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ABSTRACT 

A program was carried out to determine the irradiation behavior of a 

Pu02-uo2 fast reactor fuel prototype. Forty {40) stainless steel clad 

fuel specimens were fabricated, encapsulated, and irradiated in the 

General Electric Test Reactor to burnups ranging from 5,000 to 99,000 
. 6 6 2 

MWD/T, and at heat fluxes ranging from 0.5 x 10 to 1.6 x 10 Btu/hr-ft . 

The cladding surface temperature ranged from 700 to 1200°F with most 
0 specimens ;ln the 1000 to 1200 F range. All specimens were irradiated 

without, rupture de.spit~ tpe ,h_:(.gh: P,_e.r:&~rm,anc~.,con:d_:!;t:i9n,~ impo.~r4·: ' .. :.:.,_.:, "'· 

_Following irradiation, the fuel specimens were examined in the Radioactive 

totaterials Laboratory. The post-irradiation examination consisted of 

dimensional measurements, gamma scans, determination of fission gas release, 

visual examination of the fuel, measurement of central voids, and metallo­

graphic examination of selected samples. 

Specimen and capsule fabrication is discussed, and the results of the post­

irradiation ~xamination are presented and discussed. 
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I. INTRODUCTION 

The Atomic Power Equipment Department of ·the General=·Eliktric· Company, under 

the spo·nsorship of the United States Afoinic···En·e:rgy CommisSiorr, has undertaken 

a program to develop an oxide-" fueled fast··re'actof·.·; 'As·· i>~rt of· this develop­

ment program, plutonium-uranium ox"ide f~el· spec'imeris" were "pre"pared·; encapsu-

lated and irradiated in the 9eneral Electric Test Reactor (GETR). After 
· . . i; 

irradiation, the fuel specimens were examined in the Radioactive Materials 
. ··. :::· :· . .. ~ :i: . ._.:. : :;' ,! ·, .• • .:·. • •' 

Laboratory (RML) to evaluate the performance of the fuel. The fuel fabrication, . . . . ' ·. 
~ . '. . .... 

irradiation and examination portion of the fast oxide reactor program was per-
, • • • • • !' • • • ~.' ~ • • 

formed at the General Electric Company's Vallecitos Atomic Laboratory. 
' t 'I 

The objectives of th~ experiment" were tnree·fold: 

1. Study fuel fabrication techniques and compare two differ~nt 
l:. . ....... ~r·~~~~1~·>·;:~.::~ ; . 

fabrication methods. 
l ~ < t :) ~-~~::-~~-

2. Determine the behavior during irradiation of test specfniens· 

subjected to high power den·s'ities and burnup·s·. 

3. By post-irradiation examination, determine the irradiation 

characteristics of the:f~~l and evaluate its performance . . . 

. :.:.·.1.·: 

The entire experiment was designed., .insofar. ~s possible,_. t.o appr.oximate the 

anticipated conditions in a fast reactor whi~e subjecting the ~uel to a range . 
of power densities and burm.ips; For this experiment., the des,ired e_xperiinental 

parameters were as follows: 

1. The capsules were designed ·and positioned in the reactor to achieve 

maximum heat fluxes ian.ging from 0.5 to 1.5 x 106 Btu/hr-ft2 . This 

corresponds· to a range of fu,el power densities which are both econo­

mically attractive and were calculated to produce central fuel tempera~ 

tures above and below that necessary for·· central void formation. 

2. The capsules were ·also designed so that the maximum outer clad tempera­

ture of the specimens would be about 1100°F in order to simulate 

temperatures. expec~e.t;l ..... in~a:·'prototype re.actor. 
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3. The irradiation period for the various capsules was selected so 

.that a range of burnups up to 100,000 MWDIT would be .achieved. The 

demonstration of high burnups would lead to fuel cycle economies 

since the frequency and hence the cost of re~rocessing and refabri­

cation can be reduced accordingly. 

Since the irradiation was carried out in the GETR, it was not possible to 

simulate the neutron velocity spectrum of a fast r·eactor. This substitution 

of a thermal neutron spectrum results in a flux depression in.this highly 

enriched fuei and hence a fuel power density and associated burnup which is 

higher at the surface and lower at thli center., for a· given h~at flux, than 

would be experienced in a fast neutron .spectrum. 

II. FUEL P~PARATION AND IRRADIATION CAPSULE FARRICATION 

A. Fuel Preparation 

Preliminary physics calculations sh9wed that the appropriat~ fuel com­

position for this experiment would be a 1-4 mixture of plutonium-to­

uranium. In order to achieve the desired high burnup while maintaining 

a relatively constant Pu-U ratio, ~ 50% of the uranium used in the fuel 

wa·s the U-235 isotope. Thus the fuel composition selected ·for this 

experiment WaS a SOlid SOlUtlUll Of plutonium arid 1JrRnillm OXide With the 

heavy element composition shown. in Table I: · 

Isotope 

PU-:239 

Pu-240 

U-235. 

