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EXAMINATION OF IRRADIATED mmm NITRIDE FTJXL 
CIlAD W I T H  TUKSTEN-RHENIUM OR T-111 ALLOY 

D. R.  Cuneo, E. L. Long, Jr., A. J o s t s o n s , l  and T. Washburn 

ABSTRACT 

Three f u e l  p ins  containing 7 J N  p e l l e t s  were i r r a d i a t e d  
i n  t h e  thermal neutron flux of t h e  ORR f o r  5800 h r  t o  a peak 
burnup of 1.75 a t .  %. 
s a t i s f a c t o r i l y  with t h e  cladding outer  sur face  at 13OQ"C.  The 
two p ins  with T-111 (Ta-$ F?-2% Hf) cladding, which had an  
inner  l i n e r  of chemically vapor deposi ted tungsten,  operated 
with t h e  cJ.adding ou te r  su r f ace  at lAOr3"C. The T-111 on one 
of t h e  p ins  f a i l e d  during t h e  tes t  by in t e rg ranu la r  f r a c t u r e .  
The g r a i n  s i z e  i n  t h e  f a i l e d  reg ion  was 6 t imes t h a t  i n  t h e  
gas plenum region ,  i nd ica t ing  t h a t  f a i l u r e  was caused by a 
Localized hot spot.  However, numerous cracks and c a v i t i e s  were 
found i n  other regions of t h e  T-111 cladding of both  t h e  fail-ed 
and un fa i l ed  p i n s ,  and we conclude t h a t  t h e  cladding on both of 
t hese  p i n s  would have u l t ima te ly  f a i l e d  without t h e  hot  spot. 
Hafnium-rich areas, with concent ra t ions  30 t o  LO t i m e s  t h a t  i n  
t h e  homogeneous a l l o y ,  were de t ec t ed  by e l e c t r o n  microprobe 
examination a t  t h e  cracks and c a v i t i e s  i n  both t h e  T-111- and 
t h e  tungs ten  l i n e r .  
of t h e  tes t - induced  Concentration of hafnium. 

The f i s s ion -gas  r e l e a s e  was only 0.1% at 1380°C ( t o p  p i n )  and 
7.1$ a t  150(S°C (bottom p i n ) .  
r e s t r a i n e d  by t h e  cladding and w a s  l imi t ed  t o  c los ing  of t h e  as- 
f a b r i c a t e d  0.005-in. gap between f u e l  and cladding. No gross  
chemical r e a c t i o n  occurred between t h e  f u e l  and cladding. 
Although they  i n t e r a c t e d  t o  a depth of about 20 pm, e l e c t r o n  
microprobe a n a l y s i s  of t h e  cladding revealed no uranium pene- 
t r a t i o n  beyond t h a t  depth. Nitrogen r e l eased  from t h e  UN may 
have i n t e r a c t e d  wi th  t h e  T-111 and l e d  t o  t h e  degradat ion of 
i t s  mechanical p rope r t i e s .  

The p i n  with W-2$ Re cladding performed 

We were not a b l e  to determine t h e  mechanism 

The IJN fuel performed s a t i s f a c t o r i l y  i n  a l l  t h r e e  pins .  

Swelling of t h e  f u e l  was adequately 

'On attachment from Aus t r a l i an  Atomic Energy Commission Research 
Establishment, Lucas Heights, 8.S.W. 

. . . . . . . . . . , . . . . . . . . . . . I - _:. . . . . . . . . . . . . . .................... . . . . , . . . . . , . . . . . . . . 
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I N  TRODUC T TON 

Uranium mononitride i s  a t t ract ive as a f u e l  f o r  nuclear  r eac to r s  i n  
space appl ica t ions  because of i t s  high f i s s i l e  dens i ty ,  high mel-ting 

point, good thermal conduct ivi ty ,  and apparent i r r a d i a t  ion s t a b i l i t y .  

'T%e b a s i c  objec t ive  of t h e  OKNL Program2 is t o  inves t iga t e  t h e  perform- 

ance capabil-i ty of UN f u e l  operat ing a-t l inear  hea t  r a t ings  of  5 t o  

10 M/f t  and f u e l  cen te r - l i ne  temperatures i n  the  range 1000 t o  IL500"C. 
These j - r rad ia t ion  parame-ters r equ i r e  t h e  use of r e f r a c t o r y  metal clad- 

ding operat ing a t  outs ide sur face  temperatures i n  t h e  range 900 to 1400°C. 

The main emphasis of t hese  - tes t s  i.s t o  determine f u e l  swel l ing,  f i s s i o n  

gas r e l e a s e ,  and compat ib i l i ty  of t he  f u e l  with cladding mater ia l s .  

The s p e c i f i c  o'ojective of t h i s  experiment (Capsule UN-3) was t o  

evaluate  t'ne performance c a p a b i l i t y  of UN fuel. p ins  at t h e  upper limits 
of i n t e r e s t  i n  t h i s  program; namely, ou ts ide  cladding sur face  tempera- 

t u r e  of l40OoC, a f u e l  cen ter - l ine  temperature of 150O0C, and a l inear  
hea t  r a t i n g  o f  9 kW/f-L. This capsule was irrad.i.ated i-n t h e  pools ide 

f a c i l i t i e s  of t h e  Oak Ridge Research Reactor (ORR) f o r  5800 hr of an 
intended 10,000-hr t e s t .  The t e s t  was termina-bed when one of t'ne 3x1 

pins  failed,  as ind ica ted  by rad ioac t iv i . ty  i n  t h e  capsule sweep gas. 

Some of t h e  r e s u l t s  of p o s t i r r a d i a t i o n  examinations of t h i s  capsule 

(UN-3) have been descr ibed i n  progress r e p o ~ , t s ~ - ~  and elsewhere. " 7  

*The cur ren t  program includes work sponsored by t h e  Atomic Energy 
Commission (MC) and work sponsored by t h e  National. Aeronautics and 
Space Administration (NASA) under Interagency Agreement 40-1 84-69, NASA 
Order C-54536-B. Spec i f i ca l ly ,  capsules UN-1, TJN-2, UN-3, and IJN-6 are 
funded by AEX, and capsules UN-4 and UN-5 are funded by NASA. 

3D. R. Cuneo, tkels and Materials Development Program Qua,rt. Progr. 
Rept. Dec. 31, 1969, ORNL-4520, pp. 1.95-201. 

D. R. Cuneo a,nd E. L. Long, Jr., Fuels and Ivkterials Development L 

Program Quart .  Progr. Rept. March 31, 1970, OKNL-4560, pp. 165-172. 

5D. R. Cuneo and E. L. Long, Jr., Fuels and Mater ia ls  Development 
Program Quart. Progr, Rept. June 30, 1970, OKNL-&600, pp. 177-180. 

E. L. Long, Jr., and D. R. Cuneo, Fuels and Materia1.s Bvelopment 0 

Program Quart .  Progr. Rep-t. Sept. 30, 19'70, ORNL-4630, pp. 180-185. 
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EXFERIMENT DESCRIPTION 

Capsule UiV-3 contained t h r e e  c o l l i n e a r  f u e l  p ins  as shown in Fig .  1. 

Each p i n  w a s  4.5 i n .  long and contained t e n  Q.3-in,-OD 7RT pellets.  

f u e l  column length  w a s  ? i n .  i n  t h e  t o p  f u e l  p i n  and 2.6 in .  i n  both t h e  
middle and bottom fuel pins.  

(0.135-in.-diam ho le )  t o  accommodate a thermowell, whereas t h e  p e l l e t s  

i n  t h e  lower two pins were s o l i d .  

235TJ, bu t  t h e  f u e l  i n  t h e  t o p  p in  had 30$-enriched "?J, t o  p a r t i a l l y  

compensate f o r  t h e  lower neutron f lux a t  t h e  top pin pos i t ion .  

hel ium-fi l led dia,metral gap ex i s t ed  between t h e  fuel p e l l e t s  and t h e  clad- 

ding when fab r i ca t ed .  

depos i ted  on t h e  inner  surface of the T - 1 1 1  c ladding t o  separate t h e  UN 

f u e l  from t h e  T- I l l . ,  s i nce  these  materials are considered not t o  be com- 

p a t j b l e  a t  t h e  t e s t  conditions.  

The 

The f u e l  p e l l e t s  i n  t h e  top pin were hollow 

The two lmer pi.ns had 12.97k.enriched 

A 0.005-in. 

A 0,003-in. - thick l a y e r  of tungsten was vapor- 

ORNL-DWG 70-741613 

BOTTOM PIN MIDDLE PIN TOP PIN 

CLADDl NG 
Material 
OD (in.) 

Wall Thickness (in) 

Liner Maierial 

IJN F U E L  
Type Pelleis 
Density (9. of theoreticol) 
2J5U Enrichment  (7,) 

OPERATION 

Cladding Temperature ("C) 
Fuel Ternperoture Kc) 
Linear Heat Rote (kW/ft) 

Fuel Burnup (at.%) 

W- 25 -Re 
0365 

0030 

none 

Annular 
95 

20 

1300 
(380 

6-8 

1 4 5  

T-i43 
0365 
0027 

CVD Tungsten 

Solid 
95 
i z .9  

I400 
4 500 

E 8  

1.75 

T - l l f  

0 365 

0027 

CVD Tungsten 

Saltd 
95 
{ 2 9  

1400 
4 500 

E 8  

i 75 

Fig. 1. Design of  Fuel Pins of Capsule TDT-3. 

