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Abstract 

The fuel element damage which occurred during the SNAPTRAN-3 
Destructive Test of a Snap 10A/2 reactor is described. 
analysis of the fuel indicated that approximately 15$ of the hydrogen 
was released and that the core flux was higher toward the center both 
radially and axially. 
the presence of the epsilon, delta, and gamma phases in the grain 
structure and evidence of a possible alpha or beta phase. The phase 
changes indicated a minimum peak fuel temperature of 1290°F while 
cracking at the grain boundries indicated a peak fuel temperature in 
excess of 1740°F. 
a peak clad temperature in excess of 1000°F. 

Chemical 

Metallurgical analysis of the fuel determined 

The failed edges of the fuel cladding suggested 
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I. INTRODUCTION 

This report describes the physical, chemical, and metallurgical 
analysis of the SNAPTRAN-3 reactor fuel following the destructive 
testing of the reactor. The SNAPTRAN-3 reactor tested to destruc- 
tion was a modified SNAP 10A/2 flight machine designed for the purpose 
of investigating the consequence of a nuclear excursion resulting from 
the immersion of the SNAP 10A/2 reactor core in water. 
of the overall aerospace nuclear safety program that has been designated 
as SNAPTRAN and is being conducted by Phillips Petroleum Company at the 
Test Area North (TAN) site of the National Reactor Testing Station. 
SNAP 10A/2 type reactors are approximately 9 inches in diameter by 12 

inches long and are composed of a core containing 37 fuel rods of an 
alloy of zirconium-hydride and 10 wt$ of 93% enriched uranium. 
complete description of the SNAPTRBN-3 reactor package and fuel 
is presented in Section 11, "Reactor Description". 

This is a portion 

The 

A more 

The experimental program prior to the destructive test included 
mechanical, electrical, and hydraulic checkout; fuel loading, static 
physics measurements; and a transient test. Results of the physics 
measurements and transient test are summarized in Section 111, "Operation 
summary". 

Although the complete disassembly of the reactor and the dispersal 
of the fuel in a non-critical array was the anticipated consequence of 
the destructive test, the entire area was surveyed with neutron and 
gamma detectors and with two remotely controlled television cameras 
mounted above the reactor package prior to any personnel entry. 
minutes after the test it was ascertained that the reactor was shutdown 
and that no foreseeable event could lead to criticality. 

A few 

Following the destructive test a preliminary radiation survey of 
the test cell area indicated that levels were sufficiently low as to 
permit limited personnel entry and the manual recovery of air monitor- 
ing equipment and samples. 
tion survey indicated the gamma dose rate at the inner edge of the 
environmental tank was in agreement with the pre-test calculations of 

Twenty-four hours after the test a radia- 

1 



3 rem/hour for a comparable energy release. A contamination survey of' 
the test area also indicated that only a very small amount of fuel had 
escaped from the environmental tank. 

The test dolly and reactor remains were transferred to the TAN 
Service Facilities (TSF) area hot shop for detailed examination of the 
reactor components and f u e l  one week after the destructive test. 

. 

2 



11. REACTOR DESCRIPTION 

1. Test Package Description 

A p i c t o r i a l  representat ion of t h e  SNAPTRAN-3 r eac to r  t es t  
package p r i o r  t o  t h e  des t ruc t ive  test  i s  given i n  Figure 11-1. 
reac tor  core was mounted on a pedes ta l  i n  t h e  center  of t h e  steel 
l ined  environmental tank and was surrounded by a Binal poison sleeve. 

The tank was 14 feet ins ide  diameter, 10 feet high, and f i l l e d  with 

water t o  3.5 feet above t h e  top  of t h e  r eac to r  core. 

l i n e r  was backed by one f o o t  of concrete at  t h e  top  and two feet of 
concrete at  the bottom t o  maintain t h e  tank i n t e g r i t y  during t h e  

des t ruc t ive  disassembly of t he  reactor .  

above t h e  environmental tank supported t h e  Binal poison sleeve d r ive  

mechanism. 

mounted on a h-rail do l ly  t o  f a c i l i t a t e  movement of t h e  t es t  package 

t o  t h e  Examination Area (TAN 607) following t h e  des t ruc t ive  test. 

The 

?he steel tank 

The superstructure  shown 

The en t i r e  r eac to r  assembly and environmental tank were 

The 37 f u e l  rods which made up t h e  core were an a l l o y  of zirconium- 

hydride and 1 0  wt$ of 93$ enriched uranium. A typical f u e l  rod i s  shown 
i n  Figure 11-2. 

and had an outs ide diameter of 1.250 inches and a length of 12.25 inches. 

The beryllium f i l l e r  pieces  were used t o  adapt t h e  hexagonal form of t h e  

core t o  t h e  cy l ind r i ca l  r eac to r  vessel. A cross  sec t ion  of t h e  f u e l  rod 

arrangement, t h e  loca t ion  of t h e  six beryllium f i l l e r  pieces,  t h e  r eac to r  

vessel and t h e  b i n a l  cont ro l  sleeve are shown i n  Figure 11-3. 

The rods were clad with 0.015 inch th i ck  Hastelloy-N 

The reac to r  vessel shown i n  Figure 11-3 was fabr ica ted  from 0.032 

inch th i ck  type 316 s t a i n l e s s  steel, was c y l i n d r i c a l ' i n  shape, and had 

an outside diameter of 8.94 inches. 

accura te ly  with respect  t o  each o ther  and t h e  r eac to r  vessel by upper 

and lower g r id  p l a t e s  w i t h h  t h e  vessel. 

ing pins  shown a t  opposite ends of t he  f u e l  rod i n  Figure 11-2 engaged 

t h e  Hastelloy-C g r id  p l a t e s  f o r  t h e  precis ion posit ioning. 

!Be f u e l  rods were posit ioned 

The cap and g r id  p l a t e  index- 

3 
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REACTOR VESSEL 

F;ACILlTY PLUG 

Fig. 11-1 SNAP’IWN-3 Reactor and Fla t ca r  Assembly. 
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Fig. 11-2 SNAPTRAN-3 Fuel Rod. 
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INTERNAL REFLECTOR f REACTOR VESSEL 

Fig. 11-3 SNAPTRAN-3 Reactor Cross Sect ion.  



111. OPERATION SUMMARY 

1. S t a t i c  Physics Measurements 

P r io r  t o  t h e  des t ruc t ive  t es t  t h e  r e a c t o r ' s  statA: cha rac t e r i s t i c s  

were invest igated by determining the  poison s leeve and c r i t i c a l  water 

height configurations.  

a normalized sleeve-worth curve and found t o  be 3.80 k 0.20 do l l a r s .  

The excess r e a c t i v i t y  was also determined from 

2. Power Cal ibrat ion 

Also p r i o r  t o  t h e  des t ruc t ive  test t h e  core was operated at  2.0 kw 

f o r  approximately 2 hours. Details of both t h e  p o w e r  ca l ib ra t ion  and 

t h e  s t a t i c  physics measurements are presented i n  IDO-17019, "SNAPTRAN 

2/10A-3 Destructive Test Results" . (1 1 

Although these  runs were of qu i t e  sho r t  duration, t h e  t o t a l  i n t e -  

grated energy release was calculated t o  be 11.7 Mw-sec with a correspond- 

ing contr ibut ion t o  t h e  f i s s i o n  product inventory of t h e  core a t  t h e  

time of t he  des t ruc t ive  test  49 days later.  A ca lcu la t ion  of t h e  an t i c -  

ipated t o t a l  f i s s i o n  product inventory of t h e  core af ter  t h e  des t ruc t ive  

test would therefore  requi re  inclusion of t h e  f i s s i o n  products produced 

by t h e  power ca l ibra t ion .  It can be seen t h a t  t h e  contr ibut ion of a 
long l ived  isotope such as Cs-137 would be approximately 20% of t h e  

t o t a l .  