U-238 

TABLE I 

FUEL COMPOSITION 

Weight. Percent 

18.81 

1.20 

37.86 

42.13 

The fuel was prepared by· coprecipitating· the plutonium '(IV)' and uranium (VI) 

from a nitrate solution using ammonium hydroxide. The precipitate was dried 

and reduced to the oxide in a hydrogen-nitrogen atmosphere at 900°C. The 

oxide was then ground and separated into two size factions, -140 to +300 

mesh and the -300 mesh material. The -140 +300 mesh material was sintered 
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0 in a hydrogen-helium atmosphere at 1400 C and then loaded into specimen 

tubes for swaging. The -300 mesh material was pressed into pellets 
0 (0.15011 diameter x 0.250" long) and sintered at 1700 C in a hydrogen-

helium atmosphere. The fuel fabrication procedure is shown on Figure 1, 

and described in detail in reference 1. 
B. Irradiation Capsule Fabrication 

The individual test specbnens were placed in instrumented capsules for 

irradiation in the GETR. Fabrication details for both the test specimens 

and the irradiation capsules are described in reference 2. FQr reference, 

the two types of test specimens (swaged and pelleted) and the irradiation 

capsule components are shown on Figures 2 and 3. 

A total of ten irradiation capsules were fabricated, each of which con­

tained four fuel specimens. The capsules are identified with Roman 

numerals I through X, while the specimens in each capsule are numbered 1 

through 4 starting from the bottom of the capsule. The specimens are 

further identified by a letter "S" for the swaged specimens and "P" for 

the pelleted specimens. Thus, specimen V-3-P ia a specimen from capsule 

V, the third specimen up from the bottom, and contains pelleted fuel. This 

method of specimen identification is used throughout this report. 

III. IRRADIATION HISTORY 

The irradiation capsules were placed in the GETR, and irradiated for varying 

periods of time. A summary of the irradiation intervale lB presented in Table 

II: 

'!'ABLE H 

IRRADIATION HISTORY 

GETR 02eratins Data 
Cycle Total Days@ Ca2sules in Reactor 

No. Started Ended MWD 30 MW I II III IV v VI VII VIII IX 

10 2/9/60 3/7/60 773 25.8 X X 
13 5/26/60 6/19/60 546.9 18.2 X X .X X 
14 6/7,7/60 7/22/60 662.0 22.0 X X X X X X 
15 8/15/60 8/27/60 375.9 12.5 X X X X X 
16 9/3/60 10/2/60 849.2 28.3 X ~ X X X 
17 10/6/60 11/5/60 824.1 27.4 X X X X X 
18 11/13/60 12/12/60 609.9 20.2 !.__! 

Total days @ 30 MW 25.8 40.2 128.6 90.2 

X 

X 
X 
X 

68.2 
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Nitrate Solution 

20% Pu 239 

40% u23s 
40% u23a 

Precipitation with NH40H 

I 

. . . . . 
Drying- Reduction 

900°C 

nmmm 

-140 + ;300 Mesh 

. ···························~·········=·····································~ . . . . . - . . . ·: . ~ 

Pressing 43000 PSI · Sintering H2- He Atm 

1400° c 

Sintcring H2- He Atm 

1700°C 

Pellets 90-95% Danse 

Bulk Density 40-!>0% 

: · 

Swaged Specimens 7 5% Dense 

Figure 1. FUEL PREPARATION AND FABRICATION FLOW SHEET 
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End Cap 

Fission Gas Plenum 

. End Plug 

Retaining Spring 

Insulator Pellet 

Swaged Fuel 

4------Stainless Steel Cladding -------1~1 

~ Fuel Pellets 

Pelleted Specimen 

Insulator Pellet 

End Cap 

Figure 2 . TYPICAL TEST SPECIMENS 

Swaged Specimen 
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Temperatures were measured and recorded during the irradiation period for each 

specimen using the thermocouples shown on Figure 3. The performance of each 

specimen was monitored by two thermocouples. Thermocouple #1 was locaieci- in 
the NaK annulus between the O.D. of the specimen and the. LD. of the irtner 

can, while thermocouple· (}2 was located in the NaK annulus between the· O.D. of 

the inner can and the I.D. of the insulator. A third temperature reference 

point was the reactor cooling. water which had 'a· temperature of 100°F. Experi­

mental parameters were calculated from the thermocouple data collected during 

the irradiation period. Briefly, the calculation method was as· follows: (3)-

Heat Flux 

The heat flux was calcula.ted from .the:·.conductance of the thermal path 

and the temperature difference across the path 

Q/A = C' 6.T 

where Q/A = heat flux 

C' = conductance of thermal path 

6.T • ~emper,a.ture difference 

. 'The entire thermal.-path .consisted of ·zircaloy-2,. aluminum, stainl!!SS 

steel, NaK, and water. In the computations of the conductance_of the 

path, an estimate was included for the effects of convective heat trans­

fer on conduction across the thin liquid metal annuli. Gamma heating 

within the heat path was neglected.· This· amounted to less than 1% for 

most specimens and no greater than 3% f.or the remainder. 