"T. N. Washburn, D. R. Cuneo, and E. L. Long, Jr.,  " I r r a d i a t i o n  
Performance of Uranium Ni t r ide  a t  15c)O°C,"  A m e r .  C e r a m .  SOC. B u l l .  50 -_ 9 -. 
42'7 (1971). 

'T. N. Washburn, K. 8. 'Thorn, S.  C. Weaver, D. R. Cuneo, and 
E. I,. Long, Jr. , "Examination of 13T-Fueled Pins I r r a d i a t e d  a t  1490°C 
Cladding Temperature, ' I  Trans. Amer . Nucl. SOC. - 13 (11, 102 (L97O). 

I 
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The fuel  pins  were surrounded by s t a t i c  NaK coolant w i th in  an Db-l$ Z r  

s leeve.  Type 304 s t a i n l e s s  s t e e l  w a s  used f o r  t h e  p r ina ry  containment 

vesse l  of t h e  capsule.  

thermocouples s t rapped t o  t h e  outer  sur face  of  t h e  cladding, and  the t o p  

p in  had a thermocouple f o r  measuriilg fuel. cen te r - l i ne  temperature ; rela- 

t i v e  loca t ions  of t hese  thermocouples are shown i n  Fig. 1. A more com- 

p l e t e  descr ip t ion  of t h e  i r r a d i a t i o n  capsule used i n  t h e  ORNL program on 

i r r a d i a t i o n  t e s t i n g  of Uh has been repor ted  previously.  

Each of i he  f u e l  p ins  had two tantalum-sheathed 

1RRAPXATION IIISTORY 

Capsule UN-3 was i r r a d i a t e d  i n  the  ORR pools ide pos i t i on  5 a t  an 

est imated time-averaged thermal. f l u x  i n  -the middle and bottom fuel pins 

of 1.4 x l0l3 neutrons cm-’ sec- l ,  while  t h a t  i n  the t o p  p in  w a s  

8.7 x 10:’ neutrons cm-’ sec-’. 

5 x neutrons cm-‘ sec- l .  A t  t h e  termination of t h e  tes t  .the fas t  flu- 

ence of t h e  bottom and. middle p ins  w a s  about 1 x 1320 neu”irons/cm2, and 

t h a t  of the  t o p  p in  w a s  0 .6  x 10” neutrons/cm’. 

designed f o r  a temperature of  1400°C on -the cladding outs ide  sur face .  

Because of t h e  f lux d i s t r i b u t i o n  i n  -the r eac to r  t e s t  pos i t i on ,  the clad- 

ding of t h e  t o p  fuel p in  operated a t  a lower temperature of 1300”C, even 

though the  235U enrichment i n  t h i s  p in  w a s  higher  t o  minimize -the d i f f e r -  

ence i n  operaking temperature.  

s i d e  sur face  o f  t h e  cladding, t h e  f u e l  centey-l ine temperature of - the  t o p  

pi.n was 1380°C at Lhe begrinning of the tes t  and 1330°C at  -the end of  t h e  

t es t .  

The fas’c f l u x  (> 1 NeV) w a s  about 

The experiment w a s  

With a temperature of  1300°C at  t h e  out- 

CAPSULE DISASSEMBLY 

Two s i g n i f i c a n t  observations weye m d e  during di sasscrioly of t h e  

capsule.  ‘The tantalum thermocouple s t r a p  had self-welded t o  the  claading 

’V. A. DeCarlo, E’. R. McQuilkin, R. 1,. Senn, K. R. Thorns, and 
S. C. Weaver, Design of a Capsule f o r  Trradiat ion -. Testing of Uranjum 
nTitride Fuel ,  ORNL-TM-2363 (February 1969).  
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of t h e  bottom f u e l  p in ,  and one thermocouple sheath,  which terminated at  
midlength of t h e  t o p  f u e l  pin,  had self-welded t o  t h e  f u e l  pin f o r  a d i s -  

tance of about 1 .5  in . ,  as shown i n  Fig. 2. This couple had been pul led  
loose  before  removal of t h e  f u e l  pins f r o m t h e  niobium-zirconium sleeve.  
When removed f r o m t h e  capsule 30 days after i r r a d i a t i o n ,  t h e  NaK coolant 

gave a reading of about 10 R/hr, thus  confirming e a r l i e r  ind ica t ions  of 
a f a i l e d  f u e l  pin wi th in  t h e  capsule. 

R-50497 

I 

utr 

L 
* 

I 

Fig. 2. Location of Self-welding of Thermocouple t o  Top Fuel Pin 
Cladding, Capsule UN-3. 5 . 5 ~ .  

NONDESTRUCTIVE EXAMINATION OF FUEL PINS 

Visual Examination 

Visual  examination of t h e  f u e l  pins  revealed s e v e r a l  shor t  cracks 

i n  t h e  cladding of t h e  middle pin.  

t o  t h e  long axis o f t h e  pin. 

enlarged view of t h e  middle pin. 

regarding crack  loca t ions .  Locations of the cracks are r e l a t e d  to t h e  

thermocouple s t r a p s  i n  Fig. 5. 

Generally, t e cracks w e r e  -para l le l  
Figure 3 shows t h e  t h r e e  f u e l  pins  wi th  an 

Figure 4 gives dimensional details 



R-52887 

t I 

'. 
e6lTOM 

'\ 

MIDDLE 
TOP "/' 

Fig. 3. Overall View of t h e  Three Fuel Pins i n  Capsule UN-3, with an Enlarged V i e w  of t h e  
Middle Pin and i t s  Major Crack. 
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ORNL-DWG 70-4952 

FUEL COLUMN UXATION - 

HERMOCOUPLE 
BOTTOM END PLUG TOP EN0 PCUG 

CLADDING CRACKS 

THERMOCOUPLE 
LONGITUDINAL STRAPS 

(Tantalum) 

Fig. 5. Location of  Cladding Cracks Relat ive t o  Thermocouple Straps 
on Middle Fuel Pin of Capsule UN-3. 

Both pins wi th  T-111 cladding (middle and bottom) were shiny over 

t h e  fue led  regions.  

cladding were d i s t i n c t l y  out l ined;  t h i s  ind ica tes  thermal e tching by t h e  

NaK. The R e  cladding on t h e  t o p  p in  d id  not show t h i s  e f f e c t .  

I n  t h i s  region of t h e  middle p in ,  g ra ins  i n  t h e  

me-Penetrant Inspect ion 

Dye-penetrant inspect ions d e t e r ~ n e d  t h a t  t h e  cladding of t h e  t o p  

and bottom f u e l  pins  had remained sound during the i r r a d i a t i o n  t e s t .  

Results of  t h e  dye-penetrant t e s t s  for  t h e  middle f u e l  p in  a r e  seen i n  

Fig. 6. The white areas on t h e  pin a r e  due t o  dye penetrant  i n  cracks 
and were photographed by a 20-min exposure t o  u l t r a v i o l e t  l i g h t .  

Fig. 6. Cracks i n  Cladding of Middle Fuel P i n ,  Capsule Vnr-3, A s  
Shown by Dye Penetrant. 2.1~. 
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Gamma Scanning 

Typical g a m a  scans along t h e  f u e l  p ins ,  Fig. 7, showed no unusual 

c h a r a c t e r i s t i c s .  The t o p  f u e l  p in  scan showed no a c t i v i t y  o ther  than 

f r o m t h e  fue led  por t ion  because t h e  tungsten-rhenium cladding and end 

plugs do not have a c t i v a t i o n  products with s u f f i c i e n t  ha l f - l i ves  t o  be 

found beyond a shor t  time after removal from t h e  reac tor .  

components of t h e  T - 1 1 1  cladding and end plugs were c l e a r l y  defined f o r  

t h e  middle and bot tom pins .  These scans were taken i n  t h e  energy range 

0.75 t o  0.85 MeV, which i s  s e n s i t i v e  p a r t i c u l a r l y  t o  95Zr-Nb. Multi- 

energy scans were taken i n  both fueled and unfueled regions of t h e  f u e l  

pins and y ie lded  normal f indings.  

Activated 

70 t 

I 7 w 
ORNL-DWG 70-522 

70 

60 

M 

40 

50 

3 

80 

> TUNGSTEN SPACERS T-tlf CLADDING ( (Typical) \ / W-25Re CLADDING 

MIDDLE P IN  BOTTOM PIN TOP PIN 

Fig. 7. Gamma Scan Ac t iv i ty  of Fuel Pins i n  Capsu1.e UN-3 (0.75 t o  
0.85 MeV). 

