL ANNEALING TESTS, BURNUP VARIABLE 

[(6 + e) and e Phase Fue l ] 

Burnup 
(met. at. %) 

0.15 

0.1 

0.15 

0.2 

0,08 

0,21 

0,15 

0,17 

Thermal Data 

Annealing 
Tempera 

tu re 
(°F) 

_ 

1400 
1500 
1600 
1700 

-
1400 
1500 

_ 
1700 

-
1400 
1500 
1600 
1700 

1400 
1500 
1600 

-
1400 
1500 
1600 

-
1400 
1500 
1600 
1700 

_ 
1400 
1500 
1600 
1700 

Annealing 
Time 

(hr) 

0 
75 
75 
75 
75 

0 
75 
75 

0 
75 

0 
75 
75 
75 
75 

0 
75 
75 
75 

0 
0 
0 
0 

0 
75 
75 
75 
75 

0 
75 
75 
75 
75 

(gm/cc) 

5.9683 
5.9739 
5.9739 
5.9730 
5.9720 

6.0016 
5.9829 

f rac tured 

5.9274 
5.9589 

5,88 69 
5,8870 
5,8897 
5.8923 
5.9050 

6.0191 
6.0188 
6.0128 
6,0132 

5.9776 
5.9814 
5.9799 
5.9807 

5.8943 
5.9276 
5.9352 
5.9537 
5.9670 

5.8637 
5.8631 
5.8671 
5.8769 
5.8986 

Ap 
(gm/cc) 

+0.0056 
0.0000 

-0.0009 
-0.0010 

-
-0.0187 

_ 
+0.0315 

-
+0,0001 
+0.0027 
+0.0026 
+ 0.0127 

-
-0.0003 
-0.0060 
+0.0004 

-
+0,0038 
-0.0015 
+0,0008 

-
+0.0333 
+0,0076 
+0.0185 
+0,0133 

-
-0.0006 
+0.0040 
+ 0.0098 
+0.0217 

Ap_ 
Pz 
(%) 

+0.094 
0.000 

-0.015 
-0.017 

_ 
-0.31 

_ 
+0.53 

-
+0.0016 
+0.046 
+0.044 
+0.22 

-
-0,0049 
-0,010 
+0,0067 

_ 
+0.064 
-0.025 
+0.013 

-
+0,56 
+0,13 
+0,31 
+0,22 

_ 
-0.010 
+0.068 
+0.17 
+0.37 
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TABLE 6 

RESULTS OF SNAP FUEL ANNEALING TESTS, CARBON VARIABLE 
[(6 + €) and c Phase Fuel ] 

Carbon 
(wt %) 

0.40 

0.40 

0.10 

0.01 

0.01 

0.01 

0.54 

0.54 

0.49 

0.17 

0.17 

T h e r m a l Data 

Annealing 
T e m p e r a 

t u r e 
(°F) 

. 

1500 
1600 
1700 

1500 
1600 
1700 

_ 
1500 
1600 
1700 

_ 
1400 
1500 
1600 
1700 

_ 
1400 
1500 
1600 
1700 

_ 
1400 
1500 

_ 
1700 

. 
1400 
1500 
1600 
1700 

-
1500 
1600 
1700 

_ 
1500 
1600 
1700 

_ 
1500 
1600 
1700 

Annealing 
T ime 
(hr) 

0 
75 
75 
75 

0 
75 
75 
75 

0 
75 
75 
75 

0 
75 
75 
75 
75 

0 
75 
75 
75 
75 

0 
75 
75 

0 
75 

0 
75 
75 
75 
75 

0 
75 
75 
75 

0 
75 
75 
75 

0 
75 
75 
75 

(gm/cc ) 

5.8873 
5.8908 
5.8957 
5.8984 

5.8232 
5.8289 
5.8324 
5.8408 

5.9698 
5.9668 
5.9702 
5.9750 

6.0103 
6.0135 
6.0193 
6.0245 
6.0286 

5.9683 
5.9739 
5.9739 
5.9730 
5.9720 

6.0016 
5.9829 

f r ac tu re 

5.9274 
5.9589 

5.8869 
5.8870 
5.8897 
5.8923 
5.9050 

5.9756 
5.9732 
5.9721 
5.9741 

5.9798 
6.0066 
6.0075 
6.0277 

5.9641 
5.9735 
5.9773 
5.9871 

Ap 

(gm/cc ) 

. 