3. Destructive Test 

The des t ruc t ive  excursion was i n t i a t e d  by t h e  rap id  removal of t h e  

A b r i e f  poison s leeve from t h e  core by means of an explosive actuator .  

l i s t i n g  of t h e  nuclear da ta  associated with t h e  des t ruc t ive  t e s t  i s  given 
i n  Table I. A more complete discussion and e v a l u a t i m  of t h e  da ta  is  
reported i n  IDO-17019, "SNAPTRAN 2/10A-3 Destructive T e s t  Results" (1 1 . 
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Asymptotic period of t n e  
power r i s e  640 k 30 psec 

Peak power 18,000 5 2000 Mw 

Total nuclear energy 
re lease  (most probable) 45 4 m-sec  

Maximum core averaged 
f u e l  temperature 1,900 f 200°F 

Excess r e a c t i v i t y  
addi t  ion 

Max itnum d i sas sembly 
pressure 1,000 f 300 p s i  

8 



IV. POST DESTFKJCTCVE TEST ANALYSES 

1. Core Inspection and Recovery 

The test dolly and reactor remains were transferred from the test 
cell to the TSF area hot shop for the detailed examination of the fuel 
and components a week after the destructive test. 

The first phase of the fuel recovery operation included removal of 
the superstructure 
and the Edgerton, Germeshausen and Grier periscopes. 
lished by remote methods with the hot shop manipulators. 

which supported the poison sleeve drive mechanism 
This was accomp- 

1.1 Core Distribution 

Removal of the superstructure and periscopes allowed direct 
manipulator access into the environmental tank for recovery of the 
reactor fuel and components. 
the fuel over the bottom of the environmental tank as a result of the 
destructive excursion. Although the distribution appears random, the 
reactor fuel and components were in fact recovered from areas of the 
environmental tank floor corresponding approximately with their original 
locations in the assembled core before the destructive disassembly. 
This indicates that the disassembly was generally symetrical from the 
center of the core outwards as was shown by the Edgerton, Germeshausen 
and Grier core profile pictures'') and is also indicated in Figure IV-2 
of the six beryllium reflector pieces which were broken essentially in 
the center in all cases. 

Figure I V - 1  shows the distribution of 

1.2 Fuel Recovery and Size Distribution 

A l l  fuel pieces and cladding of sufficient size were removed 
from the environmental tank by remote manipulators and examined for 
identifying marks. Figure IV-3 shows the identified fuel and cladding 
arranged in the pre-test core conf'iguration. Approximately 50% of the 
original core weight in fuel and cladding was identifiable and 99% of 
the core recovered. The remaining 1% is presumed to have been either 
flushed out with the environmental tank water to the waste tank and/or 

9 



Fig. IT-1 Post-’Test Remains of Reactor after 
Removal of Superstructure .  

10 



Fig. IV-2 BeryUiun Reflectors after Destructive Test. 
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Fig. IV-3 Fuel Rod Remains Arranged 

I 2 5 / > / ]  1 I 



Fig. IV-4 Small Fuel Pieces Recovered by Vacuum Cleaning. 

blown out of the  environmental tank onto t h e  t es t  pad and surrounding 

ground during t h e  test. 

s ide  of t h e  environmental tank i n  t he  tes t  c e l l  area, t h e  general  area 

contamination was 500-800 dpm 24 hours af ter  t h e  tes t .  

Although no f u e l  pieces were recovered out- 

Fuel pieces t h a t  were too s m a l l  t o  be recovered e f f i c i e n t l y  by 

manipulator were picked up by vacuum cleaner. 

by t h i s  method was approximately one t h i r d  of t he  core. 

shows a t y p i c a l  tray of material recovered by vacuum cleaning from the  

environmental tank f loo r .  

given i n  Table 11. 

The t o t a l  amount recovered 

Figure IV-4 

The d i s t r ibu t ion  of t h i s  f i n e  material i s  



TABm I1 

SIZE ANALYSIS OF FINES 

Tyler Screen Size wt. gms. wt.3 
> 4  =, 930 75.5 
> 16 2,776 17.6 
> 100 1,016 6.3 
> 200 75 0.5 

< 200 13 0.1 

mtal 15,810 Qms 100% 

A sample of t h e  <200 mesh s i ze  f i n e s  was examined by microscope 

t o  determine t h e  d i s t r ibu t ion  of t h e  particles as t o  s i z e  and type of 

material.. 

materials i n  t h e  t a b l e  are probably hydrogen b a r r i e r  present i n  two 

d i f f e ren t  states re su l t i ng  from different  peak temperatures in  t h e  fue l .  

?he r e s u l t s  are presented i n  Table 111. ?he green and white 

Some of t he  white material may be zirconium oxide. The three m e t a l  

The sources types me presumed t o  be uranium and zirconium compounds. 

of t h e  s m a l l  amount of red material and i ron have not been ident i f ied  

but presumably did not or ig ina te  i n  t h e  core. 

undoubtedly were from the  Wgerton, Germeshausen and Grier photographic 

"backup" l i g h t s  which were shat tered by t h e  shock wave f r o m  t h e  core 

disassembly . 

The quartz and glass 

PARTICE3 DISTRIBUTION, < 200 MESH 

Percent Size i n  IvIicrons (Ekpreseed a t  5 of Type) 
Type of Material of sarqle 0-10 10-20 20-30 30-40 40-50 50-60 60-80 80-120 120-200 

Green Chunks 20 < 1  5 5 5 10  20 40 10 5 
White Balls < 1  _.  5 20 20 20 5 
White Chunks i .. 1 10 10 10 i o  50 5 5 
M e t a l  Shavings 5 < 1  20 30 50 

Metal Balls 10 < 1 1 5  20 20 30 10 5 
Metal Chunks 40 < 1 5 i o  i o  1 5  20 20 10 10 
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~ L ; E  111 (Cont. ) 

PARTICLE DIS'iTiIETVTIOiT. < 200 MESH 

Percent Size i n  Microns (Expressed a t  % of Type) 
m e  of Material of sample 0-10 10-20 20-30 30-40 40-50 50-60 60-80 80-120 120-200 

Red Chunks < 1  < 1  15 50 30 5 
Quart 2 20 < 1 10 10 i o  20 30 1 5  
Glass < 1  c 1  90 10 

Iron 3 <1 50 30 i o  5 5 
Percent lo@ 2.5 6.0 9.0 31.5 16.0 17.5 17.5 8.0 

c; 

r 

1.3 Core Sampling 

Several  representa t ive  f u e l  pieces  were sampled f o r  both chemical 

Figure IV-5 i s  t h e  o r i g i n a l  core layout inclu- and metal iurgical  analysis.  

ding both t h e  core loca t ion  number (above) and t h e  f u e l  element number 

below (i.e.,  E-65). Sample wafers were cu t  from elements E-65, E-151, 
E-153, and t h e  bottom of E-84. 
f o r  chemical analysis ,  were cut  from each end of each f u e l  element as 

w e l l  as from e i t h e r  s i d e  of t h e  missing center  sect ions,  r e s u l t i n g  i n  

fou r  w a f e r s  from each f u e l  element. 

4 s t a r t i n g  at t h e  bottom of each element and were iden t i f i ed  as 65-1, 
65-2, 65-3, e tc .  

approximate thickness  are given i n  Table N. Additional samples were 
also t aken  from E-65, E-151, E-153, and t h e  bottom of E-84 f o r  m e t a l -  
l u r g i c a l  analysis .  

The wafers from E-65, E-151, and E-153, 

The wafers were numbered 1 through 

Their loca t ion  on t h e  o r i g i n a l  f u e l  element and 

TABLE IV 

SAMPLE WAFER IDENTIFICATION AND LOCATION 

Sample 
Iden t i f i ca t ion  

65-1 
65 -2 

65-3 
65-4 

Approximat e 
Original  b c a t i o n  Thickness 

12-1/4 - l2-1/2 from t o p  shoulder 1/4 " 
8 - 8-1/2 from top  shoulder 1/2" 

3-1/2 - 4 from top  shoulder 1/4" 
1/4" 0 - 1/4 from t o p  shoulder 
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TABLE IV (cont.) 