The temperature difference,6.T, was ·determined by subtracting the reading 
o· 

of thermocouple (}2 from the cooling- water . temperature:, 100 'F, The average 

temper~tm:-.e wR.s obt.ained by adding ·the· thermocouple reading. for a given 

specimen and dividing by the number of readings. Readings were taken 

every 8 hours. In interpreting data, care was taken to avo.id any readings 
•.' . . : ·. , ... ·: . . . . . ' ·. .. . . . 

taken during the shu-tdown period or the transi_ent period "While changing . . ' 

reactor power. The maximum heat flux was based on scanning the data for 

points of maximum temperature. 

. ' 
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.. , ,.· ,, 

:''." 1.·. 

Burnup 
. ·. ~ 

The fuel exposure was obtained from a knowledge of .the average heat 

.flux; s_urface area,- exposure time· and ·fuel weight •. The_ exposure time 

was obtained from the GETR Daily Power .Sununary 'by adding· the number o.f · 

· _hour-.s tha-t. the reactor was cri t.ical ~ It was no_ted from. the power 

summary .. t_hat the .r.eac tor ·is not .operated. ·for significant· periods of. 

time. in- the critical .condit-ion at zero power. 

~ 
The· .)kd9' is· related to the heat flu~ (Q/A) ,and fue.l c;l!atneter (D) in :the 

following manner: 
' ( ,n' 

jrkd9 •. (Q/!) D * 

Cladding Temperature 

The cladding temperature was caictilated by c~rreatins the· ~hermooouple fH 

reading ·.to acc_ount for the· temperature drop in the NaK film and ·the clad-

ding wall. 

Accuracy 

In evaluating the accuracy of- the calculati'on method used, three: main· 

areas of uncertainty were con~:~idered': ... 

1.. Heat loss· from. the ends of the specimens.-

- Z. Gamma .heating in the cladding and capsule· compone'nts.-. 

3.: Uncertainties associated.with the thermal conductance· of the 

heat path. 

· An lilvdua&Uon _of· tho effect· ~f tl'~ese Krt!ail 'of unceruin'ty led to the 

assignment 'o'f a 10-20% accurac'y to: the c~Uiptitati~ns'~4> 

· .. . : 

This relationship. neglects the effect of flux., depresfli.on in the fuel. 
While it is recognized that this effect cannot be neglected in this fuel, 
the flux d~pression is the same in all the specimens of a given type so 
that the value of the~kd9 is useful for comparative purposes. 
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The calculated experimental parameters for the individual specbnens 

are presented in Table III. A summary of the experimental parameters 

for all specimens is as follows: 

. : 1.. }~u;-nup .... · .... 
I .. :'• 

:. 2. · Rea t; Flux· · ... 

3. /kd9 

·4~ :claddiri• Sutface: · 
·temp~ra't~re · · 

4;100 to 99,000 11WD/T .· ... 

··Q:;5 .to"\~6-~ ~-;i66 ·(fuax.)·,, 0.'4't'o. {;·3 X 106 

(ave.) Btu/hr-ft2 · .. ' ,' 

2000 to 6200 (max.), 1400 to 5200:. (ave.) 
Btu/hr-ft ·r·:. 

. ~· : .. 

·.J·_ 

IV. POST-IRRADIATION EXAMlNATION 

.:A; -Description of- Equipment and 'Procedures .. 

•, ,. 

The post..-i:d:-adiation examination of the t:est ·specfmens··w~s:;.9a_):'ried out . ' .. 
in the Radioactive Materials Laboratory (RML) at Vallecitos A!=orri:lc: : 

-~· ·' : 

L-aboratory. Since the fuel to be examined contained a signif:i,cant .. 
: . 'i ·~ : 

- . amount _of-: pluton:tum;. the ,·di$a:sse·mbly:::proc:edur~s· used were sbmewhat:.dif;.. 

. ferent than those ·used for 'the exarili'rtation o{ uranium fuels·~: The capsu~es 

"as received" from the reactor had three barriers between the f~el. and" 

the cell atmosphere,; viz., the capsule, the inner can and t~e fuel .cladding, 
·.~. 

so that: in the event. ofr~pture of a' test 'speC:imen the act~vit:r would 

still be confined to the inner can. This ~~rmitt~d th~ partHI,l disas-
• ,, • I '. '•... ' •' • 

sembiy of the. capsilles ;'in the'· cell prdper' using the same techniques that 
. . . . . ·.. . . ·.:·· .~ .. . - . . '. . : 

would be used for the disassembly of a uo
2 

capsule, Thus the capsules 

were disassembled and the inner cans removed (intact) before transfer 

to the dpha enclosures·; . 