+0.0035 
+0.0049 
+0.0027 

-
4-0.0057 
+ 0.0035 
-F0.0084 

_ 
-0.0030 
-1-0.0034 
-1-0.0048 

_ 
+0.0032 
-F0.0058 
+0.0052 
+0.0041 

_ 
+0.0056 

0.0000 
-0.0009 
-0.0010 

_ 
-0.0187 

-

-
+0.0315 

_ 
+0.0001 
+0.0027 
+0.0026 
+0.0127 

-
-0.0024 
-0.0011 
+0.0020 

_ 
+0.0268 
+0.0009 
+0.0202 

-
+0.0094 
+0.0038 
+0.0098 

Ap 

(%) 

. 

+0.059 
+0.083 
+0.046 

-
+0.098 
+0.060 
+ 0.14 

_ 
-0.050 
+0.057 
+0.080 

_ 
+0.053 
+0.096 
+0.086 
+0.068 

_ 
+ 0.094 

0.000 
-0.015 
-0.017 

_ 
-0.31 

-

_ 
+0.53 

_ 
+0.0016 
+0.046 
+0.044 
+0.22 

-
-0.040 
-0.018 
+0.033 

_ 
+ 0.45 
+ 0.015 
+ 0.34 

_ 
+0.16 
+0.064 
+ 0.16 
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Fuel spalling was observed after annealing i r r ad ia t ed samples at 1600 and 

1700°F, In all c a s e s , the spalled samples exhibited m i c r o c r a c k s on photomicro

graphy before annealing. 

D. OPERATING TEMPERATURES 

No significant volume changes were obtained by annealing i r r ad ia t ed (5 + e) 

and € phase SNAP fuel operated in the reac tor with center l ine t e m p e r a t u r e s between 

1100 and 1400°F. The annealing re su l t s for annealing t empera tu re s of 1400, 

1500, 1600, and 1700°F a r e presented in Table 7. The appearance of the fuel 

TABLE 7 

RESULTS OF SNAP FUEL ANNEALING TESTS, IRRADIATING 
OPERATING TEMPERATURE VARIABLE 

[(6+e) and e Phase Fuel ] 

Operating 
Tempera 

ture 
(°F) 

1300 

1100-1400 

1300 

1200 

1400 

1400 

Annealing 

Tempera
ture 
(°F) 

_ 

1500 
1600 
1700 

_ 
1500 
1600 

1400 
1500 
1600 
1700 

-
1400 
1500 
1600 

-
1400 
1500 
1600 
1700 

-
1400 
1500 
1600 
1700 

Th 

Annealing 
Time 
(hr) 

0 
75 
75 
75 

0 
75 
75 

0 
75 
75 
75 
75 

0 
75 
75 
75 

0 
75 
75 
75 
75 

0 
75 
75 
75 
75 

lermal Data 

jO-. 
^ 2 

/ / \ (gm/cc) 

6.0056 
5.9398 
5.9372 
5.9052 
6.0832 
6.0869 
6.0885 
5.9683 
5.9739 
5.9739 
5.9730 
5.9720 

6.0191 
6.0188 
6.0128 
6.0132 

5.8943 
5.9276 
5.9352 
5.9537 
5.9670 
5.8637 
6.8631 
5.8671 
5.8769 
5.8986 

. 
Ap 

(gm/cc) 

. 

-0.0658 
-0.0026 
-0.0320 

_ 
+0.0037 
+0.0016 

_ 
+0.0056 

0.0000 
-0.0009 
-0.0010 

_ 
-0.0003 
-0.0060 
+0.0004 

-
+0.0333 
+0.0076 
+0.0185 
+0.0133 

_ 
-0.0006 
+0.0040 
+0.0098 
+0.0217 

Ap 

P2 
(%) 

. 