Dimensional Inspect ion 

Measurements of t h e  pin diameters wi th  an  opposed-dial-gage p r o f i l -  

The agreement between ometer are shown i n  Figs. 8 and 9 and i n  Table 1. 
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post-  and p r e i r r a d i a t i o n  measurements i n  t h e  regions of t h e  end plugs 

ind ica t e s  t h e  absence of s i g n i f i c a n t  discrepancies  between pre- and post-  

t es t  measurement techniques.  

i n  diameter during i r r a d i a t i o n .  This w a s  most pronounced i n  t h e  t o p  f u e l  

p in ,  which had a maximum decrease i n  diameter of 0.003 i n .  just below 

Each of t h e  f u e l  pins  had some reduct ion 

0.3670 

0.3660 

0.3650 

0.3640 

1 

6 .- - 
[L 
w 
i- 
W 
I 
5 
n 

5: 
a 
-I 
W 
3 
LL 

0.364C 

0.3 63C 

0.362C 

0.36i ( 

ORNL-DWG 70-258 

I I I I 1 I 1 

TOP END PLUG BOTTOM END PLUG 

TOP FUEL PIN 1 x-Preirradiotion 
(W-25 Re CLADDING) 1 ~I~O' )Pcs+ir radia+ion I 

I I 

T-414 CLADDING 

TOP END PLUG BOTTOM END PLUG 

BOTTOM FUEL PIN 
(T-414 CLADDING) 

Fig. 8. Comparison of Diameters of Top and Bottom Fuel  Pins of 
Capsule UN-3 Before and After  I r r a d i a t i o n .  
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ORNL-DWG 70-259 

0.3750 

0.374C 

0.37 3C 

2 
c3 0.372C 

0.3710 
W 
E 
5 0.3700 

Z 0.3690 

W 0.3680 

0.3670 

0.36 60 

0.3650 

- 
CtT 

a 

3 
LL 

MAJOR CRACK ON 
0" ORIENTATION i 

X - Preirradiation 

T-Ill CLADDING /- 

T U N G S T E ~  UN FUEL 
SPACER 

TOP END PLUG BOTTOM END PLUG- 

MIDDLE FUEL PIN 
(T-141 CLADDING) 

A---- 
4 4.5 

DISTANCE FROM TOP OF FUEL PIN (in.) 
0 1 2 3 

Fig. 9. Comparison of Diameters of Mtddle Fuel Pin of Capsule UN-3 
Before and A f t e r  I r r ad ia t ion .  
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Table 1. Diameter Measurements Taken from t h e  
Three Fuel P tns  i n  Capsule UIV-3 

- 

Locat ion  Measured Diameter, in .  
( in.  from t o p  of p in)  0" 30" Fuel Pin 

-. -- 
TOP 0.25 0.3670 0.3669 

0.75 0.3665 0.3667 

1.25 0.3656 0.3660 

1.75 0.3651 0.3650 

2.25 0.36L6 0.3648 

2.79 0.3647 0.3641 

3.25 0.3653 0.3650 

3.  '75 0.3663 0.366L 

4. 25 0.3668 0.3661 

Middle 

Bottom 

0 , 2 5  

0. 50 

0.75 

1. GO 

1.25 

1.50 

1-75 

2.00 

2.25 

2.50 

2.75 

3.00 

3.25 

3.50 

3.75 

4.00 

4. 25 

0.25 

0.75 

1.25 

1.75 

2.25 

2.75 

3.25 

3.75 

4.25 

0.3667 

0.3667 

0.3666 

0.3663 

0.3661 

0.3667 

0.3670 

0.3'749" 

0.3702 

0.3683 

0.36?4 

0.3680 

0.3683 

0.3673 

0.3659 

0.3660 

0.3662 

0.3632 

0.3628 

0.3611 

0.3617 

0.3615 

0.3637 

0.3638 

0.3625 

0.3626 

0.3666 

0.3666 

0.3666 

0.3662 

0.3655 

0.3656 

0.3661 

0.36?0 

0.3630 

0.3678 

0.3689 

0.3634 

0.3681 

0.3673 

0.3662 

0.3661 

0.3661 

0.3629 

0.3627 

0.3616 

0.3614 

0.3618 

0.3636 

0.3629 

0.3626 

0.3626 

"Location of major crack. 
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t h e  end of t h e  central thermocouple well. 

diameter decrease of about 0.007- i n .  near  the t o p  of  t h e  f u e l  c 0 l . w  but  
an inc rease  ol" about 0.0015 i n .  near  t h e  bot-kom of  t h e  fue l  colurnn. 

Diameter measurements a t  0 and 90" o r i e n t a t i o n s  i n d i c a t e d  an o v a l i t y  of 

l e s s  than  0.001 in .  i n  t h e  i r r a d i a t e d  p ins .  In measuring the diameters 

on the middle ( fa i led)  p in ,  a 0" o r i e n t a t i o n  was s e l e c t e d  t o  o b t a i n  t h e  
maximum diameter a t  t h e  l a r g e s t  crack. 

between readings a t  0 and 90" o r i e n t a t i o n s  do not  n e c e s s a r i l y  i n d i c a t e  

o v a l i t y ,  bu t  more l i k e l y  indicake protrusi.on of t h e  claddi.ng i n  t h e  f a i l e d  

region.  

The bottom fuel. p i n  had a 

Therefore ,  t h e  d i f f e rences  

The opposed-d.ia,l-gage readings f o r  diameters o f  the gins were con- 

These measurements firmed by use of a continuous readout  prof i .lometer. 

of ova.l.ity and bmring a r e  contained i n  Table 2. 

Table 2. Bowing and Oval i ty  Measurements 
by p o ? t i  nuous Readout Prof Yl ometer 

- 
Fuel  Pin Bowing, i n ,  Ovality, i n e  

Top 0.003-0. O W  O.OOQ> over fueled region 

Ifliddle 0.003-0.004 0.0005 over f u e l e d  reg ion  

Bottom 0.000-0.001 0.0008 near bottom of fue l ed  reg ion  

Ne u t  r on Ea d i  ogr apli y 

Neutron radiographs of t h e  top and bottom f u e l  g ins  obta ined  

from exposures i n  the ORR f a c i l i t y  are shown i n  Ftg. 10. Details of t h e  

f u e l  pin components are evident  to var ious  degrees.  The thermowell ( t op  

p i n )  and tungs ten  spacers  at each end of  the fuel columns are del. ineated,  

and p e l l e t  i n t e r f a c e s  are d i s c e r n i b l e  i n  the f u e l e d  reg ion  of  t h e  t o p  p i n  

but not, i n  the  bottom p in .  
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Fj 

R-59515 

TOP END PLUG 

-TUBULAR SPACER 
(Tungsten) 

FUEL THERM0 

GAS PLENUM 

.I UN FUEL= 

SOLID PELLETS 

ANNULAR PELLETS 

BOTTOM TUBULAR SPACER 

BOTTOM END PLUG 

BOTTOM PIN TOP PIN u 
IN. 

- Q ,  10. lVeut,ron Radjograph of Two Fuel. Pins  of Capsule UN-3. 

FISSION GAS ANALYSIS 

?'he two u n f a i l e d  f u e l  pins  ( top  a1-d bottom) were punctured i n  t h e  

gas plenum regions  and t h e  c o l l e c t e d  gases analyzed. 

n i t rogen  conten ts  sho+ed that the  gas samples were not  contaminated by 

air. Resul t s  were as follows : 

T,o+ oxygen and 



1.5 

Bottom Pin - Top Pin  
Gas recovered, cm', STP 1.3  3.9 

8 5 K r  ac t iv i ty ,  d i s  rnin'l cm-' 4 . 8 ~ ~  109 2.31 x 10" 

Adjust ing t h e  volume of gas recovered and 8 5 K r  a c t i v i t y  f o r  burnup 

d i f f e rences  ( r epor t ed  under "Fuel Burnup") between t h e  two p i n s ,  t h e  

85Kr a c t i v i t y  pe r  cubic  cent imeter  f o r  t h e  bottom p i n  i s  4 t imes t h a t  

f o r  t h e  t o p  p in ,  bu t  t h e  volume r a t i o  between t h e  gas recovered from t h e  

two pi.ns i s  only 2.5 t o  1. 'Therefore, we conclude t h a t  t h e  bottom p in  

ran hot-Ler t h a n  t h e  -top p i n ,  causing g r e a t e r  gas r e l ease .  

ana lyses  of t h e  gases  a r e  r epor t ed  in Table 3. 

Deta i led  

Table 3. Analyses of G a s  Recovered from Top and 
Bottom Fuel  Pins of Capsule LJN-3 

Abimdance, v o l  '$ 
Fis s ion  Gas _I 

Total Recovered Gas? v o l  $ 
Is ut ope G a s  

Top Pin Bottom P in  Top Prin Bottom Pin 

H2 1.9 

CH, 0. e 
H 2 O  2.4 

BC" 0. % 

N2 + co 1.9 

02 0.3 

He 75.9 

A r  (0.02) 

eo;? 0.3 

Xe 13.9 

K.r 1.4 

Unident i f ied  0.6 

0.3 

12.0 

0.02 

0.3 

0.3 

< 0.01 
2. /* 

0.04 

74.8 

9.9 

130Xe 

13 " X e  

2 ~ e  

13 3xe 
13  4Xe 

l 3  6 ~ e  

11.3 

17.5 

1.3 

31.6 

3%. 7 

4.8 

20.6 

38.8 

10.0 

25.8 

0.02 

11. l 

18.9 
< 0.7. 
30.4 

33.6 

13.9 

27.3 

7.2 

51.6 

a Hydrocarbons o the r  t han  methane. 
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SECTIONING AND METALLOGRAPHY 

Top Fuel  Pin 

This p in  was sec t ioned  as shown i n  Fig.  11. A l o n g i t u d i n a l  metal- 

l o g m p h i c  specimen w a s  prepared from sec$i.on A which included p a r t s  of 

p e l l e t s  6 and 7 as well as t h e  end of t h e  c e n t r a l  thermocouple. 

lographic  examination d i sc losed  no d e l e t e r i o u s  e f f e c t s  from the presencc 

of khe c e n t r a l  thermowell;  an occas iona l  g lobule  of metal  about 10 pm i n  
diameter was noted a long  t h e  inne r  s u r f a c e  of t h e  annular  p e l l e t  that 

Metal- 

PI ENUH --TUNGSTFN SWCER TUBF - {K- ~ -30-8" FUEL COLUMN I 

D 
WTTW FNO Q L ~  

I t -  c - 
rop END m 

Fig. 11. Sect ioning Diagram of Top Fuel  P in  from Capsule IJN-3. 

contained t h e  t h e  thermmrell ,  

d ing on oppos i te  s i d e s  of t h e  p in  a r e  compared i.n Fig.  12 .  Apparently,  

one s i d e  of t h e  p i n  opera ted  a t  a h igher  temperature  than  Lhe o t h e r ,  as 

evidenced by t h e  compar a t  ive degree of r e  c r y s t a l l i z a t i o n .  