SAMPLE WAFER IDEZVTIFICATION AND LOCATION 

Sample 
Iden t i f i ca t ion  

151-1 

151-2 

151-3 
151-4 

153-1 

153-2 

153-3 
153-4 

Approximate 
Original  Location Thickness 

J2-1/8 - l2-1/2 f r o m  t o p  shoulder 

10-3/8 - 10-3/4 f r o m  t o p  shoulder 

2-1/8 - 2-1/2 from t o p  shoulder 

0 - 3/8 from t o p  shoulder 

3/8" 
3/8" 
3/8" 
3/8" 

3.2-3/8 - l2-1/2 from top  shoulder 1/8 
9-1/4 - 9-5/8 from top  shoulder 

2 - 2-3/8 from t o p  shoulder 
3/8" 
3/8" 

0 - 1/8 from top  shoulder 1/8 

Note: The cladding was removed from all t h e  sample wafers immediately 

following cu t t i ng  except 65-3 and 151-3. 

r ings  were used f o r  Cr51 ac t iva t ion  ana lys i s  and are discussed 

elsewhere in  t h i s  sect ion.  Also, t he  sec t ions  of t he  o r i g i n a l  

f u e l  elements between t h e  -2 and -3 wafers were missing following 

t h e  des t ruc t ive  test. 

These two cladding 

2. Chemical Analysis 

2.1 Hydrogen Dis t r ibu t ion  

The hydrogen analysis of t h e  f u e l  by vacuum ext rac t ion  was 

intended t o  ind ica t e  the  amount of hydrogen released from various areas 

of t h e  core during t h e  des t ruc t ive  test. 

d i s t r i b u t i o n  was determined in t h e  wafers cut from E-65, E-151, and E-153 

(Table IV) and spot determinations made on t h e  t o p  sec t ion  of E-147, t h e  

spongy appearing f u e l  of t h e  bottom sect ion of E-84, and samples of t h e  

following f i n e  mater ia ls :  -16 + 100 mesh, -100 + 200 mesh, and < 200 mesh. 

The r e s u l t i n g  values have a 9546 confidence i n t e r v a l  of - + 0.02 w t $ .  

Radial and longi tudina l  hydrogen 



The wafers listed i n  Table IV w e r e  sampled radially by taking f i v e  
samples from each wafer from the  center  outward. 

i f i e d  by H-1 at the center t o  H-5 at t h e  edge and t h e  r e s u l t s  of t h e  

hydrogen analyses given i n  Table V. 

The samples were i d e n t -  

The spot hydrogen analyses of t h e  remaining fuel  pieces  and f i n e s  

are presented i n  Table VI. The percentage of t h e  o r i g i n a l  hydrogen t h a t  

w a s  apparent ly  re leased by t h e  des t ruc t ive  test from all t h e  f u e l  pieces  

analyzed is also given i n  t h i s  t a b l e  f o r  comparison. 

ions on E-147 and E-84 correspond approxlmately with wafer pos i t ions  -4 
and -2 respec t ive ly  on f u e l  elements E-65, E-151, and E-153. 
a l s o  assumed t h a t  t h e  o r i g i n a l  H2 content of t h e  f i n e  material was 

1.80 wt.$ i n  ca lcu la t ing  t h e  percentage hydrogen loss i n  t h e  t ab le .  

The sampling pos i t -  

It was 

The r e s u l t s  of t h e  hydrogen loss ind ica te  t h a t  t h e r e  was e s s e n t i a l l y  

no loss of hydrogen from t h e  extreme ends of t h e  f u e l  elements and only 
a lO-l5% loss at t h e  broken ends of elements E-65 and E-151. 
E-153 located at t h e  outs ide  edge of t h e  core apparent ly  had a Kegligible 

hydrogen loss even a t  t h e  broken ends. A c lose  examination of t h e  hydro- 

gen content of t h e  f i v e  samples from each of t h e  -2 and -3 wafers ind ica tes  

t h a t  t h e  surface appearance (cracks and fissures) probably explains t h e  

wide range of r e s u l t s  reported.  I n  several cases t h e  edges of t h e  cracks 

were a much darker color  than t h e  remainder of t h e  w a f e r  ind ica t ing  an 

oxide formation o r  a change i n  s t ruc tu re  r e s u l t i n g  i n  var iab le  hydrogen 

loss. 

hydrogen lo s ses  from E-147 (147-4) and E-84 (84-2) compares reasonably 

w e l l  with t h e  loss  from t h e  corresponding loca t ions  i n  E-65 and E-151. 

'The s l i g h t l y  higher l o s s  from E-84 may be explained by t h e  sponpj 

appearance t h a t  i s  very s i m i l a r  t o  t h e  darker colored edges of t h e  

cracks i n  Figure IV-6. The hydrogen loss from t h e  f i n e  f u e l  material 

ind ica tes  t h a t  t h e  f i n e r  t h e  material, t h e  greater t h e  hydrogen loss. 

It may be deduced t h a t  t h e  f u e l  i n  t h e  higher f l u x  areas of t h e  core 
received t h e  g rea t e s t  physical  damage and a correspondingly greater 

hydrogen release from t h e  f u e l  matrix. 

Element 

Figure IV-6 is a n  example of crack formation i n  E-65-3. The 
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Fig. IV-6 
the Bottom of Fuel Element E-65 (E-65-3). 

Cross Section 4-1/2 inches from 
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SPOT HYDROGEN ANALYSES A.ND PERCENTAGE HYDROGEN LOSS 

Sample 

!bp E-47 1.63 wt.$ 
(orig.  H2 1.78 w t . $ )  

Bottom (spongy) E-84 1.40 wt.$ 
(or ig .  H2 1.775 d.k> 
-16 + 100 mesh 1.10 w t . $  

-100 + 200 mesh .493 wt.k 
< 200 mesh e399 d . Z  

Sample Avg. Loss Sample Avg. Loss Sample Avg. Loss Sample Avg. Loss 

65-1 6 151-1 4$ 153-1 3% 147-4 a$ 
65-2 16% 151-2 16 153-2 5k 84-2 2@ 

65-3 16% 151-3 1646 153-3 4% -16 + loo 39$ 
65-4 6 151-4 3% 153-4 3% -100 + 200 73% 

< 200 78% 

2.2 Fiss ion  Product Dis t r ibu t ion  

The remaining por t ion  of each f u e l  wafer and t h e  sieved f i n e  

f u e l  were analyzed f o r  t h e  following f i s s i o n  products: 1-131, Ba-140, 

Ce-141, Zr- 95, Cs-137, Sr-89-90 and Ru-103 and a r e  presented i n  Table 

VII. The r e s u l t s  give a longi tudina l  but  not a radial d i s t r i b u t i o n  of 

t h e  f i s s i o n  products for t h e  th ree  f u e l  elements and indica te  t h a t  t h e  

flux was higher near  t h e  center  of each f u e l  element than at t h e  ends. 

The va r i a t ions  i n  t h e  1-131. resu l t s  f o r  t h e  f u e l  elements may be 

a t t r i b u t e d  t o  sublimation and/or migration of the  iodine. 

t he  strontium analys is  was made f o r  both t h e  sr-89 and Sr-90 isotopes,  

t h e  d i s in t eg ra t ions  from t h e  sr-89 represents  > 9 8  of t h e  t o t a l  

strontium a c t i v i t y .  Consequently, t h e  Sr-90 was  not detectable .  

Although 
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FISSION PRODUCT DISTRIBUTION 
(Ekpressed as pc/gm a t  T + 2.28 hrs.) 

141 ,95 cs137 Sr 89 ,103 Sample No. ,131 ,140 Ce 

65-1 16 24 1.7 2.2 .026 4.7 .21 
65 -2 23 47 3.0 4.6 .Oh9 8.8 51 
65-3 8 44 3.1 4.6 .057 8.4 .23 
65-4 23 23 1.3 2.1 .029 3.5 .28 

151-1 10 25 1; 3 2.4 .025 4.6 . 27 
151-2 22 39 1.8 3.9 . 046 7.3 .30 

151-4 15 23 1.2 2.2 . 028 4.5 .26 
151-3 27 46 2. 3 4.6 .057 8.1 50 

153-1 15 21 1.1 2.1 .024 3.8 .24 
153-2 17 34 1.7 3.4 .036 5.8 .35 
153-3 l2 34 2.0 4.0 .026 6.6 .31 

-16 + 100 5.62rlO’ 19.5 
mesh 

-100 + 200 none 6.3 
mesh detected 

< 200 none 31.7 
mesh detected 

-16 + loo 
mesh 

-100 + 200 
mesh 

e00 mesh 

3.0 .97 .41 14.9 12.5 

1.8 3.1 1.54 4.5 7.0 

4.6 6.7 1.27 22.9 10.6 

- U-235 w t . $  u 

6.71 92.94 - 

4.16 92.66 

5.69 92.29 
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The analyses of t he  sieved f i n e  f u e l ,  a l s o  presented i n  Table VII, 

were corrected f o r  foreign material i n  t he  samples (Table 111) by as- 

suming no burnup and adjust ing the  quant i ty  of each isotope reported 

on t h e  bas i s  of 10.0 w t . %  uranium. 