-1.11 
-0.044 
-0.54 

_ 
+0.061 
+0.026 

_ 
+0.094 

0.000 
-0.015 
-0.017 

_ 
-0.0049 
-0.010 
+0.0067 

_ 
+0.56 
+0.13 
+0.31 
+0.22 

_ 
-0.0087 
+0.068 
+0,17 
+0,37 
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CONi^lDENTIAL 

was unchanged after the 1400 and 1500° F annealing, but was slightly spalled 

after 1600 and 1700°F. In all c a s e s , the spalled fuel exhibited microcrack ing 

on photomicrographs before annealing. 

E, SAMPLES WITH 0.65 met , at, % BURNUP 

SNAP fuel samples i r rad ia ted to a burnup of 0.65 met . at. % at 500 to 600° F 

center l ine t empe ra tu r e were annealed at 1500, 1600, and 1700°F. The (H/Zr ) 

of the ma te r i a l during i r rad ia t ion was 1.15 [(a + )3) p h a s e ] , 1.68 [(6 + e) p h a s e ] , 

and 1.80 (e phase) at room t e m p e r a t u r e . These samples were selected for 

annealing because , at annealing t e m p e r a t u r e s , a sample of H / Z r of 1.15 would 

change from a + /3 to essent ia l ly pure ^; the samples of H / Z r 1.68 or (6 + e) 

phase would r ema in 6 + C or change to pure 6 phase; and € naaterial , H / Z r 1.8, 

would r ema in in single-phase € as seen in the phase d iagram. Figure 1. 

1. j8-Phase Mater ia l 

Volume inc rea se s were l a rge for /S-phase m a t e r i a l , ranging from 7.24 to 

29.4%, and appear to be t empera tu re or phase-content dependent. Two ^ -phase 

samples a r e shown in Figure 10 after annealing, and exhibit obvious swelling. 

A tabulation of the annealing resu l t s for )8-phase samples is presented in Table 8. 

Mic ros t ruc tu re of ^ -phase ma te r i a l before and after annealing is shown in F ig

ure 11. The annealed sample shows la rge c racks and voids, verifying swelling 

data obtained from density m e a s u r e m e n t s . 

It is apparent the re is a re lat ionship between annealing t empera tu re and 

volume change for i r radia ted/S-phase nnaterial as s een in Figure 12. The swel l 

ing or volume change i nc rea se s as the annealing t empera tu re is increased; how

ever , a phase-content effect may also be presen t since this p a r a m e t e r varied 

slightly. 

2. (6+ €)- and C-Phase Mater ia l 

Volume changes for i r r ad ia t ed (6 + e) ma te r i a l were minor , ranging from 

+ 1.4 to -0.40%, and volume changes for pure € ma te r i a l were smal l , ranging 

from +0.66 to -0.22%. The data a r e presented in Table 9. These changes co r 

respond to volume changes observed for lower burnup samples . 
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5 16-67 CRD (GP 1) 116-2-15 

Figure 10. 0.65 met . at. % Burnup Samples After 1600°F Annealing 

TABLE 8 
ANNEALING DATA FOR/3-PHASE MATERIAL 

(0.65 met . at. % Burnup) 

Sample 
No. 

14-2"' 

25-1 

25-3 

27-3 

27-1 

P o s t -
i r rad ia t ion 
Hydrogen 

(wt %) 

1.16 

1.12 

1.12 

1.15 

1.15 

Phase 

P 
iS 

^ 

p 
iS 

Annealing 
Tempera 

ture 
(°F) 

1300 

1600 

1600 

1600 

1500 

Annealing 
Time 
(hr) 

90 

75 

150 

75 

75 

75 

(gm/cc) 

6.209 

6.1763 

6.1763 

6.1651 

6.1497 

6.5601 

P2 
(gm/cc) 

6.238 

4.7724 

4.6929 

5.1639 

5.1733 

6.1172 

(%) 

-fO.47 

-29.41 

-31.60 

-19.38 

-18.87 

-7.24 

'''Sample annealed during ea r l i e r examination^"*) 
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®> 
0.004 in. 