'The rnicrostru.ctures of  t i le W-25$ R e  clad- 

'The cladding on t h e  o the r  secti .ons was s l i t  l o n g i t u d i n a l l y  t o  allow 

recovery of  t h e  fuel p e l l e t s  for var ious  tests.  S o r i  of t h e  p e l l e t s  

broke l o n g i t u d i n a l l y  during sec t ion ing  of t h e  cladding.  Figure 13  shows 

sect iof l  C af ter  s l i t t i n g  wi th  t h e  c e n t r a l  thermowell i n  p l ace  i n  t h e  pe l -  

l e t s  * Metal lographic  examination of  t h e  f u e l  p e l l e t s  revea led  no change 

i n  g ra in  s i z e ,  and -the p e l l e t s  had not  s i n t e r e d  toge ther .  The microstruc-  

t u r e  of t h e  f u e l  a t  t h e  ou t s ide ,  midradius,  and i n s i d e  reg ions  of t h e  pel- 

l e t s ,  Fig.  14, shows t h a t  the g r a i n  s i z e  was uniform ac ross  t h e  wa1.l 

of t h e  fue l  p e l l e t s ,  and t h e  grai.n boundaries were decorated wi-ti? f i s s i o n  

gas bubbles.  The l a r g e r  cavit ies w i t h i n  t h e  g ra ins  represent  f a b r i c a t i o n  
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- 
I I 

I 

Fig. 12 .  Appearance of Cladding from 3ppos i te  Sides  of Top Fuel  
Pin,  Capsule UN-3. Etched. 1 O O x .  
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porosi ty .  

outer  sur face  region of t h e  f u e l  p e l l e t ,  a r a t h e r  severe degree of g ra in  

boundary separa t ion  w a s  noted i n  t h e  inner  sur face  region. 

of an un i r r ad ia t ed  archive p e l l e t  showed t h a t  t h e  f u e l  had a tendency f o r  

gra in  boundary separa t ion ,  as shown i n  Fig. 15. 

Although some gra in  boundary separa t ion  w a s  apparent i n  t h e  

Examination 

O r  . 
..to * -  .* .*e# m . +. . e. .:e* " .. 

0 
.. 
a -  - m m. . a 

0 

. - -  I -  

* . ,  .". . . * * *  i 
. - ** . 

Fig. 15. 
Pin, Capsule UN-3. 
gra in  boundary separa t ion  and occasional  missing g ra in  corner (arrows). 
As pol ished,  500x. Reduced 12%. 

Appearance of Unirradiated Archive UN P e l l e t  f o r  Top Fuel 
This area i s  a t  t h e  outer  sur face  of t h e  p e l l e t ;  note 

The genera l  metallographic appearance of t h i s  f u e l  p in  i s  summarized 

i n  Fig. 16. There was no evidence of any gross chemical incompat ib i l i ty  

between t h e  UN f u e l  and t h e  W-25% Re cladding, although a genera l  i n t e r -  

granular  pene t ra t ion  of t h e  cladding occurred t o  a maximum depth of 20 pm. 

(See upper left d e t a i l  of Fig. 1 6 ) .  

i n t e r f a c e  a l s o  showed t h a t  t h e  f u e l  w a s  i n  in t imate  contact  wi th  the clad-  

ding during i r r a d i a t i o n ;  s eve ra l  regions were noted where gra ins  of f u e l  

had separated f r o m t h e  per iphery of t h e  p e l l e t  during coolduwn and remained 

a t tached  t o  t h e  cladding. 

Examination of t h e  fuel-cladding 
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1-52324 

I 

I 
U 

i c ros t ruc tu ra l  De ils from a Longitudinal 
of Capsule UlI-3. 

Middle Fuel Pin 

The cladding on t h i s  pin was s l i t  twice lon  tudinal ly ,  about 180" 
between t h e  s l i ts .  
t a c t  with t h e  tungsten-lined T-111 cladding. 

t h e  plenum space above the f u e l  column, and white oxide was  evident 
throughout t h e  i n t e r i o r  of t h e  pin. The conditions i n  t h i s  pin are 

The UN f u e l  p e l l e t s  were i n t a c t  and i n  intimate con- 

Unreacted NaK w a s  found i n  



22 

shown i n  Fig. 17. 
i t s  tungsten l i ne r .  

i n t o  t h e  pin, a number of circumferential  and longitudinal cracks were 
observed i n  the  tungsten l i ne r .  

l i n e r  i n  t h e  lower half of t h e  f u e l  column. 

f u e l  (UN) pe l l e t s  s t i l l  i n  place i n  t h e  other ha l f  of the cladding. 
location of t h e  major crack i n  the  cladding, t h e  f i e 1  appeared t o  have 

been eroded away. 

honing scratches t h a t  were on t h e  tungsten l i n e r  of t h e  cladding. 

p e l l e t  interfaces  were eas i ly  visible i n  t h e  top  portion of t h e  f u e l  col-  

umn but v i r t u a l l y  undetectable i n  the  lower portion. 

The lower view shuws the  i n t e r i o r  of t h e  cladding with 

In addition t o  the  mjor crack t h a t  admitted NaK 

Also, t h e  f u e l  w a s  bonded t o  t h e  tungsten 

The upper view shows t h e  t e n  

A t  t he  

The UN expanded t o  fill avai lable  space and repl icated 

Fuel 

APPEARANCE OF 
FUEL AT MAJOR 

CLADDING CRACK 

I,. ~ 

CRACK IN W 

i-FUEL C O L U M N  L O C A T I O N  - 
I f 

Fig. 17. Middle Fuel Pin of Cap l e  mT-3 after Longitu 
of t h e  Cladding and Separation of t h e  Cladding Halves. 
i s  on l e f t  side.  

Top of f u e l  pin 
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When t h e  UN pe l le t s  were removed from the  cladding, a shoulder w a s  
The thickness of the v is ib le  on the  bottom pe l le t  as shown i n  Fig. 18. 

shoulder i s  9 mils, and the  diameter i s  about 240 mils, showing tha t  the 
W extruded in to  the bottom tungsten spacer. 
at the top end of the  fue l  column moved f ree ly  when the pin was s l i t  open, 
we conclude that the UN i n i t i a l l y  expanded t o  f i t  t i g h t l y  i n  the  cladding 
i n  the central  region, and subsequent swelling of the UN i n  the  lower por- 
t i o n  of the column w a s  accommodated by ax ia l  expansion into the  bottom 
tungsten spacer. 

Since the  tungsten spacer 

iddle Fuel Pin,  Cap , (b) end view. 5%. 

Fig. 19. Sections 
i c  specimens. Examination of 

ction A, taken on, shuwed no evidence of grain 

only a f t e r  ekching, 
The resu l t s  of the  ation of sections through 

surface region of  the T-111, The 

tween tungsten and T-111. 



DWG 70-4954 

TUNGSTEN SPACER TUBE TUNGSTEN SPACER TUBE 

FUEL COLUMN LOCATION r PLENUM 

LONGlTUDl NAL LOCATION OF MAJOR 
CRACKS I N  CLADDING 

TO CLAD ID 

Fig. 19. 
Capsule UN-3. 

Sect ioning Diagram for Cladding of Middle Fuel  Pin of 

R-59719 

c 

.: .* 
i 

I 

i :.: 

Fig. 20. Appearance of an Area from Sect ion C. Note t h e  s e r i e s  
of voids t h a t  precedes t h e  in t e rg ranu la r  separa t ion  of t h e  T-111 cladding. 
As  polished. 500x. Reduced 29.5%. 
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N o  

1 

* 
R-50986 

Fig. 21. Appearance of a F a i l e d  Region i n  t h e  T-111 Cladding and 
Tungsten Liner  f rom Sec t ion  E of  t h e  Middle Pin. 
(b)  high, 500x, magnif icat ion.  As pol ished.  Reduced 3%. 

(a) Low, loox, and 
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Metallographic examination of a sect ion from an unfai led region 

(section G )  revealed intergranular  separations i n  t h e  T-111 t h a t  or igin-  

a t e d  a t  t h e  inner  surface and extended through ha l f  the  w a l l  thickness, 

as shown i n  Fig. 22. Numerous c a v i t i e s  were observed at t h e  in te r face  

between tungsten and T-111 and as intergranular  c a v i t i e s  i n  t h e  T-111. 

r 

I 

I g 7 . c  . 