.. The disas.sembl.y of. the inn~r. 'can·s and .-the :subsequerit·~·e'xamihation was per-. . ) . . . . . . 
form~d in' the iilpha 'imClo·s~es s'bown on Figures '4 ·and '5. The alpha 

enclosures were designed and built specifically for the examination of 

these.· .. p~u._tonium ~e~arin~ s~ecimens .-· -The alpha:· enc l9s}l~es· used were essenti-

_'.!ipy glbve )ox~s ·. ~i~~ed~ t'~side the ·h:ot ·:ce.ll ~rid ad~pt,ed )o~- ~-~ni~te operation 
' I ' . • • • '0' • ', ' • • 

using
0 

mariipulators: ~n th_i-s way, --al"l the alpha contaminadcin was contained 

within the enclosure leaving the cell proper free of alph~ activity. Upon 

fC?mpletior,t .of the ~ost-iqadiat~~;m examinat!on,. t~~ boxes were removed and 

d{sbarded:intact •. 



TABLE III 

EXPERIMENTAL .PARAMET&RS 

Heat Flux ./kd 9(c) 

Surface temp_''oV(d) I ') . (Btu/hr-ft ~ Sp.ecimen {Btu hr-ft ... l 
Number Mall: illlUI!l A•Tera .e Maximum Avera Maximum Avera e 

I -1-P(a) 16,600 .l.'•I x u)E · · LJO X 106 ' 5600 5200 1040 97.0 
·2-P 13,600 1.36 II .1.10 II 5400 4400 1010 830 
·3-P : 8;100 .1 •. 03 ... 0 • .75 " 4100 3000 1040 .750 
4-P '4, JOO o •. E-2 n o .. ~o ... ~500 1600 101'0 650 

II -1-S 19,400 1.33 .II L28 II 5300 5100 1080 1050 
2-S · 16,100 1.34 ·II 1.,,09 " 5400 A400 1120 940 
3-S lO,lOO 1.06 .II 0 .. 73 ... 4300 2900 1160 830 
4-S 6,600 0 .• 1.2 ... 0 .. 45 II 2900 1800 1130 .750 

III -1-S 26,000 1.14 II L06 'II 4600 4200 810 760 
2-P 18,800 1.10 n 0~.9~ ·II 4300 .3800 790 730 
3-P 15,100 1.02 II 0.77 II 4000 3000 820 670 
4-S. 11, JOO 0.15 .h 0~48 II 3000 1900· 710 500 

IV -1-S 19~100 0.91 ·h 0.78 II . 36.00 3100 890 820 • ..... 
2-P 14,100 0.82 ·II 0 .. 11 " 3200 2800 1030 .91·0 0 

I 
3-P. .10.,900 0.69 .. 0.55 II ·2700 2100 990 820 
4-S 9,000 0.53 .. 0.37. ... 2100 1500 880 660 

v .-1-S 99,000 1.52 II 1.27 " .6000 5100 1260 1060 
2-P 77.,400 1.58 n 1.10 II 6200 5100 1180 1020 
3-P 54,/tOO 1 •. 28 ·n 0 .• 92 'II 5000 3600 1130 880 
4-S 42~.1'00 0 .. 86 .II 0.55 'II 3400 2200 930 650 

VI -1-S 69,100 1.00 II 0.89 II 4000 3500 1140 1030 
2-P 41,600 0.19 n 0 .•. 68. .II 3100 2700 1060 950 
3--P . 34,'900 0.16 .n 0.57 II .3000 2200 1210 950 
4 .. 5 30,900 0 .• 62 .. 0 .• 40- " 2400 1600 980 680 

VI-! -1~s . 70,300 1.44 n l..ll II 57.00 5200 1220 990 
2-P 49,S'00 1.50 •• 1.12 .. 5900 5.200 1170 9.50 
3-P 38,900 1.24 .. 0 .•. 92 M 4SOO 3600 1080 790 
4-S 29_,600 0.86 ... 0.55 .. 3400 2200 950 630 



Heat Flux 
Specimen {Btu/hr-ft2} 

Number 
(u: g) 

Maximum Avera e 

VIII -1-S 45,200 1.07 X 106 

2-P 28,300 0.85 " 
3-P 23,100 0.75 II 

4-S 19,300 0.50 II 

IX -1-P 47,600 1.40 II 

2-P(e) 38,300 1.36 II 

3-P 34,500 1.21 II 

4-P(e) 17,600 0.86 " 
X -1-S(g) 36,300 0.91 " 

2-P 23,700 0 .• 85 " 
3-P 16,800 o. 71 II 

4-S 15,000 0.57 II 

(a) P - Pelleted Specimen 
S - Swaged Specimen 

(b) T - Tons of Pu and U (2000#/ton) 

(c) Linear power generation • 4Tr .}kd9 

0.83 
0,66 
0.54 
0.36 

1.36 
1.19 
0.95 
0.56 

0.88 
0.75 
0.54 
0'.37 

(d) Temperature at inner surface of cladding 

(e) These specimens had no gas plenum 

(f) Cladding thermocouple failec 

X 106 

" 
II 

II 

II 

" 
II 

II 

II 

" 
11 

tl 

TABLE III (Continued) 

/kd9 (c) 
{Btu/hr-fq 

Maximum Avera e 

4200 3300 
3300 2600 
2900 2100 
2000 1400 

5460 5270 
5300 4700 
4850 3200 
3350 2160 

3600 3500 
3400 3000 
2800 2200 
2300 1500 

(g) Estimated data - Majority of thermocouples failed during irradiation 

Surface TemE(°F) (d) 
Maximum Average 

1180 930 
1220 920 
1150 840 

820 590 

1060 930 
(f) (f) 
990 740 
(f) (f) 

(f) (f) 
(f) (f) 
(f) (f) 
(f) (f) 

I ...... 
...... 
I 
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Alpha enclosure. Fission gas collection 

and sectioning equipment. 