250 X 
m ' 

CRD (GP-1) 66-6-1 

a. Before Annealing: 10.04 w t % U , 0.12 w t % C , 1.15 w t % H 

r î 
^» 

>®) 
0.004 in . 

250 X I- «' 

CRD (GP-1) 66-5-1 

b. After Annealing at l 600°F : 10.11 wt % U, 
0.15 wt % C, 1.12 wt % H 

Figure 11. Mic ros t ruc tu re of ^ - P h a s e I r rad ia ted Fuel , 
Before and After Annealing 
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Figure 12. Volume Change vs Annealing 
Tempera tu re for jS-Phase SNAP Fuel 
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TABLE 9 

ANNEALING RESULTS, €- AND (6 + €)-PHASE MATERIAL 
(0.65 met . at. % Burnup) 

Pos t i r radiat ion 
Hydrogen 

(wt %) 

1.68 

1.64 

1.84 

1.88 

Phase 

6 + e 

6 + e 

c 

€ 

Annealing 
Tempera 

ture 
(°F) 

1600 

1600 

1700 

1600 

1600 

1600 

1600 

1600 

Annealing 
Time 
(hr) 

75 

75 

75 

75 

75 

75 

75 

75 

'°1 
(gm/cc) 

5.8333 

5.8539 

5.8756 

5.8601 

5.8833 

5.8116 

5.8147 

5.8902 

5.8515 

(gmVcc) 

5.8539 

5.8756 

5.7932 

5.8833 

5.8761 

5.8147 

5.8273 

5.8515 

5.8463 

Ap 
Pz 
(%) 

+0.35 

+0.37 

-1.42 

+0.40 

-0.13 

+0.05 

+0.22 

-0.66 

-0.089 
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TABLE 10 
RESULTS OF CHANGING H / Z r AND PHASES 

(at 1600°F for 75 hr ) 

S a m p l e 
N o . 

1 

2 

3 

4 

5 

A 

B 

C 

D 

E 

( H / Z r ) ^ ^ ^ a n d P h a s e 

1 . 6 6 - 1.69 
6 6 + e 

1.69 - 1.3 
6 + e j8+ 6 

1.76 - 1.42 
e P+ 6 

1 . 4 2 - 1.49 
8 + 6 6 

1 . 6 3 - 1.28 
6 i3+ 6 

1.28 - 1.39 
^ + 6' ;8 + 6 

1 . 5 0 - 1.58 
|8+ 6 6 

1 . 5 8 - 1.28 
6 i3+ 6 

1 . 5 0 - 1.56 
P+ 6 6 

1.56 - 1.35 
6 i3+ 6 

0 . 9 2 - 1.17 
P 0 + 6 

1.17 - 0 .96 
P+6 p 

1.75 - 1.63 
e 6 

1.65 - 1.64 
6 6 

1.73 - 1.37 
6 + e 8 + 6 

1 . 3 7 - 1.46 
; 8 + 6 i3 + 6 

1 . 7 3 - 1.85 
6 + e € 

1.85 - 1.21 
e /3 + 6 

1 . 7 7 - 1.40 
e )3 + 6 

1 . 4 0 - 1.50 
iS + 6 6 

( g m ) 

- 0 . 0 0 2 9 

+ 0 . 0 7 9 5 

+ 0 .0747 

- 0 . 0 2 8 1 

+ 0 . 1 0 6 6 

- 0 . 0 2 0 7 

- 0 . 0 0 7 6 

+ 0 .1835 

- 0 . 0 2 1 3 

+ 0 . 0 9 9 1 

- 0 . 1 2 0 7 

+ 0 .1347 

+ 0 . 0 4 3 4 

- 0 . 0 0 8 6 

+ 0 . 0 9 8 7 

- 0 . 0 4 6 1 

- 0 . 0 0 5 5 

+ 0 . 1 9 7 3 

+ 0 . 1 1 5 0 

- 0 . 0 5 3 6 

Ap 

(%) 