Fig. 22. Appearance of T-111 Cladding and Tungsten Liner from 
Section G of the Middle Fuel Pin. 
magnifications . A s  polished. R 

(a) Low, lOOx, and (b) high, 5 0 0 ~ ~  
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In t e rg ranu la r  s epa ra t ions  occurred a l s o  i n  t h e  tungs ten  l i n e r .  A reg ion  

where t h e  f u e l  had adhered t o  t h e  tungs t en  l i n e r  i s  shown i n  Fig. 22(b).  

We noted t h a t  no t  on ly  had t h e  UN bonded w i t h  t h e  tungs ten ,  b u t  i n  some 

reg ions  t h e  TJlT had pene t r a t ed  t h e  tungs t en  t o  a depth of  about 15  pm. 

W e  a l s o  noted t h e  occas iona l  presence of a g ray  phase i n  some of  t h e  

grain-boundary sepa ra t ions  i n  t h e  T-111 and i n  some of t h e  cavit ies at 
t h e  i n t e r f a c e  between tungs ten  and T-111. This gray  phase can be seen  

a l s o  i n  Fig.  22(b) .  

Bottom Fuel  Pin 

The bottom f u e l  p i n  i n  t h i s  experiment w a s  e s s e n t i a l l y  a dup l i ca t e  

of  t h e  middle ( f a i l e d )  p in ,  bo th  i n  design and opera t ion .  

s ec t ioned  as shown i n  Fig.  23. All f u e l  p e l l e t s  w e r e  i n t a c t ,  and 

The p i n  w a s  

ORNL-DW 74-5838 

TUNGSTEN SPACER TUBE ___ 

2.6-in. FUEL COLUMN 

Fig. 23. Sec t ion ing  Diagram f o r  Cladding of Bottom Fuel  Pin of 
Capsule m1- 3. 

matching d i s c o l o r a t i o n s  were seen on t h e  f u e l  and t h e  i n s i d e  s u r f a c e  

of t h e  c ladding ,  i n d i c a t i n g  in t ima te  contac t  between f u e l  and c ladding  

dur ing  i r r a d i a t i o n .  

i n t o  t h e  tungs t en  spacers  as occurred i n  t h e  middle p in .  

N o  evidence w a s  found t o  show ex t rus ion  of p e l l e t s  

A t r a n s v e r s e  s e c t i o n  i s  shown i n  Fig. 24. Cracks and cavities 

observed i n  both  t h e  tungs t en  l i n e r  and t h e  T - 1 1 1  c ladding  were similar 

t o  t h o s e  that l e d  t o  f a i l u r e  of t h e  middle f u e l  pin.  
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Design burnup was 1.45 at. ‘$ f o r  t h e  top  f u e l  pin,  and 1. 

the  middle and bottom pins. Radiochemical analyses ( for  7 5 Z r ,  137Cs ,  

and 1 4 4 C e )  were performed on f u e l  samples from posit ions of  i n t e re s t  i n  

t h e  th ree  f u e l  pins. Also, uranium iso topic  abundances were determined 
by mass spectrometry f o r  f u e l  f romthe  top  pin. Burnup values calculated 

from these analyses are r e  

from the  Zr, Ce, and Cs  analyses are not w e l l  representat ive of design 

t e d  i n  Table 4. Since t h e  burnups calculated 
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Table 4. Burnup Values f o r  Capsule UN-3 

Fis s ions  p e r  I n i t i a l  Heavy Metal Atom, % 
Fuel  Pin Calcu la ted  from Design 

137cs 55% 
and P e l l e t  Uranium 

I s o t o p i c  

TOP 2 1.34 1.34 1.11 0.8% 1.45 

5 1.48 1.44 1.25 0.98 

Middle 2 

5 
1.37 1.22 0.89 1.75 

1.00 1.20 0.8% 

Bottom 4 1.09 1.25 0.88 1.75 

condi t ions  i n  t h e  r e l a t i o n s h i p s  between t h e  t h r e e  p ins  nor w i t h  tempera- 

t u r e s  determined dur ing  i r r a d i a t i o n ,  w e  suggest  t h a t  t h e  g e n e r a l l y  more 

re l iable  uranium i s o t o p i c  a n a l y s i s  be accepted. This s t r o n g l y  suggests  

t h a t  design burnups (ad jus ted  f o r  shor tened  i r r a d i a t i o n  t ime)  were very 

n e a r l y  achieved. 

FUEL SWELLING 

Changes i n  f u e l  p e l l e t  d e n s i t i e s ,  as determined by immersion tech-  

niques,  are t a b u l a t e d  i n  Table 5. The f u e l  p e l l e t s  of t h e  middle p i n  

gene ra l ly  decreased more i n  d e n s i t y  than  those  of t h e  o the r  two p ins .  

S u b s t a n t i a l  v a r i a t i o n  i n  p e l l e t  d e n s i t i e s  (e .g . ,  p e l l e t  4 vs p e l l e t s  

3 and 5 )  i s  unexplained f o r  t h e  middle f u e l  pin.  

d e n s i t y  decrease f o r  t h e  p e l l e t s  i n  t h e  t o p  p i n  i s  not  comparable t o  

t h a t  for t h e  lower p i n s ,  s i n c e  t h e  p e l l e t s  i n  t h e  t o p  p i n  were f a b r i c a t e d  

w i t h  a c e n t r a l  h o l e  for t h e  thermowell. Cor re l a t ion  c o e f f i c i e n t s  f o r  

t h e  p e l l e t  d e n s i t y  changes versus  t h e  i n i t i a l  p e l l e t  d e n s i t y  a r e  0.43, 

0.69, and 0, r e s p e c t i v e l y ,  f o r  t h e  t o p ,  middle, and bottom p ins .  This 

indicates less t h a n  50% chance of c o r r e l a t i o n  of t h e  data f o r  t h e  t o p  

p i n ,  fa i r  c o r r e l a t i o n  f o r  t h e  middle p i n  and none for t h e  bottom pin.  

Since t h e  middle p i n  cladding f a i l e d  and admi t ted  N a K  t o  t h e  p e l l e t s ,  

it is u n l i k e l y  t h a t  t h e  c o r r e l a t i o n  c o e f f i c i e n t  of 0.69 i s  meaningful, 

The average value f o r  

c 
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Table 5. Density Changes f o r  UN P e l l e t s  I r r a d i a t e d  i n  Capsule UN-3 

Density % of Theoretical np - x 100 Pin and 
Pe l le t  Preirradiat ion,  Post i r radiat ion,  Decrease, 

Top 1 

2 
3 

4 

5 

6 

7 
8 
9 

10 

Middle 1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Bottom 1 

2 
3 

4 

5 
6 

7 

8 
9 

10 

95.4 

95.5 

95.0 

95.3 

96.2 

95.8 
96.1 

95.3 

95.1 
95.0 

93.4 
94.0 

93.4 

95.5 

92.9 

95.8 

93.3 

95.4 

92.5 

95. 5 

92.7 

93.4 

95.5 

94.1 

93.2 
94.3 

93.2 

95.4 

95.1 
92.5 

91.80 

92.50 

91.74 
91.14 
92.38 

91.47 

91.36 

90.75 

Average 

89.54 

89.86 
90.40 

89.55 

89.66 

89.90 
90.14 

88.88 

90.06 

87.51 

Average 

88.75 

90.42 

93.18 

91.78 
91-01 

89.02 

92.00 

Average 

3.6 

3.0 

3.3 

4.2 

3.8 

3.8 
3.7 

4.2 

3.7 

3.9 

4 .1  

3.0 

6.0 

3.2 

5.9 

3.2 

6.5 

2.4 
8.0 

4.6 

3.9 

3.0 

0.9 

1.4 
3 . 3  

4.3 

0.5 

2.5 

3.8 

3.1 

3.5 

4- 4 

4.0 

4.0 
3.9 

4.4 

3.9 

4.2 

4.4 

3.2 

6.3 

3.4 

6.2 

3.4 

6.8 

2.6 

8.4 

4.9 

4.2 

3.2 

1.0 

1 .5  
3.5 

4.6 

0.5 

2.6 
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The re lease  of f i s s i o n  gases from t h e  f u e l  bodies w a s  low (0.1% 

for t h e  top  pin and 7.1% for t h e  bot 

t o  swelling by accumulation of f i s s i o n  gas bubbles a t  t he  grain bound- 

aries, as seen i n  Fig. 25. The large cavities within t h e  grains were 

fabricat ion porosity. The porosity a t  t h e  grain boundaries is  shown 

pin) .  Fission gas re tent ion led  

UN Fuel from t h e  

re clearly in Fig. 
u la r  f rac ture  s 

ar ies .  The t nular f rae-  

believe to be f ab r i c  
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R-53512 

Fig. 26. Fractographic Surfaces f romthe  Central Region of a UN 
Fuel Pe l l e t  f rom Bottom Fuel Pin, Capsule UN-3. 
(b) transgranular.  