The inconsistency of t h e  f i n e s  analyses,  desp i te  t h e  adjustment, 

can only be a t t r i bu ted  t o  t h e  presence of va r i ab le  quan t i t i e s  of foreign 

materials which would r e a c t  with t h e  a n a l y t i c a l  reagents  and produce 

erroneous r e su l t s .  

sented i n  Table I11 indica tes  t h a t  approximately 5 5 s  may be f u e l  and 

45% fore ign  material. This checks qu i t e  w e l l  with t h e  t o t a l  uranium 

i n  Table V I 1  of 5 6 . 9  of t h e  an t ic ipa ted  1O.N uranium i n  t h e  fue l .  

The v i s u a l  ana lys i s  of t h e  < 200 mesh sample pre- 

2.3 Activation Analysis 

Several  components of t h e  r eac to r  core and vessel were radio- 

autograph and a l s o  analyzed by standard ac t iva t ion  ana lys i s  techniques 

t o  determine t h e  flux p r o f i l e  both r a d i a l l y  and longi tudina l ly  by t h e  

two  methods. 

a longi tudina l  s t r i p  of t h e  r eac to r  vessel, and a longi tudina l  s t r i p  of 

f u e l  element E-86 cladding. 

Included i n  t h i s  etudy were t h e  upper and lower gr id  p l a t e s ,  

The components included i n  t h e  ac t iva t ion  ana lys i s  me shown i n  

Figure IV-7' and t h e  loca t ion  of samples indicated in 'Figures  IV-8, N-9, 
and IV-10. 

analys is  and was calculated as yc c0-58/gm. 
2.28 hours. 

IV-14, and y ie ld  f l u x  shapes, both a x i a l l y  and r ad ia l ly ,  which were in  

good agreement with t h e  spatial f l u x  as determined from other  means 

during t h e  des t ruc t ive  test .  Activation analysis  therefore  appears t o  

be a use fu l  post  test method f o r  determining t h e  f l u x  shape t h a t  ex is ted  

during a given r eac to r  excursion. 

CO-58, by n,p reac t ion  from N i - 5 8 ,  was used f o r  t he  ac t iva t ion  

t o t a l  N i  corrected t o  To e 
Results of t h e  analyses are p lo t ted  i n  Figures I V - 1 1  through 

It must be ponted out  t h a t  t h e  power ca l ib ra t ion  of t h e  core 49 
days p r i o r  t o  t h e  des t ruc t ive  t es t  contributed approximately 14$ of t h e  

f i n a l  Co-58 a c t i v i t y  i n  t h e  components corrected t o  To + 2.28 hours. 

Details of t h e  power ca l ib ra t ion  are covered i n  DO-17019, "SNAE'TRAN 

2/10A-3 Destructive Tests Results" f o r  ca lcu la t ion  of the  energy release 

from t h e  des t ruc t ive  test  from t h e  ac t iva t ion  r e su l t s .  
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Radioautographs were also made of each of the components included 
in the activation analysis and densitometer readings taken at the cor- 
responding points of the activation samples for purposes of comparison. 
The results of the densitometer readings are plotted in Figures IV-15 
through IV-18 with the activation results also shown. 
of the upper and lower grid plates were both taken on the side of the 
plates towards the reactor core. 
distorted by the destructive test which probably explains the difference 
between the radioautographs and the activation curves in this case. 
Intimate film contact with the plate surface was not possible because 

The radioautographs 

The upper grid plate was extensively 

of 

in 
to 

*O 

the distortion. 

The two cladding rings from fuel wafers 65-3 and 151-3, mentioned 
the note on Table IV, were analyzed for both total chromium and Cr-51 
determine the extent of chromium activation. 
+ 2.28 hrs. are as follows: 

The results corrected 

Sample Identification Total Chromium Q Cr-51 d g m  

63-3 7.36 1.07 
151-3 7.36 1.07 

The Hastelloy-N cladding for both E-65 and E-151 fuel elements 
came from the same original tube prior to fabrication and would be 
expected to have the same total chromium analysis. 

3. Metallurgical Examination 

3.1 Zirconium Hydride Fuel 

Several fuel elements were sampled to determine the core 
temperature gradients by investigation of phase changes, changes in 

hardness, and evaluation of crack formation in the zirconium hydride. 
The locations of the sample points on the fuel elements are shown in 
Figure IV-19 and also the relative location of the hydrogen-fission 
product sample wafers described in the previous sub-section. Table 

VI11 lists the fuel element samples and sample mount members. 
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Upper Grid P l a t e  Lower Grid P l a t e  

Fuel Element E-86 Reactor Vessel 

Fig. PI-7 Components Bamined far P k t i x i t i o c .  



t 

Fig. IV-8 Upper Grid P la t e  Sample Locations- 

N 

00000000 

t 
N 

Fig. IV-9 Lower Grid P la t e  Sample Locations. 

26 



. 

ELEMENT E-86  

Top) 

REACTOR VESSEL 

Fig. IV-10 Element E-89 Cladding and 
Reactor Vessel Sample Locations. 
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Fig. IV-11 Neutron Activation Across Upper Grid Plate .  
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F i g .  IV-12 Neutron A c t i v a t i o n  Across  I o w e r  Grid Plate. 
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Fig. IV-16 Radioautograph, Lower Grid P la t e .  
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Fig. IV-18 Radioautograph, Reactor Vessel Wall. 
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Fig. IV-19 Fuel ELement Sample Locations. 



TABU VI11 

M E U O G R A P H Y  SAMPLES 

Fuel Element Mount No. 

E-65 R-151 
R-152 

R-153 

R-154 

R-155 

R-160 

R-161 

E-84 

R-162 

A-165 

A-166 

R-163 

R- 164 

R-191 

R-193 

A-173 

Des c r i p t  ion 

Fuel, sample taken 5" from bottom of pin. 

Fuel, sample taken 4-1/2" from bottom of pin. 

Fuel, sample taken 4-1/2" from bottom of pin,  
numerous cracks. 

Fuel, sample taken  3-1/2" from t o p  of pin,  
t ransverse  plane of f i s s u r e d  section. 

Fuel, sample t aken  3-1/21! from t o p  of pin,  
adjacent t o  p iece  R-154. 
Clad, sample 4-1/2" t o  5-1/2" from bottom of 
pin,  f l a t  sec t ion  with rupture  termination. 

Clad, sample 4-1/2" t o  5" from t o p  of pin,  
t r ansve r se  sec t ion ,  contains long i tud ina l  
tear. 
Clad, sample 5" from bottom of pin,  longitud- 
i n a l  s e c t  i c m ,  contains t r ansve r se  tear. 

Cladding, three specimens A, B, and C. 
Transverse sec t ion ,  button end ha l f  of element. 

Cladding, specimen mounted f la t ,  contains 
termination of l ong i tud ina l  tear, button end. 

C l a d ,  sample 6" from t o p  of pin, l ong i tud ina l  
sec t ion ,  contains transverse tear. 

Clad, sample 7" from bottom of pin,  longitud- 
i n a l  sec t ion ,  contains t ransverse  tear. 
Fuel, one quar te r  wafer sec t ion  mounted longi- 
t u d i n a l l y  taken from cold end of pin. 

Fuel, one qua r t e r  wafer sec t ion  mounted longi- 
t u d i n a l l y  taken 2-1/2" from cold end of f u e l  
pin. 

Cladding, three specimens A, B, and C. !IYms- 
verse sec t ions ,  tears next t o  negator, button 
end half' of element. 



TABLE VIII (Cont. ) 

METALLOGRAPHY SAMPLES 

Fuel Element Mount No. 

E-84 A-174 

A-175 

E-151 

E-153 

R-158 

R-159 

R-156 

R-157 

R-165 

R-166 
Reactor R-178 
Vessel 

Reactor R-179 
Vessel 

Unident i f ied R-192 

Description 

Cladding, specimen mounted f l a t ,  contains 
termination of l ong i tud ina l  tear,  button end. 