Alpha enclosure. Fuel dissolution and 

sampling equipment. 

Vl0627 

Vl0636 

Figure 5. INTERIOR OF ALPHA ENCLOSURES 
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Two alpha enclosures were originally installed at adjacent cell stations. 

Enclosure #1 contained all the equipment needed to puncture the speci­

mens and collect the fission gas for analysis, a lathe for cutting open 

the inner can and sectioning the fuel specimens,and the necessary lights, 

fixtures, etc. for photographing the exposed fuel sections. Dimensional 

measurements were also made in this box by photographing the specimens 

alongside a machinist's scale. 

Enclosure #2 contained the equipment for dissolving specimens and taking 

samples for radiochemical burnup analysis. However, it was found that 

satisfactory correlation was obtained(Z) between the burnup values ob­

tained from thermocouple data and radiochemical analysis, and so disso­

lutions and radiochemical analysis were discontinued in favor of the al­

ready available thermocouple data. 

The post-irradiation examination of the test specimens consisted of the 

following operations: 

1. Visual examination of the capsule and disassembly of the capsule to 

remove the inner cans. 

2. Gamma scanning of the fuel specimens. 

3. Puncturing of the inner cans, collection of the released gas, and 

a check for the presence of fission gas; i.e., failure of the specimen 

cladding. 

4. Visual examination and diameter measurements of the test specimens. 

5. Puncturing of the specimen and collection of the fission gas. 

6. Sectioning of the fuel specimen and measurement of the central void. 

7. Photographing the exposed fuel sections. 

8. Detailed metallo~raphic examination of sections from eight test 

specimens plus one unirradiated pellet. 

B. Visual Examination and Disassembly 

The capsules were all received from the reactor in apparent good cnnrli­

tion. Spot checks of the capsules O.D. revealed no change from the pre­

ir~adiation O.D. 

The capsules were disassembled by cutting through t.hP- cRpRtJll" wall with 

an abrasive wheel (under an argon atmosphere to prevent ignition of the 

NaK). After the first circumferential cut had been completed, the entire 
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capsule was immersed in a tank of isobutyl alcuhol to react the NaK, 

after which the capsule was disassem~led by making further cuts as 

needed and withdrawing the iqternal components. Visaal examination 

of the inner cans and other internal components showed no unusual dis­

colorations or deformations. 

C. Gamma Scanning 

The gamma scans of the test specimens were made by loading the four 

specimens from a given capsule into a holder (in the same sequence and 

orientation as in the capsule) and then passing the fuel past a colli­

mator slit (0.02011 slit height) and recording the gross gamna activity 

(above 0.70 MEV) on a strip chart. The equipment used for gamma scan­

ning is shown on Figure 6. Th~ gamma scans (Figures Y, 8, 9, and 10) 

thus obtained yield several items of information: 

1. The relative activities of the specimens provide a 

measure of the relative burnup of the specimens in a 

capsule. 

2. The length of the scan, when compared with the scan 

of a calibration standard, shows the length of the 

active fuel zone. 

3. The shape of the fuel scans gives an indication of 

the condition of the fuel, and shows whether or not 

any fuel or fission products have gotten pa·st the upper 

insulator pellet. 

1. Relative Burnup 

The calculation of the relative burnup of the various spectmens 

using the gamma scan data is complicated by several factors in this 

particular fuel system. 

A gamma scan of the specimen gives only relative burnup values, but 

has the virtue of simplicity. This method is self-integrating but 

this is also a source of error. The observed gamma are predominantly 

from Zr-95 and other short half-life fission products. Accordingly, 

this method tends to weight the exposure at, or near the end, of the 
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Figure 6. SCHEMATIC DIAGRAM OF GAMMA SCAN EQUIPMENT 
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JZ:- 4 

JZ:- 3 

¥-1 

1.0. 1.2 1.4 • 1.6 1.8 2.0 
Counts Per Minute x 10-6 

1li- 4 

:m- 3 

1ll- 2 

:m -1 

.0.8 1.0 1.2 1.4 1.6 1.8 
Counts Per Minute x 10-6 

- . 
Figure 8. GAMMA SCANS ·oF FUEL SPECIMENS. FROM CAPSULES Y AND 1li 
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W-4 

EI-3 

W-2 · 

W-1 

O.R 1.0 1.7. 1.4 1.6 1.8 
Counts Per Minute x 10-6 

/ 

1ZIH-4 

1ZIII-3 

1ZIII-2 

::sz:m-1 

Q.l;l 1.0 1.2 1.4 1.6 1.8 
Counts Per Minute x 10-G 

Figure 9~ GAMMA SCANS OF .. FUEL ·SPECIMENS FROM CAPSULES W AND 1Z1li 
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IX- 4 