(a) Intergranular and 
Carbon rep l ica  shadowed with chromium. 

t h a t  elimination of grain boundaries by use of s ingle-crystal  UN e f fec t -  
ive ly  reduces volume increases during i r rad ia t ion .  '' 
showed similar r e su l t s  by use of large-grained or porous UN fuel.11 

Other investigators 

EXAMINATION OF T-111 CLADDING 

Nitrogen i n  Cladding 

Two sections of cladding were chosen from t h e  middle f u e l  pin f o r  
Kjeldahl nitrogen determinations. 

length of t h e  unfailed half  of t h e  cladding, from 1 1/8 t o  1 9/16 in.  

f rom the  top  of the pin,  and the  other sect ion w a s  t he  next 7/16 in .  

down from t h e  f i r s t  section. Both sections were i n  t h e  fueled region of 

One sect ion included about a 7/16-in. 

'OS. C. Weaver, K. R. Thorns, and V. A. DeCarlo, Trans. Amer. Nucl. 

IIR. F. Hilbert  e t  a l . ,  Trans. Amer. Nucl. SOC. - - 13, 102 (1970). 
- -  SOC. 1 2 ( 2 ) ,  547 (1969). 

c 
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t h e  cladding;  however, t h e  f i r s t  s e c t i o n  descr ibed  w a s  co inc ident  wi th  

t h e  extreme upper end of t h e  f u e l  column. The n e t  n i t rogen  conten ts  were 

34 and 70 ppm, r e s p e c t i v e l y ,  f o r  t h e  upper and lower s e c t i o n s  as descr ibed  

above. These values i n d i c a t e  an inc rease  i n  average n i t rogen  content  over 

t h a t  of  t h e  u n i r r a d i a t e d  T-111, which contained from 11 t o  56 ppm N. 

Microhardnes s 

We measured t h e  microhardness ac ross  t h e  w a l l  of t h e  T - 1 1 1  c ladding 

on t h r e e  s e c t i o n s  f r o m t h e  middle ( f a i l e d )  p i n  and compared t h e s e  values  

w i t h  an a rch ive  sample. The c ladding  sec t ions  came from t h e  gas plenum 

reg ion ,  t h e  f a i l e d  reg ion ,  and near  t h e  bottom of  t h e  fue l  column; t h e  

r e s u l t s  are shown i n  Fig. 27. The s e c t i o n s  from bo th  t h e  gas plenum and 

from near  t h e  bottom of t h e  f u e l  column were ha rde r  t han  t h e  a rch ive  and 

showed an inc rease  i n  hardness  ac ross  t h e  w a l l  of t h e  cladding as t h e  

320 

c 

300 
0 - 

G? 
5 
a 

a 
240 

n 
z 
0 2 220 
- 
n 

200 

ORNL-DWG 70-2988R - 
1 

0 - UNIRRADIATED T- i i i  
0 -GAS PLENUM (SECTION A )  

- A  -NEAR BOTTOM OF 
FUEL STACK (SECTION I )  

0 -FAILED REGION (SECTION C) 

T 

a 

( C  4 )  e --- - 

- 
0 5 io  45 20 25 ( x  10-3) 

APPROXIMATE DISTANCE FROM INNER SURFACE OF CLADDING (in.) 

Fig.  27. Kcrohardness  o f  Cladding o f  Middle Pin from Capsule UN-3. 
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outer  surface was  approached. A marked increase i n  hardness w a s  measured 

i n  t h e  sec t ion  from t h e  f a i l e d  region, but i n  cont ras t  t o  t h e  o ther  two 

sec t ions  t h e  maximum hardness occurred a t  t h e  inner sur face  region. 

Grain S ize  

The g ra in  s i z e  w a s  6 times l a r g e r  i n  t h e  f a i l e d  region of t h e  middle 
f u e l  pin than i n  t h e  gas plenum region. There w a s  an average of only 

seven grains across t h e  cladding i n  t h e  f a i l e d  region. The g ra in  diam- 

e t e r s  were as follows: un i r rad ia ted  mater ia l ,  0.022 m; sec t ion  A, 

0.017 mm; s ec t ion  C ,  0.102 mm; s ec t ion  I, 0.022 mm. (See Fig. 19 f o r  

loca t ion  of sec t ions .  ) 

Electron M i  c r  oprob e 

Some of t h e  cracks i n  t h e  T-111 near t h e  tungsten l i n e r  and cav i t i e s  

a t  t h e  cladding-liner in te r face  contained a mater ia l  of low o p t i c a l  
r e f l e c t i v i t y ,  as shown i n  Fig. 22. Microprobe ana lys i s  showed t h i s  

mater ia l  t o  be r i c h  i n  hafnium. On areas s l i g h t l y  smaller than t h e  

e lec t ron  beam diameter, t h e  hafnium content w a s  65%; therefore ,  t h i s  f i g -  

ure i s  t o  be taken as a lower l i m i t  of hafnium concentration. Similar 

hafnium concentrations were found alongside a l l  cracks i n  t h e  tungsten 

l i n e r .  Spec t r a l  analyses of t h e  hafnium-rich areas f a i l e d  t o  de tec t  any 

add i t iona l  elements. However, our present de tec tor  system does not 

enable us t o  analyze f o r  nitrogen. 

extruded i n t o  cracks i n  t h e  tungsten l i n e r ,  t h e r e  w a s  no evidence of 

uranium i n  t h e  cracks or grain boundaries of t h e  tungsten or T-111. No 

movement of t h e  tungsten-T-111 i n t e r f a c e ,  as a r e s u l t  of high temperature 

operation, was detected. Analysis of t h e  i n t e r f a c e  regions f a i l e d  t o  
de tec t  t h e  existence of d i f fus ion  gradients.  Consequently, it i s  h ighly  
unl ike ly  t h a t  t h e  c a v i t i e s  i n  t h e  v i c i n i t y  of t h e  cladding-liner i n t e r -  

face  a r e  t h e  r e s u l t  of t h e  Kirkendall e f f e c t .  

Except where t h e  UN f u e l  had been 
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Scanning Elec t ron  Microscopy 

Since  t h e  i r r a d i a t e d  T-111 cladding from bo th  middle and bottom p ins  

w a s  b r i t t l e  at room t empera ture ,  r e p l i c a s  were r e a d i l y  obta ined  from 

f r e s h  fractures. Scanning e l e c t r o n  micrographs of a r e p l i c a  t aken  from 

c ladding  f r a c t u r e d  l o n g i t u d i n a l l y  near  the  f a i l e d  reg ion  of t h e  middle 

p i n  are shown i n  Fig.  28. The l a r g e  v a r i a t i o n  i n  g r a i n  s i z e  between 

R - - - - - -  

+ 
f 

T-111 

. 
__j 4 

c 
C V D - W  

Fig. 28. Scanning E lec t ron  Micrographs of  llwo Frac ture  Surfaces  
about 1 cm Apart .  The l a r g e r  g ra ined  reg ion  (a) w a s  near  t h e  f a i l e d  
reg ion  of t h e  cladding.  P l a s t i c  r e p l i c a ,  go ld  shadowed. About 2OOx. 
Reduced 16%. 

reg ions  about 1 c m  a p a r t ,  shown i n  Fig.  28, i n d i c a t e s  t h a t  l o c a l i z e d  hot  

s p o t s  developed i n  t h e  c ladding  during i r r a d i a t i o n .  Large g r a i n  boundary 

cavities i n  t h e  T-111 near  t h e  c l add ing- l ine r  i n t e r f a c e  a r e  apparent  i n  
Fig.  28 (a ) .  Higher magni f ica t ion  micrographs of t h e  f i n e r  g ra ined  reg ion  

i n  Fig.  28(b)  a l s o  r evea led  g r a i n  boundary c a v i t i e s .  Grain boundary 

cavities w e r e  observed throughout t h e  c ladding  th i ckness ;  t h e  r ad ius  of 

t h e  c a v i t i e s ,  i n  t h e  range of loe5 t o  l o m 4  cm, decreased from t h e  inne r  

t o  outer  s u r f a c e  of the  cladding.  The d e n s i t y  of g r a i n  boundary c a v i t i e s  

w a s  es t imated  t o  be  about 5 x 1 0 6 / c m 2  of g r a i n  boundary area. 

g r a i n  boundary cavities w e r e  p re sen t  i n  t h e  tungs t en  l i n e r ,  which a l s o  

f r a c t u r e d  i n t e r g r a n u l a r l y  as shown i n  Fig.  29. 

Numerous 
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Fig. 29. Grain Boundary Cavities i n  CVD Tungsten Liner as Revealed 
by Scanning Electron Microscopy Image of a P l a s t i c  Replica of a Fracture 
Surface, Gold shadowed. 

Discuss ion of Cavity Formation and Intergranular Fracture 

The mechanical properties of T - 1 1 1  under conditions of neutron irra- 
diat ion at elevated temperatures have not been reported. 

McCoy12 have shown i n  out-of-reactor t e s t i n g  t h a t  T-111 a t  temperatures i n  
the  range 1200 t o  1650°C exhibi ts  good d u c t i l i t y  under creep conditions, 
with f rac ture  s t r a ins  i n  excess of 20%. 

Stephenson and 

The fractures  were gene ra l ly t r ans -  

granular, and grain boundary cracks o r  cav i t ies  were not  observed. Con- 
sequently, we prop e a mechanism whereby t h e  radiat ion environment pro- 
motes t h e  formation of grain boundary cavi t ies  i n  T-111. 