Cladding, specimen mounted i n  t h e  t r ansve r se  
sec t ion ,  full circumference of cladding n e a r  
end of element (button end). 

Clad, sample taken 3" from t o p  of p in ,  f l a t  
sec t ion  with rupture  termination. 

Fuel, sample 2-3/8 t o  3" from t o p  of pin,  c ross  
sec t ion  of pin. 

Fuel, sample taken from 3" from t o p  of pin ,  
c ross  sec t ion  of pin. 

Fuel, sample taken 3" from t o p  of p in ,  ad jacent  

Fuel, sample (un iden t i f i ed ) ,  l ong i tud ina l  
s e c t  ion. 

Fuel, sample (unident i f ied) ,  t r ansve r se  section. 

Transverse sec t ion ,  w a l l ,  held i n  negator with 
t o r n  edge of wall away from t h e  negator, t h e  
t o r n  edge represent ing  t h e  rupture break of 
t h e  vessel. 

Cladding, l ong i tud ina l  sec t ion  of r e a c t o r  v e s s e l  
wall mounted f la t ,  the notched end is t h e  t o r n  
edge of t h e  break. 

Fuel, unidentified,  blown free of element during 
test. 

t o  R-156. 
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3.11 Phase Rela t ionships  

The i n t e r p r e t a t i o n  of changes ir! m ic ros t ruc tu re  i n  t h e  

samples i s  based on t h e  presence and/or absence of t h e  fo l lowing  descr ibed  

c o n s t i t u e n t s :  

(1) Fuel  - small b lack  p a r t i c l e s .  

( 2 )  Banding - t h e  presence o r  absence of t h e  banded s t r u c t u r e  
wi th in  g ra in .  

(3) 

(4 )  
(5) Voids - black  areas s l i g h t l y  l a r g e r  t han  t h e  f u e l  

Grain s i z e  - de l inea ted  by g r a i n  boundries  o r  by boundries  

Cracking - observed as both microcracks and l a r g e  cracks.  

as def ined  by banding o r i e n t a t i o n s .  

p a r t i c l e s  o r  as t h e  dark areas a t  t h e  edge of 
i s l ands .  

(6)  Addi t iona l  phases - (a) elongated l i g h t  p a r t i c l e s  fcrming 
a long  cracks.  

(b )  heav ie r  appearing p a r a l l e l  s t r u c t u r e s  forming a long  
cracks.  

( c )  a brown s t r u c t u r  forming both  along t h e  edge of t h e  
c racks  and a l so  s l i g h t l y  i n  t h e  i n t e r n a l  po r t ion  of t h e  
matrix a t  t h e  cracks. 
( d )  dark  p a r t i c l e s  i n  t h e  matrLx l a r g e r  than  f u e l  p a r t i c l e s  

Three f u e l  samples, 3-191, R-192, and R-193 were choser! as tty-pical 

mic ros t ruc tu res  encountered i n  t h e  i n v e s t i g a t i o c .  The t h r e e  specimens 

cons i s t ed  of a sample of t h e  i n t a c t  f u e l  a t  t h e  'lct'ld'l end of a f u e l  

element (R-191 from element ~ - 8 4 ) ,  a sample from The "midp?oint" of t h e  

i n t a c t  f u e l  (R-193 from element E-8&),  and a "hotrr  sanpie  of f u e l  which 

had been completely severed frcm an element (3-192 fyom an uz;3ent i f ied 

fuel element ) . 
Three d i s t i n c t  phases appear  t o  be predominant i n  3 e  t h r e e  samples. 

They are eps i lon  zirconium-hydride,  d e l t a  zirconium-hydride, and g a m a  

zirconium-hydride. The eps i lon  phase appears  t o  be t h e  only z i rccniun-  

hydride phase p re sen t  i n  the cool  p o r t i o n s  of t h e  eiemert, This I s  Y - e  

banded equiaxed g r a i n s  shown i n  F igure  IV-20 frm R - l ? l .  ir. 5% next  

"hot7;Ffr" po r t ion  Gf t h e  elemert {ti-193) both t h e  eps?-lsi; (3anded eq-G.i%fe? 

s t r u c t u r e )  and d e l t a  (unbanded eqaiazed grair .  strTIcL,me) phases a r e  p e -  

sent  as shown i n  F igure  IV-21 ar.d a small amount of t h e  gams. phase 
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s t x c t u r z  ~i lut :g  crack ir.  F igxre  IV-24). 

T.. -.-e s ran>f '~ rx lz t ion  cf eps i lon  ta d e l t a  L;irccniur!-hy2rl,: 

1-e proinoted by 2 decrease  in 5ydrogen content  accorair .3  F ... 

. -  aixi TJetrailo and P ~ t k i n s ' ~ ) .  There a l s o  app3zirs -is -< S-.-L*e): -.. ( 2 )  ?y l_'e& 

ti- ,AL, -c t h e  r e t e n t i o n  of eps i lon  p l u s  d e l t a  s t r u c t u r e s  (E-1'33) iz d ~ ~ e r : ~ I t t r . s  

L ? , J ~  kezpera txre  and azsoc ia t ed  cool ing  ra tes  s i n c e  t h e s e  t w o  oiiac-er_: 

I r e  p re sen t  i n  unf rac tured  p o r t i o n s  of t h e  f u e l  i n  appa ren t ly  :-Z:?:?. 

cr , . - s ta l lographic  o r i e n t a t i o n s .  

(3-191 t o  R-192) has  been a t t r i b u t e d  t o  a d i f f u s i o n l e s s  nec'=lar.ism i n  a 

shea r  o r  twinning process  by Beck") and Vetrano and Atkins") and t h e r e -  

f o r e  may be  extremely s e n s i t i v e  t o  hydrogen content ,  temperature ,  o r  

coo l ing  rate. 

b e  caused by d i s a s s o c i a t i o n  of zirconium-hydride a t  temperature  above 

700 C (129OOF) ( t h i s  is  an effective minimum temperature proposed by t h e  

va r ious  s t r u c t u r e  changes) according t o  Vetrano and Atkins . This 

tempera ture  appears  r e a l i s t i c  when it is noted t h a t  aging e p s i l c n  zirconium- 

hj-aride a t  600°C (11O9"F) f o r  500 hours by Be&(2)  d i d  not  p x i u c e  

.phase change which could be de t ec t ed  n e t a l l o g r a p h i c a l l y  o r  by x-ray d i? -  

f r a c t i o n  a n a l y s i s .  

by Beck") t o  be  a d i f f u s i o n  con t ro l l ed  twinning process  from t h e  2 e l t a  

phase.  The appearance of t h e  proposed gamma phase i n  t h e  Sl?AF'F-!3 f u e l  

(F igure  IV-24) resembles a s t r u c t u r e  which i s  developed a lcng  :y-~t%ll;r- 

graphic  p l anes  as would a twinned s t r u c t u r e .  The formation of t h e  gamma 

phase i n  t h e  f u e l  occxrs  on ly  a long  cracks  as poin ted  ou t  p rev ious ly  i n  

F igu re  rV-24 and i s  a l so  shown i n  F igu re  IV-25 which was sample 3-151 c u t  

from element E-65. 
emphasizes t h e  importance of t h e  l o s s  of hydrogen t o  t h e  formation of 

t h i s  phase.  

The eps i lon  t o  d e l t a  t r a n s f o r a z t l x  

This phase change, if it is  due t o  l o s s  of hydrogen, may 

0 

( 5 1  

The formation of t h e  gamma phase has  been pro.goseC 

The fact  t h a t  t h i s  phase i s  apparent  on ly  a long  cracks  

The average l o s s  of hydrogen from wafer 65-2 w a s  p rev ious ly  
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Fig. IV-20 
Element E-84, Sample R-191, Stain Etched, 500 x Magnification. 

Epsilon Zirconium-Hydrid (Banded Grains ), 

Fig. IV-21 
Grains) Zirconium-Hydride, Element E-84, Sample R-193, 
Stain Etched, 500 x Magnification. 