·, 

IX- 3. -

IX- 2 

t IX-1 

OA Q6 0.8 i~ 1.2 1.4 1~ 
Counts Per Minute x 10-6 

.; 

l• 

X-4 

X-3 

. \ 

X- 2 

'·1 • 

.X.. 1 

.. : 0.8 1.0 1.2 1.4 1.6 
:Counts· Per Minute x 10-6 

Figure 10: GAMMA·.SCANS .OF FUEL .SPECIMENS FROM·:·cAPSULES: 1X AND X· ·' 
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irradiation period more heavily than the exposure in the early part 

of the irradiation period~ The ~rradiation capsu~es were positioned 

with specimen #l near .. the midplane of the reactor and. specimens 2, 3, 

and 4 above the midplane·. The flux profile in the GETR is such that 

as the control rods are withdtawn during the cycle, the·peak flux 

moves upward with respect to ·~he core. The net effect is that the 

neutron flux at the level of specimen IH increases. in the early 

portion of a cycle then remains fairly constant whereas the flux at 

the specimen 2, 3, and 4 level is constantly increasing during the 

cycle. Thus, the burnups, per the"gamma scan·data, .for specimens 2, 

3, a'nd '4 relativ~ to specimen 1 should appear to 'be higher than the 

true values. 

The fact that the u-·Pu fis~ion ratio does not· remairi constant~ as 

dis~ussed in Section E-2-b (page 33), means that the total fission· 

y;i.e'ld.of'the varic;>us isotopes is also changing during the course of 

the irradiation period. This effect is probably small since the pre­

dominant gamma activity is from Zr-95, and the fissionyielc;l from 

uranium and pl\,1tonium is nearly identical. (6. 2% and 5. 9% respectively). . . . . . . . 

The high concentration of fissionable material. in· the fuel is also 

a source· of some erro.r. Ideally, since the scintillation counter· 
11 lookeJ' 'at a constant volume of fuel (due to the collimator slit)· the 

activity for two ·specimens at the. same exposure (MIJiD/T) should differ 

only in propor.tion to the amourit .. of fuel seen by the detector, i.e., 

the density. However, ·due to the severe flux depression ·in the fuel, 

the material in the center of a high density pellet is not contri­

buting the same amount 'of activity as the same mass of fuel in a 

swaged specimen. 

The gross gamma activity shown on Fi&ures 7, 8, 9, and 10 are the ob­

served count rates for.the various specimens. :aefore this count rate 

can·. be ·Used to c.ompare relative burnups, it ·must first be corrected 

to account for the r.esolving time or dead time of the scintillation 

detector. For a detailed discus~;;ion of resolving time, the reade,r 

is referred to any of the standard texts on radiation measurement 
·' ' · ... 
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techniques. Briefly, this corre.c tion is apP,li~d to account for 

the counts "missed" by the counter due to its insensitivity to 

additional pulses for a finite time after receiving an initial 

"pulse" or count. This relationship ill given by the expression: 

N • 

When: 

N Q true counting rate 

n "' observed countin& rate 

t =.resolving time Q 20 microseconds for the equipment used 

The relative burnup of the specimens in each capsule is presented 

lu T.sLlc IV. Oi1_'1e~ the; eotimatcd aoouraoy of thQ buJ:'nup value& 

calculated from. the thermocouple data is. 10-20 percent, it can b.e. seen 

that the relative burnups are in good agreement with the calculated 

values. 

2. Length Measurement 

·The gamma scans of the individual fuel specimens also providedan 

ac.curate method .for measuring the post-irradiation lengths of the 

active fuel· zone in each specimen. By using a very narrow collimator 

slit and calib~ating the cable speed, it was possible to obtain an 

ace; urate, reproducible correiation between the length of .the active 

fuel zone, as.shown on the strip chart recorder, and the actua~ fuel 

length. Previous measurements (S) of fuel lengths using this techni­

que sho~ed, ~hat the accuracy o.f this method is about 

"±" 0.010" for this particular fuel length." This data is presented 

in Table V. 

3. Fuel Condition 

By observing·the shape of the gross gamma activity scan it was pos­

sible .to draw some conclusi·ons as to the condition: of the fuel within 

the.speclmens. 

In the case of the pelleted specimens, the profile was fairly smooth 

in most cases, a·.,d followed the shape· of the r.Eiac tor. flux profile. 

indicating that the .fuel was not severely fractured and had not ex­

perienced any gross longitudinal movement. 
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TABLE IV 

RELATIVE BURNUP VALUES 

Dead· Time Count Rate Thermocouple 
Observed Corrected Normalized Data 

Density Count Ratg Count Rate to Density Activity Burn up Burn up 
Specimen (Gms/in) (CES x 10- l<CPM x lo-6> of 2 gm&/in Ratio MWD/T ·Ratio. 