An obvious mechanism i s  the  embrittlement of T-111 by formation of 

grain boundary gas bubbles. H y a m  and Sumner13 have demonstrated t h a t  

. L. Stephenson and H. E. McCoy, Jr., "The Creep-Rupture Proper- 
t i e s  of  Some Refractory Metal Alloys, 111. Comparative Mechanical Behav- 
io r  of Some Tantalum-Ease Alloys," J. Less-Common Metals - 15(4),  415-424 - 

13E. D, Hyam and G. Sumner, p. 323 i n  Radiation Damage i n  Solids,  
V o l .  1, Internat ional  Atomic Energy Agency, Vienna, 1962. 
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gas bubbles under an imposed t e n s i l e  stress expand s o  t h a t  t h e  sum of 

t h e  normal s t r e s s  and t h e  p re s su re  i n s i d e  t h e  bubble i s  balanced by 

t h e  s u r f a c e  t e n s i o n  r e s t r a i n t .  

by 

However, above a c r i t i c a l  stress given 

C = 0.77 y l r ,  , (1) 
where 

y = t h e  s p e c i f i c  s u r f a c e  energy, 
r, = t h e  equ i l ib r ium rad ius  of  a bubble i n  t h e  absence of an 

i n t e r n a l  stress,  

the bubble  w i l l  grow i n d e f i n i t e l y .  

w i l l  experience runaway growth l ead ing  t o  c rack  formation. 

Thus, above a c r i t i c a l  stress, bubbles 

If this  mechanism i s  to be acceptab le  t o  exp la in  T-111 cladding fa i l -  

u re ,  it i s  necessary  t o  demonstrate t h a t  s u f f i c i e n t  i n e r t  gas bubbles can 

be nuc lea ted  and t h a t  t h e  magnitude of t h e  t e n s i l e  s t r e s s  necessary  t o  

cause runaway growth of t h e s e  bubbles i s  reasonable .  The usua l  gaseous 

i m p u r i t i e s ,  oxygen, n i t rogen ,  and hydrogen, are r e l a t i v e l y  so lub le  i n  

T-111 and form compounds after exceeding t h e  s o l u b i l i t y  l i m i t s .  The most 

l i k e l y  source of i n so lub le  gas i s  n i t rogen ,  which has a h igh  (n,a) cross  

s e c t i o n  w i t h  fast neutrons.  l 4  Although n i t rogen  concent ra t ions  i n  T - 1 1 1  

c ladding  are not  known w i t h  g r e a t  c e r t a i n t y ,  i n i t i a l  values  range from 
11 t o  56 ppm. Chemical ana lyses  f r o m t h e  u n f a i l e d  reg ion  o f  c ladding  

near  t h e  t o p  of t h e  middle p i n  show n i t rogen  conten ts  i n  t h e  range 34 

t o  70 ppm, w i t h  t h e  h ighe r  n i t rogen  conten t  i n  t h e  specimen c l o s e r  to 

t h e  cladding f a i l u r e  region.  This t r e n d  i n  n i t rogen  pickup by  t h e  T-111 

i s  c o n s i s t e n t  w i t h  t h e  microhardness measurements, which suggest  t h a t  

cons iderably  h igher  n i t rogen  conten ts  my e x i s t  i n  regions of  t h e  clad-  

ding near  t h e  f a i l u r e .  

equ i l ib r ium n i t rogen  p res su re  over UN a t  1500°C i s  about 5 x t o r r .  

Inouye and Lei tnaker15 have shown t h a t  t h e  

I4I. R. Birss, J. Nucl. Mater. - 34, 241 (1970). 

I5H. Inouye and J. M. Le i tnaker ,  "Equi l ibr ium Nitrogen Pressures  
- 

and Thermodynamic P rope r t i e s  of UN," J. A m e r .  C e r a m .  SOC. - 51(1), 6-9 
(January 1968). 

- 
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Moreover, Inouye16 reports t ha t  t he  nitrogen so lub i l i t y  i n  T-111 at  
1400°C in  an atmosphere of 4.7 x t o r r  N2  is about 300 ppm. Conse- 

quently, nitrogen pickup by t h e  T-111 cladding under the  operating con- 

di t ions i n  t h i s  experiment i s  highly l i k e l y  i f  t he  tungsten l i n e r  i s  not 

an effect ive protect ive bar r ie r .  Many cracks i n  the  tungsten l i n e r  con- 

ta ined UN f u e l  extrusions. This is  evidence t h a t  t h e  cracks exis ted a t  

temperature during i r rad ia t ion .  Moreover, t h e  f u e l  extrusions show t h a t  

t he  f u e l  exerted considerable s t r e s s  on the  cladding. The intergranular 

f a i lu re  of t h e  CVD tungsten l i n e r  under the  operating conditions of t he  

middle pin i s  not unexpected. 

have c lear ly  established t h a t  grain boundary gas bubbles form i n  CVD 

tungsten on annealing a t  temperatures above 1400°C. 

of f a i l u r e  - t h a t  i s ,  t he  l inking up of grain boundary bubbles under 

t e n s i l e  stress - i s  the  same as we a re  proposing t o  have taken place i n  

the  T-111 cladding. 

S t ieg ler ,  Far re l l ,  and c o - w ~ r k e r s ~ ~ y ~ ~  

The mechanism 

Thus, although the  f i n a l  nitrogen contents i n  the  T-111 near the  

f a i lu re  region are  unknown, it i s  assumed tha t  a time-average nitrogen 

content of 100 ppmwas present. This nitrogen content i s  suf f ic ien t  t o  

lead t o  atoms of helium per cubic centimeter. The calculations a re  

shown i n  t h e  Appendix. 

It i s  now necessary t o  show t h a t  a helium content of 1015 atoms/cm3 

i s  su f f i c i en t  t o  give a reasonable density of  c r i t i c a l  bubbles. Substi- 

t u t ion  of 2000 p s i  f o r  tJ which i s  considerably lower than the  5000 p s i  

necessary t o  cause f a i l u r e  i n  6000 h r  i n  T-111 out-of-reactor, and 

y = 1000 ergs/cm2 in  Eq. (1) gives 5 x lom6 cm fo r  T o .  

C'  

The number of 

16H. Inouye, Metals and Ceramics Div. Ann. Progr. Rept. June 30, 1971, 
ORNL-4770, p. 109. 

I7K.  Far re l l ,  J. T. Houston, and A. C. Schaffhauser, "The Growth of 
Grain Boundary Gas Bubbles i n  Chemically Vapor Deposited Tungsten," 
pp. 363-390 i n  Proceedings of t he  Conference on Chemical Vapor Deposition 
of Refractory Metals, Alloys, and Compounds, Gatlinburg, Tennessee, 
Septertiber 12-14, 1967, ed. by A. C. Schaffhauser, American Nuclear 
Society, Hinsdale, I l l i n o i s ,  

of Creep Cavities i n  Tungsten," ASM (Am. SOC. Metals) Trans. Quart. 
- 60(3) ,  494-503 (September 1967). 

18J. 0. S t ieg ler ,  K. Fa r r e l l ,  B. T.M. Loh, and H. E. McCoy, "Nature 

- 
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hel ium atoms i n  an equ i l ib r ium bubble can he  cal .culated from t h e  rela- 

t ionsh ip  

Po = 2 y / r 0  , (2) 

where Po, t h e  equ i l ib r ium p res su re  i n  - the bubble ,  assumi.ng t h e  p e r f e c t  

gas l a w  can be w r i t t e n  as 

Po = 3nkT/4firO3 , 

with 11 = number of atoms, 

k -: Boltzmann cons t an t ,  

T = terrperatu-re i n  OK. 

'rnus, 

( 3 )  

For r, I:: 5 x 
Consequently, the  number of equi1ib:rium bubbles of  :ro = 5 x 3.0m6 cm t h a t  

can be supported by 1015 helium al;orns/cm3 i s  about lo9 bubbles/cm3. 

cm, y = 1000 ergs/crn2, and T -= 1673"K, n = 8 x J@. 

Experimentally,  we observe about 5 x lo5 bubbles/cm2 of g r a i n  bound- 

ary area. If bubbles form exc lus ive ly  at g r a i n  boundaries i n  t h e  T-111, 

t h i s  cor.responds t o  about 10' bubbles /em3 since t h e  g r a i n  bound.a.ry area per  

cubic  c e n t i ~ n e t e r ' ~  = 2 N  

i n t e r s e c t i o n 6  pe r  u n i t  l eng th  of  t e s t  l i n e ,  

s i z e  of 0.1 mm i s  1OO/cm. 

::: 200 cm2/cm3. 'The number of g r a i n  bov-ndary I, 
i n  material wi-th g r a i n  NL , 

Thus, assuming t h a t  a l l  of t h e  hel ium i s  segrega ted  near  g r a i n  

boundaries ,  we have shown t h a t  t h e  observed number of cavit ies coiild 

have e x i s t e d  as equ i l ib r ium bubbles of t h e  c r i t i c a l  s i z e  (500 A) f o r  

'oreakaway growth wider a t e n s i l e  stress of 2000 p s i .  For c a t a s t r o p h i c  

f a i l u r e  by grcfl-th of g r a i n  boundary cavities it i s  not  necessary,  how- 

eve r ,  t h a t  a l l  bubbles exceed t h e  c r i t i c a l  radius. H e l i u m  could have 

segrega ted  at t h e  g r a i n  boundaries as a resul t ,  of p r i o r  segrega t ion  of 

'"C. S. Smith and L. Gu t tmn ,  T r a n s .  Aim 221, .- .. 3L+4 (1961). 
. . ... . .. . . 
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ni t rogen .  Nitrogen segrega t ion  i s  l i k e l y  s i n c e  microprobe ana lyses  

have shown high hafnium contents  a t  g r a i n  boundaries ,  and I S f N  i s  one of 

t h e  most s table  n i t r i d e s  known. 