IQsiloc (3mded Grains) plus Delta (Unbmded 



-Y 
. ’ *  
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Fig. IV-22 
P a r t i c l e s ) ,  Element E-84, Sample R-193. Sta in  Etched, 
500 x Magnification. 

Gamma Zirconium-Hydride (Elongated White 

Fig. IV-23 
Unidentified Fuel1  Element,  Sample R-192, 500 x Magnification. 

Delta Zirconium-Hydride (Un-Banded Grains ) , 



Fig. IV-24 
Structure  Along Crack, Unidentified Fuel Element, 
Sample R-192, Sta in  Etched, 500 x Magnification. 

Gamma Zirconium-Hydride (Pa ra l l e l  Appearing 

Fig. Fl-25 
Element E-65, Sample R-151, Stain a c n e d ,  50C x Magnification. 

Gamma Zirconium-Hydride Formation Aiong Cracks, 



# 

c 

Fig. IT-26 Poss ib le  Beta Zirconium-Hydride ( Indica ted  by 
Arrows) i n  Matrix of Gamma and Delta Zirconium-Hydride, 
Unidentified Fuel Element, Sample R-192, S t a i n  Etched, 
500 x Magnification. 

repor ted  i n  Section N-2.1 as approximately 169. 
of t h e  presence of t h e  alpha o r  b e t a  phase is indicated by t h e  arrows 

i n  Figure IV-26. This structure i s  brownish i n  co lo r  bu t  has not  been 

i d e n t i f i e d  by ana lys i s .  

Some poss ib le  evidence 

Several  metallography samples were f u r t h e r  analyzed by x-ray d i f -  

f r a c t i o n  t o  more c l e a r l y  e s t a b l i s h  t h e  various phases present  i n  t h e  

f u e l .  

presentative microstructures and consisted of R-191, R-192, and R-193 
(included i n  t h e  v i s u a l  phase study),  and also R-155 f r o m  t h e  "hot" end 

of element E-65. 
ind ica t e s  t h a t  R - 1 9 1  contains only t h e  eps i lon  zirconium-hydride phase, 

R-193 contains eps i lon ,  d e l t a ,  and a small amount of zirconium-hydride, 

and R-192 and R-151 contain t h e  d e l t a  and gamma phases but no epsilon. 

This d a t a  the re fo re  confirms t h e  previous evaluation of t h e  microstructure 

phases observed. 

These samples were chosen on t h e  b a s i s  of t h e i r  t y p i c a l  and re- 

The x-ray d i f f r a c t i o n  d a t a  is  given i n  Table IX and 
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0/2 dA- 

TABU IX 

SNAPTRAB 2/10A-3 X-FdY DLVRACTION DATA /1 - 

Major 
Peaks Phase/3 

2.81 Alpha 

2.75 Epsilon, Delta 

2.72 Gamma 

2.59 Beta 

2.56 Alpha-U 

2.52 Alpha-U 

2.48 Epsilon, 
Gamma 

2.39 Delta 

2.29 Epsilon, Alpha-U 

2.24 Epsilon 

1.69 Delta, Gamma 

1.66 Q s i l o n  

~ $ 7  Epsilon 

1.44 Delta  

1.38 Epsilon, Delta, 

1.10 Delta 

Gama 

Relat ive I n t e n s i t y  (I/Io) 
Sample 

R-191 R-193 R- 192 R-155 

11 14 1 2 '  15 

8 9 10 7 

21 11 6 5 

19 45 38 

4 7 7 5 

20 3 

9 5 

24 40 

27 13 

14 7 

34 

15 33 23 

13 9 11 17 

6 11 5, 

/1 Data obtained by a Norelco X-ray d i f f r a c t i o n  uni t  equipped with a 
goniometer head. 
(2  t h e t a )  pe r  minute using n i cke l  f i l t e r e d  copper K-Alpha r ad ia t ion .  

Ocly the  major peaks a r e  l i s t e d  i n  t h i s  t a b l e .  

- 
The specinens were scanned a t  a speed of 1 degree 

/2 

/3 The phase i d e n t i f i c a t i o n s  a according t o  X-$ d i f f r a c t i o n  i n v e s t i -  
- 

") F i l e r ,  e t  al.i'y, and Vaughan and w r i e d  cu t  by Beck , - 

,I4 

- / 5  

The presence of t n i s  peak i s  questionable.  

The absolu te  lszensi t ies  of t h e s e  peaks are, ir: order :  143, 148, 150, 
and 136. +-) , 

- 

F .  
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The x-rsy diffraction data obtained also revealed the presence of 
ehe 65.3 atomic percen-c epsilon phase (reported by Beck (2)) as the najor 
epsilon phase present in R-191 and R-193. 
listed in the table (2.44, 2.29, 1.73) for R-193 indicate the preu cence 
of minor amounts of the 62.5 atomic percent epsilon phase as also reported 
by Beck"). 

are not included in Tab le  IX. These "d" values a r e  all of weak intensi- 
ties and do not match "d" values for the alpha zirconium-hydride phase. 
One low intensity "d" value found for R-192 (2.59) matches a prominent 
"d" value of the beta zirconium-hydride phase as reported by Vaughn and 
Bridge(6) but there were no other values of this phase which appeared 
in the diffraction data for this sample or any of the other three. If 
the beta phase is present it may be the brownish structure indicated 
by the arrows in Figure IV-26. 

Additional "d" values not 

Several "d" values, other than the three mentioned above, 

3.12 Microhardness 

A study was made of the relative microhardness of the 
samples used for the x-ray diffraction phase study (R-191, R-193, R-192, 
R-155) to determine if a microhardness phase relationship existed. 
results, listed in Table X as KHN (Knoop Hardness Numbers), indicate a 
microhardness range of 132-148 KHN for the epsilon region (R-lgl), 139- 
229 KHN for the epsilon-delta region (R-193), and 156-212 KHN for the 
delta-gamma region. It should be noted that each number in Table X 
represents an average of five indentations and that all indentations 
were made in solid fuel although the general mea description in some 
cases consisted of light or heavily cracked. Beck(2) has suggested that 
the epsilon-zirconium-hydride is softer than the delta phase and shows a 
hardness range of 220-250 DPH (Diamond Pyramid Hardness) (approximately 
235-260 KHN) for the delta region, and 130-250 DPH (approximately 165- 
260 KHN) for the epsilon region. 
epsilon plus delta phases is for the respective 65.8 to 62.5 atomic 
percent (2.08 to 1.81 weight percent) hydrogen composition range. The 
overall averages for each sample shown in Table X does indicate an in- 
creasing hardness from the epsilon (R-191) to the delta-gamma (R-192, 

R-155) phases. 

The 

The broad hardness range of Beck's 
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TABLE X 

FUEL MICROHARDNFSS 

Sample Knopp Hardness Number (1 kg. Load) 

Tested Area 
Fuel Solid Light Cracking Heavy Cracking Average 

R - 1 9 1  132 148 143 146 142 

R-193 139 140 195 229 176 
R-192 156 212 193 197 190 
R-155 182 192 194 211 195 

All hardness numbers l i s t e d  a r e  an average of f ive indenta t ions  of fue l .  

3.13 Cracking 

Varying degrees of cracking were observed i n  e s s e n t i a l l y  

a l l  f u e l  samples. 

IV-24, and IV-27 and l a r g e  t ransgranular  noted i n  Figures IV-22, m-24 

and IV-25. 

bas i c  causes of t h i s  cracking. 

by promoting hydrogen d i s soc ia t ion  pressures  which would exceed t h e  s t r eng th  

of t h e  zirconium-hydride matrix. The small i n t e rg ranu la r  cracks may a l s o  
be t h e  r e s u l t  of thermal expansion and cont rac t ion  e f f e c t s  caused by high 

temperature and assoc ia ted  cooling rates. According t o  Beck(7) t h e  co- 

e f i c i e n t  of thermal expansion of d e l t a  zirconium-hydride i s  qp rox ima te ly  

55 percent g r e a t e r  than t h e  epsilon phase. 

f o r  t h e  d e l t a  phase, upon forming from t h e  surrounding epsilon phase, t o  

cont rac t  more during cooling than t h e  epsilon and cause cracking at  t h e  

g ra in  boundries. The i n t e r n a l  cracking may ind ica t e  t h a t  t h e  f u e l  a t t a i n e d  

temperatures i n  excess of 95OoC (174OOF). 

a t t a i n e d  o r  exceeded according t o  d a t a  by F i l e r ,  e t  a;.(4) who heat t r e a t e d  

zirconium-1.28 hydrogen a l loys  f o r  4.5 and 22.5 hours a t  95OoC and found 

cracking i n  t h e  22.5 hour heat treatment. 