. III-1-S 2.26 0.61 0.76 0.67 l.~oo 26,000 1.00 
2-P 2.74 0.60 0. 74· 0.54 0.81 18,800- 0. 72 .. 
3-P 2.78 0.50 0.60 0.43 0. 64 . 15,100 0.57 
4-S 2.26 0.30 0.32 0.28 0.42 11,700 0.45 

IV-1-S 2.08 0.52 0 .. 62 0.60 1.00 ~9,100 1.00 
2-P 2, 74 0.51 0.60 0.44 0. 73 14,100 0.·74 
3-P 2.78 0."42 0.48 0.35 0.58 10,900 0.57 
4-S 2.12 0.27 0.28 0.26 0.43 9,000 0;:4 7 

V-1-S 2.17 1. 87 4. 72 4.'35 . 1.00 99,000 1 •. 00 
2-P 2.89 1,85 4. 70 3.25 0.75 77,400 0.78 

. 3-P 2.95 1.68 3.78 2.56 0;59 54,400 0.55 
4-S 2,28 1.31 . 2.28 2·.00 0.46 42,700 0.43 

VI-1-S 2.20 1. 73 4.04. 3.68 1;oo 69,100 1.:.oo 
2-P 2.87' 1,70 3.88 2.69 o. 74 41,600 0.60 
3-P 2.89 1.48 2.88 1.99 0.55 34,-900 0.51 
4-S 2.20 1.04 1.58 1.44 0.39 30,900 0.45 

VII-1-S 2.27 1. 75 4.16 3.66 1.00 70,300 1.00 
2-P 2. 77 L71 3.92 2.83 0. 77 49,900 0. 71 
3-P 2.87 1.51 3.00 2.09 0.57 38,900 0.55 
4-S 2 .• 18 1.11 1. 74 1.60 0.44 ~ 2_9' 600 0.42 

VIII-1-S 2,37 1.57 3.24 ·. 2. 74 1.00 45,200 1.00 
2-P 2.85 1.47 2.84 1.99 0.73 28,300 0.63 
3-P 2.84 1.22 2.04 1.44 0.53 23,100 0.51 
4-S 2;3'7 0.86 1._20 1.01. 0.37 19,300 0.43 

IX-1-P 2.66 1.46 2.80 2.10 1.00 47,600 1.00 
2-P 2.85 1.35 2.40 . 1. 68 0.80 313.300 0.80 

· 3-P 2.76 1.1.1 1. 74 1.26 0.60 34,500 0.68 
4-P 2.88 0.87 1.22. 0.85 0.40 . 11,600 0.37 

X-1-S 2.34 1.37 2.48 2.12 1.00 l6,300 1.00 
2-P · 2_. 99 1.31 2.28 1.53 . 0;,72 23,700 0.65 
3-P 2.89 1.06 1.62 1.12 0.53' 16,800 0.46 
4-S .. 2 .• 35 0.73 0.96. 0.81 0.38 . :15,000 . 0.41 

'\. 



TABLE V 

PoST'-IRR.ADlATION FUEL ·MEASUREMENTS. 
·. 

Central Void Data 
Maximt.-m Diameter Lengt.h 

fkdQ(c) l"~aximum(·d) Fre-Irrad. Active Fuel · 1o of % of 
~urface· Densi.ty Le~gth {.inches} Cross Post-

Specimen Btu Temp. (% o.f . Post Sectional 
Number hr-ft2 o, the;:,retical) Pre· Post Pre area 
I-1-P(a) - 6 

16,600 1.41:1::10 - 5600 - 1040 -93.5 1. 605· (c) 0.034-0.044 - 5.0-9.7 1.60 100 
2-P 13,600 1. 36 .. 54-00 1010 92.5 1.605 (c) 0.019-0.041 1.7-7.5 1.60 100 
3-P ~' 700 1. 03 " 4100 1040 93.3. 1.605 (c) (c) (c) 
4-P 4,700 0.62 " 2500 1010 92.7 1.600 (c) Nc· void 

II-1-S 19,400 1.33 " 5~·00 1080 ... 75 1.825 (c) 0.0'51-0.071 1:1.·7-21. 3 _1.67 90 
2-S i6,100 1.34 " 5400 1120 75 1.825 . ·(c) (c) , (c) 
3-S 10 ;700 1. 06. 'II 43-00 1160 75 . 1.825 (c) (c) . (c) 
4-S 6,600 0.72 .. 2900 1130 75 1.825 (c) 0.017-0.021 L4-2.0 . 1.1.~ 63 

III-1-S 26,000 1.14 " 4600 810 75 1.825 1. 91 1.05 0.056-0.057 12.5 1.30 68 
2-P 18,800 1.10 .. 4300 790 93.3 1.544 1.65 1.07 0.014-0.018 1.0-1.1 0.50 30 
3-P 15,100 1.02 " 4000 820 92.3 1.553 1.63 1.05 0.020-0.023' 2.0 ... 2.3 1.32 . 81 I 

4-S ~1,700 0.75 " 3000 710 ·75 . 1.825 1.91 1.05 0.014-0,050 L0-11.0 1.33 70 N 
:p. 