- 0 . 0 5 

+ 1.34 

+ 1.26 

- 0 . 4 7 

+ 1.82 

- 0 . 3 5 

- 0 . 1 3 

+ 3 . 1 7 

- 0 . 3 5 

+ 1.65 

- 1 . 8 5 

+ 2 .11 

+0 .71 

- 0 . 1 4 

+ 1.62 

- 0 . 7 2 

- 0 . 0 9 

+ 3 . 2 4 

+ 1.89 

- 0 . 8 8 

B u r n u p 
( m e t . a t . % ) 

0.2 

0 .2 

0.2 

0 .2 

0 .4 

0 

0 

0 

0 

0 
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IV. HYDRIDE AND DEHYDRIDE ANNEALING 

I r rad ia ted and unir radia ted SNAP fuel was hydrided and dehydrided at 

1600° F . A known quantity of z i rconium meta l , along with the fuel sample , was 

sealed in a quar tz tube and heated to dehydride the sample . A known weight of 

z i rconium hydride was sealed in a quartz tube along with the fuel sample to 

hydride the sample . The postannealing hydrogen content of the fuel sample was 

calculated on the bas is of equil ibrium hydrogen redis t r ibut ion between the s a m 

ple and the z i rconium or z i rconium hydride . Weight change of the fuel sample 

was used as an exper imental check on the calculat ions; a lso , selected samples 

were analyzed for hydrogen content after completion of annealing. 

Five i r r ad ia t ed and five uni r radia ted SNAP fuel samples were hydrided and 

dehydrided a c r o s s phase boundaries at 1600°F. Samples were held at t e m p e r a 

tu re for 75 h r . The data a r e tabulated in Table 10. Variabil i ty in density change 

for i r r ad ia ted samples compares well with uni r radia ted samples . In all c a s e s , 

the samples were cracked during dehydriding. Density var iabi l i ty was a p rob 

lem because the liquid did not completely fill the c r a c k s . 

This technique of dehydriding and rehydriding did yield hydrogen t r ans fe r , 

but the r a t e of hydrogen t rans fe r was uncontrollable. Hydriding or dehydriding 

operat ions r equ i re p r e c i s e controls as experienced in the fuel development 

efforts. 

A compar ison of the hydrided and dehydrided data in Table 10, when com

pared to the i so the rmal annealing data for 0.65 met . at. % burnup fuel show^n in 

Table 8, demons t ra tes that g ross swelling did not occur on i r r ad ia ted SNAP 

fuel during hydriding or dehydriding annealing at the t imes studied. 

One i r r ad ia t ed SNAP fuel sample containing 0.12 wt % carbon and 0.37 met , 

at. % burnup was heated at l 600°F for a total of 409 hr to evaluate the influence 

of t ime on dimensional stabili ty of the fuel. The sample was cooled per iodical ly 

and fuel density measu red . A tabulation of the data is presented in Table 11. 

The sample began to expand after 250 h r as shown by negative Ap/p^ (Fig

ure 13). Assuming a uniform leak ra t e of hydrogen through the quar tz . F ig 

ure 9, the sample would have an H / Z r of 1.5. A t l 6 0 0 ° F , the 3̂ ;i=? (j8 + 6) phase 

boundary is at 1.50 H / Z r . It appears that, as the sample approached the phase 
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TABLE 11 

LONG-TERM ANNEAL AT 1600° F 

Time 
(hr) 

Pz 
(gm/cc) 

Ap 
(gm/cc) 

A£ 
Pz 
(%) 

0 

5 

15 

40 

84 

134 

159 

184 

259 

334 

409 

5.9695 

5.9710 

5.9837 

5.9710 

5.9708 

5.9833 

6.0046 

6.0127 

6.0186 

5.9959 

5.9610 

+0.0015 

+0.0127 

-0.0127 

-0.0002 

+0.0125 

+0.0213 

+0.0081 

+0.0059 

-0.0227 

-0.0349 

+ 0.03 

+ 0.21 

-0.21 

-0.003 

+ 0.20 

+ 0.35 

+ 0.13 

+ 0.098 

-0.38 

-0.58 

Sample His tory: 
0.12 wt % Additive 
1200°F Operating Tempera tu re 
1.6 H / Z r 
;8+ 6 Phase 
0.37 met , at . % Burnup 

boundary and went into the mixed (j8 + 6) phase , swelling s tar ted . The change in 