So far, w e  have s h m n ,  us ing  equi l ibr ium cons idera t ions ,  t h a t  su f -  
f i c i e n t  hel ium bubbles can be  formed i n  T-111 under t h e  condi t ions  of 

t h i s  experiment e The cladding temperature o f  about l40O"C corresponds 

t o  0,53Tm, where T t h e  melt ing temperature ,  i s  about 3250°K. Coiise- 

quent ly ,  s u f f i c i e n - t  mobi l i ty ,  p a r t i c u l a r l y  i n  t h e  presence o f  i r r a d i a t i o n -  

ind.uced po in t  d e f e c t s ,  i s  expected t o  permit t h e  aggrega t ion  of gas atoms 

i n t o  bubbles.  

s i n c e  cladding ho t  spo t s  were i .ndicated by metallography. 

m' 

'The opera t ing  temperature  may have been h igher  t han  0.53Tm, 

Fur ther  observa t ions ,  p a r t i c u l a r l y  us ing  t ransmiss ion  e l e c t r o n  

microscopy and specimens from regions of  lower operati-ng temperature ,  are 

necessary  be fo re  t h i s  mechanism o f  helium embrit t lement , demonstrated t o  

be poss ib l e ,  can be  e s t a b l i s h e d  as t h e  main cause of t h e  i n t e r g r a n u l a r  
f a i l u r e  of T-111 f u e l  cladding. 

CONCLUS rorJs 

Performance of UN Fuel 

The UN f u e l  performed s a t i s f a c t o r i l y  i n  a l l  t h r e e  p ins .  The f is-  

s i o n  gas r e l e a s e  w a s  only 0.1% at 1380°C ( top  p i n )  and 7.l$ at  1500°C 

(bottom p i n ) ,  

c ladding and w a s  l i m i t e d  t o  c los ing  of  t h e  as-fabricated 0,005-in. gap 
between f u e l  and cladding. 'There w a s  no gross chemical r e a c t i o n  between 

t h e  f u e l  and cladding. 

depth of about 20 pm, e l e c t r o n  microprobe a n a l y s i s  of t h e  cladding 

revealed no i n d i c a t i o n s  of  uranj.un pene t r a t ion  beyond th.at depth. Ni t ro-  

gen released f r o m t h e  UN may have i n t e r a c t e d  w i t h  t h e  T-111 cladding and 

l e d  t o  t h e  degradat ion of t h e  mechanical p rope r t i e s .  

Swelling of t h e  f u e l  w a s  adequate ly  r e s t r a i n e d  by t h e  

Although t h e  f u e l  and cladding i n t e r a c t e d  -to a 
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Top Fuel  Pin 

The performance of  t h i s  f u e l  p i n  was corrpletely s a t i s f a c t o r y ,  w i t h  

t h e  W-25$ R e  c ladding a t  a temperature  of 1300°C on t h e  ou te r  s u r f a c e  

.and t h e  c e n t r a l  f u e l  t empera twe  decreas ing  from 1.380"C at t h e  beginning 
of t h e  t e s t  t o  1.330"C at  t h e  end of t he  t e s t .  This decrease i n  temper- 

a t u r e  d i f f e r e n c e  between t h e  f u e l  center l i n e  and cladding i n d i c a t e s  an 

improved t'nermal conductance of the f u e l  p in  during opera t ion .  This 

improvement was due t o  swe l l ing  of f u e l  u n t i l  it came i n t o  in t ima te  

contact, w i t h  t h e  cladding.  The f u e l  p in  diameter d id  not  i nc rease  during 

t e s t i . ng ,  and no s i g n i f i c a n t  chemical reacti.on occurred between the  f u e l  

and cladding. 

Midd le  Fue l  Pin 

The T-111 claddi-ng, separated.  from t h e  UN fue l  by vapor-deposited 

tungs ten ,  f a i l e d  after 5800 h r  wi th  a cladding-oi-iter-surface temperatun? 

of l / + O O ° C  and a f u e l  c e n t e r - l i n e  temperature  of l 5 O O " C .  Fractii-res i n  t h e  

c ladding  were p r i m a r i l y  i n t e r g r a n u l a r ,  w i t h  a s- tuing of cavit ies formed 

at. t h e  l ead ing  end of  t h e  cracks.  

hafnium concent ra t ions  at both  t he  cracks md c a v i t i e s  -to be as milch as 
65 w t  $ (vs 2 wt $ i n  base  meta l ) .  

f u e l  may have been a s s o c i a t e d  wi th  t h e  hafnium. 

microha,rdness near  t h e  inne r  su r face  of t h e  T-7.11 i n  t h e  fai-led reg ion  

i ~ s  also ind i .ca t ive  of n i t rogen  pickup from "c'ne f u e l .  Ni-trogen content  

of - the i r r a d i a t e d  cladding w a s  g r e a t e r  t han  t h a t  of t h e  a rch ive  samples. 

We propose t h a t  n i t r o g e n  i n  t h e  c laddihg  during i r r a d i a t i o n  l eads  to 

formation of su f f i c j - en t  hel ium t o  cmse embri t t lement ,  formation of cav- 

i t i e s ,  and u l t i m a t e  f a i l u r e  of Lhe T-lll cladding. 

E lec t ron  microprobe examination showed 

We suspec t  t h a t  n i t rogen  from t h e  UN 

A marked inc rease  i n  t h e  

Large v a r i a t i o n s  i n  g r a i n  s i z e  of t h e  clad-ding i n d i c a t e  t h a t  l o c a l -  

i z e d  hot  spots developed dur ing  i r r a d i a t i o n ,  Grain s i z e  i n  t h e  fa i led  

reg ion  w a s  6 t imes t h a t  i n  t h e  gas plenum region ,  and the f a i l u r e  was 

l oca t ed  under a thermocouple s t r a p  where a gas bubble could form and 

cause a l o c a l i z e d  ho t  spo t .  We b e l i e v e  thj-s condi t ion  determined t h e  
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s p e c i f i c  l o c a t i o n  and t i m e  of f a i l u r e ,  b u t  t h e  ex i s t ence  of cavit ies 
and cracks i n  o the r  reg ions  of  t h e  cladding i n d i c a t e s  t h a t  f a i lu re  would 

have u l t i m a t e l y  occurred without  t h e  hot  spot  condi t ion .  

Bottom Fuel  Pi-n 

This p in  w a s  v i r t u a l l y  i d e n t i c a l  -to the  middle p i n  both i n  design and 

opera t ing  condi t ions .  ‘The cavities and cracks i n  t h e  cladding i n d i c a t e  

t h a t  addi t i -ona l  t i m e  o r  l o c a l i z e d  temperature  excursions would have l e d  

t o  i t s  f a i l u r e  i n  t h e  same mode as t h e  middle f u e l  p in .  
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APPENDIX 

Calcu la t ion  of  Helium TBoduction from 1-00 ppm N i n  T-111 

011i- method of e s t ima t ing  the  helium contents  produced from n i t rogen  

impuri ty  i n  T-UI i s  similar t o  - tha t  used by Birss'" i.n a gene ra l  review 

of helium product ion i n  r e a c t o r  materials. 

The es t imated  ORR flux i s  5 x 10l2 neu-trons sec - l  (> 1 MeV). 
To a f i r s t  approximation, w e  assume t h a t  t h e  neutron spectrum f o r  ener -  

g i e s  i n  excess  of I MeV i s  represented  by t h e  f i s s i o n  spectrum. Then, 

t h e  spectrum can be d iv ided  ink0 three groups,  and, using t h e  e f f e c t i v e  

(n,rx) c ros s  s e c t i o n s  we can ca,l.culate a r e a c t i o n  ra te ,  as shuwn i n  

Table 6. 

Table 6. Rates of 14N(n,a) Reaction 

Minimum Neu- Average Cross Flux, m React i o n  
Group t r o n  Energy Sec t ion ,  0 (ne u t  r on s Rate, UQ 

(MeV) (cm? ) cmm2 sec-l)  (sec"1) 

x lo-?/+ x 10-12 x 
1 3.668 0.37 0.98 0.27 

2 2.23 0.31 1.55 0.33 

3 1-35 0.05 1.63 0.08 

Tot a1 0.68 

For an i r r a d i a t i o n  t i m e  of 5800 h r ,  t h a t  i s  2 x l o 7  sec, 1.4 x U T 5  

helium a t o m  are  formed p e r  nj-trogen atom. Since 100 ppm N corresponds 

to 1.3 x atom f r a c t i o n  and 1 cm3 of 1'-111 conta ins  about 5.5 x 
atoms, t h e  number of n i t rogen  a t o m  pe r  cubic  cent imeter  i n  T-111 is  

7.2 x 
at  t h e  end of the e q e r i m n t .  

Consequently, abou-L 1015 helium atom/cm3 e x i s t  i n  T-111. 

2oI. R. B i r s s ,  J. Nucl. Mater. - J  34 241 (1970). - 
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