Small i n t e rg ranu la r  cracks are shown i n  Figures IV-23, 

The high temperatures a t t a ined  during t h e  tes t  are t h e  probable 

These temperatures could cause cracking 

It would the re fo re  be poss ib le  

This tenpera ture  may hsve been 
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3.14 Uranium Fuel Particles 

The uranium fuel appears in the microstructure as the 

very small black particles in Figures IV-27 and rv-28. 
particle size, distribution or interaction with the zirconium-hydride 
matrix could be observed in the samples examined in Figures IV-29, 
IV-30, IV-31, and IV-32. 

No change in 

k2 
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Fig. IV-27 
Sample R-193, as Polished, 500 x Magnification. 

Small Intergranular Cracks, Element E-84 
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Fig. IV-28 Small Intergranular Cracks, Unidentified Fuel 
Element, Sample R-192, as Polished, 500 x Magnification. 



Fig. IV-29 Very S m a l l  Fuel Particles and Large Islands 
with Cored Area, iXement E-84, Sample R-191, Etch-Polish-2 
for 30 seconds, 500 x Magnification. 

Fig. IV-30 Very Small Fuel Particles and Large Islands 
with Light Coloring, Element E-&, Sample R-193, Etch-Polish-2 
for 45 seconds, 500 x Magnification. 
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Fig. IV-31 V e r y  Small Fuel P a r t i c l e s  and Large I s lands  
with Dcrk Coloring, Unidentified Fuel Element, Sample R-192, 
Etch-Polish-2 f o r  16 seconds, 500 x Magnification. 

Fig. IV-32 V e r y  Small Fuel P a r t i c l e s  and Sarge Islands 
with Cored Area, Element E-65, Sample R-155  Etch-Polish-2 
f o r  16 seconds,, 500 x Magnification. 



3.2 Fuel Element  Cladding 

Several  samples (shown i n  Figures IV-33 and IV-3': and descr ibes  

i n  Table VIII) from f u e l  elements E-65, E-84,  and E-151 were t a k e n  t o  

eva lua te  t h e  e f f e c t  of t h e  d e s t r u c t i v e  t e s t  on t h e  cladding. The corn- 

ponents under inves t iga t ion  were t h e  cladding base metal  (Hastelloy-E),  

t h e  chromized l a y e r  on both  w a l l s  of t h e  base metal, and t h e  hydrogen bar- 

r i e r  ma te r i a l  loca ted  on t h e  in s ide  w a l l  of t h e  cladding. ?"ne prope r t i e s  

and e f f e c t s  under considerat ion included g ra in  s i z e ,  p r e c i p i t a t i o n  and 

age hardening e f f e c t s ,  f r a c t u r e  mechanisms, and var ious micros t ruc ture  

changes. 

3.21 G r a i n  S ize  

The fol lowing cladding samples were examined t o  determine 

It any changes i n  g ra in  s i z e ,  A-175, A-173A, A-l73B, ~ - 1 6 5 ~ ,  and A-165C. 

appeared t h a t  no increase  i n  g ra in  s i ze  took p lace  between t h e  cold end 

and t h e  hot  end of elements E-84 (Figures rV-35, rV-36, and IV-37) and 

E-65 (Figures  IV-38 and IV-39). 
t h e r e  is an inhomogeneous grain s i z e  which is  most l i k e l y  a r e s u l t  of 

f a b r i c a t i o n  techniques.  

It a l s o  appeazs from t h e s e  figures t h a t  

3.22 P r e c i p i t a t i o n  and Age Haxdening EX'fects 

A study of micros t ruc ture  and hardness w a s  conducted t o  

eva lua te  t h e  poss ib l e  p r e c i p i t a t i o n  and hardness e f f e c t s  which might 

have taken p lace  i n  t h e  cladding due t o  t h e  d e s t r u c t i v e  tes t .  An estimate 

or' t h e  p r e c i p i t a t i o n  e f f e c t s  i n  samples from t h e  cladding of elemezts 3-65 
acd E-84 ind ica ted  t h a t  t h e  cladding taken from t h e  hot  po r t ion  of E-65 
exhib i ted  a higher  dens i ty  of second phase p a r t i c l e s  (Figure E-391 than 

d id  a cooler  por t ion  of t h e  element (Figure rv-38). Element E-@+ shcwed 

no quanta t ive  d i f f e rence  i n  p a r t i c l e  d e n s i t y  between t h e  cold and h o t  

po r t ions  of t h e  element shown i n  Figures  IV-35, IV-36, and IV-37. 
p o s s i b i l i t i e s  f o r  t h e  above mentioned s i t u a t i o n  are: (1) etching  d i f f e r -  

ences during t h e  metallographic processing ( t h e  s t r u c t u r e  was etched 

longer  i n  F igures  IV-38 and IV-39 and appears darker  and more dense than 

do t h e  p a r t i c l e s  i n  Figues IV-35, rv-36, and IV-37) o r ,  (2) t h e  a c t u a l  

hea t  generated by element E-65 i s  g r e a t e r  than  by E-84 which i s  q u i t e  

poss ib l e  due t o  t h e i r  r e l a t i v e  p o s i t i o c s  i n  t h e  core. 

Two 
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BOTTOM 

MOTES: 

I .  DRAWINQ NOT TO S C A L E .  
2 .DOUBLE L I N E S  ON S P E C I M E N S  INDICATE 

THE YOUNTED SURFACE. 

Fig. IV-33 Element E-65 Cladding Samples. 

BOTTOM 

\ 

NOTES:  

I. DRAWINQ NOT T O  SCALE. 
2. DOUBLE L INES ON SPECIMENS INDICATE 

THE MOUNTED SURFACE. 

Fig. IV-34 Element E-84 Cladding Samples. 
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Fig. IV-35 
Element, Element E-84, Sample A-175, Shantz Etch f o r  10 
seconds, 250 x Magnification. 

Cladding Grain S t ruc tu re  a t  t h e  Cold End of t h e  

i 

Fig. IV-36 
Region of t h e  Element, E lemen t  E-84, Sample A-173A, Shantz 
Etch f o r  10 seconds, 250 x Magnification. 

Cladding Grain S%ructure a t  t h e  Crack Termination 
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Fig. IV-37 
Element, Element E-84, Sample A-173B, Shantz Etch f o r  
10 seconds, 250 x Magnification. 

Cladding Grain S t ruc tu re  at t h e  Hot End of t h e  

Fig. IV-38 
Element, Element E-65, Sample ~ - 1 6 5 ~ ,  Shantz Etch f o r  15 
seconds, 250 x Magnification. 

Cladding Grain S t ruc ture  at  t h e  Cold End of t h e  



Fig. IV-39 Cladding Grain S t ruc tu re  at  t h e  Hot End of t h e  
Element, Element E-65, Sample ~-165c, Shantz Etch for 15  
seconds, 250 x Magnification. 

CLADDING MICROHARDNESS 

SEmple Knoop Hardness Number (1 kg. Lcad) 
Tested Area 

Cladding (E-84) 
A-175 
A-173 A 

A-173 B 

R-163 

13-167 

A-165 c 

Claddding (E-65) 

A-165 A 

Cladding, Wall 
OD - I D  

271 279 
311 308 
326 339 
317 2-79 

- 

297 294 
329 297 
320 323 
262 247 

~ ~ 

Weld, W a l l  

1'32 -- ID - - -  374 5-4 

425 356 
370 342 
No weld present  

363 371: 
367 374 

No weld breser,t 

All hardness numbers l i s t e d  a re  an average of 
cladding,  and two indenta t ions  f o r  c laddina welds. 

t h r e e  indenta t ions  fsr 



A review of the cladding hardness data given in Table XI indicates 
a hardness increases in both elements 3-65 and E-84 from the cold end 
to the hot end with the inside wall generally harder that the outside 
wall from higher temperature inside. It should also be noted that all 
hardness numbers in this table are an average of three indentations for 
cladding and two indentations for cladding welds. The hardness data 
also appears to indicate that the cladding of elements E-65 and E-84 
were both exposed to nearly equivalent temperatures. 