H / Z r ra t io was a ve ry slow p roces s as compared to the technique used fo rphase 

change annealing, A further examination of the permeat ion ra te shows the H / Z r 

rat io should be about 1,44 after 400 h r . The sample was analyzed for hydrogen 

and had an average H / Z r of -^1.3 after annealing, which agrees well with the cal

culated value. 
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ESTIMATED H/Zr 1.52 
ENTERING (/3 + s) PHASE AT 1600°F 

-0.6 -

-0.7 ± ± i. I I _L J. J. ± J. 
0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 

TIME (hr) 
5-17-67 CRD (GP-1) 7695 51165 

Figure 13. Long-Te rm Annealing, Ap/p- vs t ime at 1600°F 
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TABLE 12 

RESULTS OF THERMAL GRADIENT ANNEALING 

P o s t -
i r r a d i a t i o n 

H / Z r 

1.58 

1.74 

1.72 

1.52 

1.57 

1.45 

Addit ive 
(wt %) 

0.48 

0.01 

0.05 

0.37 

0.37 

0.50 

Burnup 
(me t . a t .%) 

0.18 

0.15 

0.15 

0.20 

0.18 

Densi ty 
P r e -

Anneal 
( g m / c c ) 

6.0452 

6.0020 

6.0466 

5.8936 

5.9331 

5.9620 

Densi ty 
After 4 
Cyc les 

( g m / c c ) 

6.0414 

5.9891 

6.0403 

5.8999 

5.9352 

5.9662 

Ap/py 
After 4 
Cyc les 

(%) 

-0 .046 

-0 .21 

-0 .10 

+ 0.11 

+0.033 

+0.070 

Densi ty 
After 8 
Cyc les 

( g m / c c ) 

6.0368 

5.9985 

6.0453 

5.9014 

5.9395 

5.9702 

Ap/Py 
Mter^ 
Cycles 

(%) 

-0.076 

+0.16 

+0.083 

+0.025 

+0.07 

+ 0.07 
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V. THERMAL GRADIENT ANNEALING 

SNAP fuel samples were the rmal cycled in an e lec t r ica l the rmal gradient 

furnace. The furnace was designed to yield a t empera tu re gradient of 100°F/in. 

with a 1400°F midpoint furnace t e m p e r a t u r e . 

Fuel samples from 2 to 4 in. long were sealed in individual quartz tubes . 

The tubes w^ere leak tes ted with a m a s s spec t romete r type helium leak detector 

and placed in a wi re rack with thermocouples spaced every inch along the length 

of the quar tz tube. The sample and rack were placed in the preheated furnace 

at 800 to 1000° F , and the furnace was heated to yield a nominal 1400°F in the 

center of the fuel sample . To r e v e r s e the gradient and the rmal cycle the fuel, 

the center of the sample was allowed to cool to 1000°F, the sample tube was 

inver ted, and again the center of the sample was heated to 1400°F nominal for 

1/2 h r . 

After each s e r i e s of four the rmal cyc les , the sample was renaoved from the 

quartz tube, and density measu remen t s were taken. Each sample was cycled 

eight t imes and two density measu remen t s were made . A sample of nominal 

1.6 H / Z r ra t io should obtain a t empe ra tu r e spread of 1200 to l 600°F in 4 in. of 

length and have an H / Z r spread of 1.35 to 1.75 as shown in Figure 1. 

The data for five i r r ad ia t ed SNAP fuel samples and one uni r radia ted s tandard 

sample a r e p resen ted in Table 12. The volume changes, as indicated by changes 

in density, were very smal l . The changes for five i r r ad ia t ed samples var ied 

from -0.21 to +0.16%; this compared to changes of -0.10 to +0.08% for the un i r 

radiated s tandard sample . A var ia t ion of burnup, additive, or H / Z r ra t io yields 

no apparent relat ionship to changes in density of the fuel sample . It mus t be 

noted that a total of 4 h r (8 x 1/2 hr) at 1400°F was experienced, and these r e 

sults may m e r e l y show a too-shor t t ime at t e m p e r a t u r e . 
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VI. DEHYDRIDING INTO ;S PHASE 

Two i r rad ia ted SNAP fuel samples were dehydrided at 1600° F f r o m 6-hydride 

phase , 1.5to 1.60(H/Zr) to ^-hydride phase , 0.7 to 0.8 (H/Zr)^^^. Bothsamples 

reduced in volume from hydrogen l o s s . Both the samples were then annealed 

at 1600°F for 75 to 85 h r . One sample was badly cracked, but both samples 

had only smal l volume changes. The uncracked sample was then annealed at 

1700°F for 78 h r and swelled 13.8% w^ith l a rge c r a c k s , as seen in Figure 14. A 

s u m m a r y of the data is presented in Table 13. 

Both samples w e r e analyzed for hydrogenby vacuum extrac t iontechnique, 

after completion of annealing. One sample changed from 1.6 (H/Zr) ^r to 0.8 

(H/Zr ) ,p and the other sample went from 1.5 to 0.7 (H/Zr) rr- These hydro

gen analysis r esu l t s agree well with the calculated ta rge t (H/Zr) ,j. for the 

dehydriding operation, 

-r i * * 

Figure 14. j9-Phase Sample After Annealing 
Compared to an Unirradiated Standard 

Sample After Annealing 

CRD (GP-1) S8-476AI 

TABLE 13 

SNAP FUEL DEHYDRIDED TO ̂3 PHASE 

I r r a d i a t i o n 
Data 

H / Z r 

1.6 

D e h y d r i d e d 
to 0.8 

1.5 

D e h y d r i d e d 
to 0.7 

Annea l ing 
T e m p e r a t u i 

( ° F ) 

-

1600 

1600 

1700 

-

1600 

1600 

• • ••• • " 
• • • • 
• • • • 
• • • • -• • ••• • 

e 

NJ 

T i m e 
(hr) 

0 

75 

75 

75 

0 

85 

78.5 

^A-SR-1 

( g m / c c ) 

6.0021 

6.2966 

6.2946 

5.5317 

5.9506 

6.2870 

6.2956 

2033 
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Ap 
( g m / c c ) 

-

+0.2945 

-0 .0020 

-0 .7629 
( c r a c k e d ) 

-

+0 .3364 

+0.0086 
( c r a c k s ) 

Ap 

^2 
(%) 

-

+4.67 

- 0 . 0 3 2 

-13 .79 

-

+ 5.35 

+ 0.137 



VII. CONCLUSIONS 

A. ISOTHERMAL 

Ir rad ia ted fuel of H / Z r from 1.5 to 1.8 appears to be dimensionally stable 

at t e m p e r a t u r e s up to 1700°F when annealed for 75-hr per iods in the absence of 

a neutron flux. Volume changes, based on changes in density of the fuel, ranged 

between +0.6 to -0.6% after i so thermal annealing, whereas volume changes in 

the S8ER reac to r ranged from -5 to +5% for t empe ra tu r e s of i r rad ia t ion up to 

1450°F for 6000 hr and volume changes in the NAA 115-1 i r rad ia t ion exper i 

ment changed from -1.5 to +4.3% on t empe ra tu r e s of up to 1500°F for 10,000 h r . 

In genera l , the volume changes observed after annealing were negative as shown 

by an i nc r ea se in density. This is at tr ibuted to the loss of hydrogen from the 

sample as demonst ra ted by a compar i son of hydrogen analysis before and after 

annealing. In all c a s e s , the samples tes ted for hydrogen after annealing lost 

hydrogen by permeat ion through the quar tz tubing. 