3.23 Cladding Failure 

Cladding samples from the two fuel elements E-65 (R-162) 
and E-84 (R-163) were  examined to correlate the reduction in thickness 
at the failed edge with the temperature at the time of failure. 
sources of both samples are from the hot ends of their respective fuel 
elements as shown in Figures IV-33 and IV-34. Figures m-40, IV-41, 
IV-42, and IV-43 were used to determine the reduction in thickness which 
was found to be 51 percent in element E-65 (R-162) and 33 percent in 

indicate temperatures of 1250°F for element E-65 (R-162) and 1450°F for 
element E-84 (R-163) or temperatures of llOO°F for element E-65 and 
l05O-135O0F f o r  E-84 according to S~indeman(~). 
grain structure at the failed edges of the two samples as shown in 
Figures Iv-41 and IV-43 indicates that element E-84 may have failed at 
a lower temperature than E-65. 
of failure at elevated temperatures and transgranular cracking indicates 
low temperature failure, 
cracking (Figure N-41) and R-163 (E-84) failed by transgranular cracking 
(Figure IV-43). S~~indeman(~) f’urther indicates that Hastelloy-N fails 
transgranulmly at temperatures below 1000°F and intergranularly above 
1000°F. 

at which the cladding failed. 
cracking at temperatures in excess of 1000°F. Figures IV-44 and IV-45 
show that the cladding failed initially in the high temperature region 
of the fuel cladding and progressed to and along the welded seam to the 
colder end of the element. 

The 

element E-84 (R-163). These reductions could, according to McCoy (8 1 , 

A comparison of the 

Intergranular cracking is indicative 

Samyle R-162 (E-65) failed by intergranular 

A complicating factor in this analysis may be the high speed 
This could possibly result in transgranular 
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Fig. IV-42 
as Polished, 250 x Magnification. 

Unfai led  Cladding, ELement E-84, Sample R-163, 

Fig. IV-43 
Sample R-163, Shantz Etch, 250 x Magnification. 

Fa i led  Cladding, Element E-84, 
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Fig. IV-44 
Sample A-166, Shantz Etch, 50 x Magnification. 

Crack Termination i n  W e l d ,  Element E-65, 

Fig. IV-45 
Sample A-174, Shantz Etch, 50 x Magnification. 

Crack Termination i n  W e l d ,  Element E-84, 
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3.24 Chromized Layer 

An i nves t iga t ion  of the chromized l a y e r  on t h e  cladding 

ind ica tes  a varying deposit  thickness and poss ib ly  varying degrees of 

i n t e r - ac t ion  with the  Hastelloy-N. The chromized l a y e r  i s  shown i n  

Figures m-46, IV-47, and IV-48 f o r  samples R-161, R-162, and R-163 
which were from the  hot por t ions  of elements E-65 and E-84. Figures 

I V - 3 5 ,  IV-36, IV-37, IV-38 and IV-39 should provide a p r o f i l e  of t h e  

e f f e c t  of heat on t h e  chromized l a y e r  but do not show any progressive 

d i f fe rences .  

IV-35 through IV-39 ind ica t e s  t h a t  i n  t h e  l a t t e r  f ive s t r u c t u r e s  t h e  

chromized l a y e r  reac ted  with t h e  Hastelloy-N and i s  not r e a d i l y  ident -  

i f i a b l e  i n  t h e  photomicrographs. n3 determine t h e  presence of absence 

of t h i s  i n t e rac t ion ,  samples R-161, A-l65A, A-165C, A-167, A-l73A, A-173B, 
and A-175 were analyzed by e l ec t ron  microprobe. 

i nd ica t e  t h e  outs ide  chrome layer t o  be s i g n i f i c a n t l y  higher at  e i t h e r  

t h e  ho t  or cold ends. 

A comparison of Figures IV-47 and IV-48 with Figures 

The ana lys i s  d id  not 

3.3 Reactor Vessel Wall 

The r e a c t o r  vessel wall was a l s o  sampled and examined metal- 
lographica l ly .  

and at t h e  f r a c t u r e  edge respec t ive ly .  

of t h e  w a l l  t o  be i n  r e l a t i v e l y  deformed condition. 

t he  failure t o  have taken p lace  in. a t ransgranular  manner which would 

be expected of metal i n  an i n i t i a l l y  deformed condition. 

Figures IV-49 and IV-50 show t h e  wall i n  t h e  i n t e r i o r  

Figure IV-49 shows t h e  i n t e r i o r  

Figure IV-50 shows 
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Fig. N-46 
Sample R-162, Shantz Etch, 250 x Magnification. 

Chromized Layer on t h e  Walls, Element E-65, 

0 
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I 

l 

. 
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Fig. l3-47 
Sample R-162, Shantz Etch, 250 x Magnification. 

Chromized Layer on t h e  Walls, Element  E-65, 
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Fig. IY-48 
Sample R-163, Shamtz Etch, 250 x Magnification. 

Chromized Layer on t h e  Walls, Element E-84, 

Fig. IT-49 
10% Oxalic Etchant, 500 x Magnification. 

Reactor Vessel Wall, Typical, Sample R-178, 
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Fig. IV-50 
R-178, 10% Oxalic Etchant, 500 x Magnification. 

Reactor Vessel Wall, Fai led Edge, Sample 
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V. CONCLUSION 

The objec t ives  of t h e  pos t  des t ruc t ive  tes t  examination of t h e  

SNAPTRAN 2/lOA-3 f u e l  and r e a c t o r  components were pr imar i ly  r e l a t e d  t o  

r e a c t o r  sa fe ty .  

condition of t h e  r e a c t o r  following t h e  des t ruc t ive  power excursion and 

supply information which would a i d  i n  understanding t h e  na ture  of t h e  

r e a c t o r  disassembly process by providing supplemental d a t a  associated 

w i t h  t h e  nuclear and mechanical energy release. 

which can be drawn from t h e  p o s t - t e s t  examination of t h e  f u e l  and r e a c t o r  

components a re :  

The examination was intended t o  def ine  t h e  phys ica l  

The genera l  conclusions 

1. The d i s p e r s a l  of t h e  r e a c t o r  f u e l  and components r e s u l t i n g  

from t h e  des t ruc t ive  test  was less than an t ic ipa ted .  

all 37 fuel elements were ruptured and broken, only 0.2 wt.4 

of t h e  f u e l  was reduced t o  less than 150 microns s i z e  and 

e s s e n t i a l l y  t h e  e n t i r e  core was re t a ined  i n  t h e  environmental 

tank. Radiation levels 24 hours after t h e  test were 3 rem/hr 
at t h e  edge of t h e  environmental tank with t h e  water drained. 

Although 

2. Detailed examination of t h e  f u e l  ind ica ted  t h a t  t h e  o v e r a l l  

hydrogen release from t h e  zirconium hydride was approximately 

l5$ of t h e  t o t a l  o r  about 140 gms. 

showed a h igher  flux toward t h e  center  of t h e  core which was 

also confirmed by t h e  r a d i a l  and long i tud ina l  f lux  p r o f i l e  

curves from t h e  ac t iva t ion  analyses. 

f lux shapes, both axially and r a d i a l l y ,  were also i n  good 

agreement with t h e  spatial f l u x  as determined by o the r  means 

during t h e  des t ruc t ive  test .  
d e l t a ,  and gamma were present  i n  t h e  g r a i n  s t r u c t u r e  with 

poss ib l e  evidence of an alpha o r  b e t a  phase. The various 

phase changes indicated t h a t  a m i n i m u m  peak temperature of 

1290°F was reached during t h e  test. 
g ra in  boundries f u r t h e r  indicated t h a t  t h e  peak temperature 

The f i s s i o n  product ana lys i s  

The a c t i v a t i o n  ana lys i s  

Three d i s t i n c t  phases, epsilon. 

Fuel cracking a t  t h e  
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at ta ined was probably i n  excess of 1740'F. 
edges of the  f u e l  cladding suggests t ha t  the clad temperature was probably 
i n  excess of 1000°F at t h e  t i m e  of failure. 

An examination of the failed 
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