B. ^-PHASE HYDRIDE 

It is apparent that the i r r ad ia ted 90% Z r and 10% U hydrided fuel tends to 

swell as ^ -hydr ide phase i nc rea se s in the fuel. All the annealed samples of 

1,1 H / Z r and 0,65 m e t . a t . % burnup swelled at 1500 to 1600°F, from 7 to 29%. 

The long- t e rm annealing sample (0.37 m e t . a t . % burnup) annealed for a total of 

409 hr at 1600°F s ta r ted to swell after 250 hr as the fuel increased in ^ phase . 

This sample ult imately inc reased in volume by 0.58% after 409 hr and had an 

H / Z r ra t io of 1.3, which is well within the (6 + j8) mixed phase . The i r rad ia ted 

sample dehydrided to 0.8 H / Z r and annealed at 1600 and 1700°F for 75 h r swelled 

by 13.8%. 

There is a re lat ionship of fuel swelling and t e m p e r a t u r e for /3-phase i r r a d i 

ated hydrided SNAP 8 fuel. The samples of H / Z r 1.1 inc reased in volume as 

the t empe ra tu r e was changed from 1300 to 1500 to 1600°F. This t empera tu re 

dependence was shown by dehydriding an S8ER sample from 1.6 to 0.8 H / Z r 

ra t io and annealing for 75 hr at both 1600 and 1700°F. The volume increased 

0.03% at 1600°F and 13.79% at 1700°F. 
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C. LOW IRRADIATION TEMPERATURE (6+ e) HYDRIDE 

It appears that the re is a slight swelling during annealing in the (6 + €)-

hydride phase when the fuel is i r rad ia ted at low t empera tu re to burnup in the 

range of 0.65 m e t . a t . % . The fuel samples from the 0.65 m e t . a t . % burnup ex

per iment annealed at 1600 and 1700°F for 75 h r (Table 9) had a volume change 

from -0.4 to +1.4% based on density change. 

D. PHASE SWEEP 

There appears to be no appreciable fuel swelling caused by dehydriding or 

rehydriding 90% Zr and 10% U i r r ad ia t ed fuel of burnup up to 0.4 met . at. % as 

long as the ma te r i a l is not in the j8 phase . It is obvious from resu l t s of dehy

driding that i r r ad ia ted fuel will g ross ly swell when dehydrided into /3 phase . 

Samples dehydrided to 0,8 H / Z r swelled in excess of 13% (Table 13) and were 

visually deformed (Figure 14). The var iabi l i ty of density changes for i r r ad ia ted 

samples is s imi la r to var iabi l i ty of uni r rad ia ted samples when the H / Z r is 

changed in the range of H / Z r 1.5 to 1.85 (Table 4). 

The dehydriding technique used in these annealing exper iments produced 

c racks both in uni r rad ia ted and i r r ad ia t ed fuel because of the rapid t rans fe r of 

hydrogen at 1600° F. Cracked fuel caused problems in density measu remen t s 

because the liquid did not always fill the voids in the fuel completely, thus add

ing to the var iabi l i ty of the data. It i s apparent a slower dehydriding and rehy

driding technique s imi l a r to the production hydriding p roces s should be used. 

E. THERMAL GRADIENT 

There appears to be no g ross swelling caused by annealing i r r ad ia ted 90% 

Zr - 10% U hydrided to H / Z r in the range of 1.4 to 1.7 for about 4 hr under a 

t empe ra tu r e gradient of 100°F/ in . at t empera tu re s from 1200 to 1600°F. Five 

i r r ad i a t ed (Table 12) S8ER samples heated with a t empera tu re gradient which 

was r e v e r s e d eight t imes in 1/2-hr dwells had volume changes in the range of 

+0.21 to -0.16% as compared to an uni r rad ia ted sample subjected to the same 

t e s t with volume change of +0,1 to -0.08%. Even though the maximum volume 

range for i r r ad ia ted fuel appears to be 2X, the range for the single uni r rad ia ted 

sample , the average volume change for all tes ted samples is very s imi l a r , 

being +0.06 to -0.08%. 
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