1.9 ;·100 0. 91 
I 

IV-1-S II 3600 890 75 1.825 2.07 1.13 0.036 5. 7 . 
2-P i4,100 0.82 II 3200 1030 90.7 1.552 1.65 l.C6 0.034-0.035 5.1-5.4 1.55 94 
3-P 10,900 0.69 II 2700 990 89.0 1.564 1.63 l.G4 0.031-0.035 4.0-5.4 0.70 43 
4-S 9,000 0.53 II 2100 880 75 1.835 2.04 1.13 No void 

V-1-S 99,000 ·1.5~ " 6000 .. 1260 75 . 1.825. L·99 )..09 0.047:-0.067. 9.8-19.5 1.50 75 
2-P 77,400 1.58 n 6200 11'80 95.8 1.495' 1.58 l.G6 0.022-0.031 2.0-4.0 0.81 51 
3-P 54,400 1.28 .. 5000 1130 94.5 1.473 1.53 1.04 0.005-0.009·- 0.2-0.4 0.86 56 
4-S 42,700 0.86 II 3400 930 75 1.825 1.89 1.03 0.031-0.045 4.0-9.1 1. 78 94 

VI-1-S 69' 100 . 1 .. 00 .. 4000 1140 75 1.825 '1.96 . l.G7 0.042-0~054· . 7.8-13.0 1.26 64 
2-P 4i,'600 0.79 II 3100 .1060 96 1.527 1.59 l.C4 o·. 029-o. 031. 3.5-4.0 0.62 39-
3-P 34~900-0.76 II 3000 1210 95.3 1.531 1.58 1.C3 0.013-0.031· 0.7-4.0 0.75 47 
4-S 30,900 0.62 " 2400 980 75 1.825 1.96. 1.C7 0.026-0.034 3.0-5.1 0.75 38 

., 

VII-1-S 7,0,300 1.44 II 5100 1220 75 1.825 .1.90 1.04 0.051•0.060 11.6-16.0 1. 61 84 
2-P 49,900 1.50 " 5900 1170 94.7 1.520 1.63 1.07 0.028-0.036 3.2-5.3 0.88 55 
3-P 38,900 1.24 .. 4800 1080 96 1.516 1.58 l.C4 0.033-0.038 4.5-5.9 0.57 36 
4-S 29,600 0.86 .. 3400 950 75 1.825 1.98 l.C8 0.022-0.036 2.2-5.8 1.32 67 



TABLE v (Continued) 

Maximum 
./kdQ(c) Maximum Pre-Irrad. Active Ftfel. · 

Surface(d) Deri.S.itY Len8th (inches~ 
Temp., .(% of· .. ·Post Specimen 

Number ( 
Btu ) 

!'lt-ft (oF) theoretical) Pre Post Pre 

\'III-1-S 
2-P 
3-P 
4-S 

IX-1-P 
2-P(e) 

3-P 
4-P(e) 

X-1-S(g) 
2-P 
3-P 
4-S 

45,200 L07xlo
6 

28,300 0~85 It 

23,100 0.75 II 

19,300 0.50 11
• 

4 7 ' 600 1. 4 0 It 

38,300· 1.36' "· 
34 , 5 QQ l. 24 . II 

17 ' 600· 0. 86 It· 

36,300 0.91 It 

23' 700 0. 85 It 

16,800 O.Jl II 

15 > 000 0 • 51· II 

P Pelleted Specim~n 

4200 
· 33"c•O 

29.00 
. 2000 

5460. 
5300 
4850 
3350. 

. 3600 . 
3400. 
2800 
2300 

S Swaged ·specimen .. ... 
T • Tons of Pu~ & ·u (2000/1/.ton) 

No measurements t.aken 

1180 
1220 
1150 

820 

1060 
(f) 
990 
(f) 

Temperature at inner surface,-of cladding 

These spec~mens had no,gas. plenum 

Cladding thermocouple faiied 
• ' I 1 . . 

75 L825 1 •. 82. 
94.2 1.530 1.57 

> 94 .• 3 1.529 1.59 
75. 1'.825 1_.8Z · 

- 86...5 i.333 1.36 .. 
'94.8 1.521 1.5~· 

. 83'. 7 •.. 1".348 1.36 
95.8 ··: L774 1.83' 

. 75 1'.825 1 .. 85 

.96 1'~517 L52 
96.5 L514 1.57 .. 
75 1.825 1.84 

'· .. 
·. 

" 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) Estimated data - Majority ·.of thermocouples failed duririg irradiation 

LOO 
1.03 
1.04 
1.00 

1.02 
:1.04 
l.Ot 
1.03 

1.01 
.1.00 
1.04 

.. 1.01 

Central Void Data 
Diameter LenBth 

% of % of ,. Cross Post-
Sectional Irrad. 

.(inches) area (in.) length 

0.040-0~04.9: 7.1-10 .• 8 ::1.44 7_9 
o.on::.o.on. 0 ..• 7 . . 1.17 74 
No ·vo~d ., 
0.027-0.027- 3. o.· 0.28 15 

0.026:-:0.040 2.8-6.6 0.95 70 
0.022 . .,-0.031 2.2-4.2 L10 70 
0. 027-0 •. 03 6 . 32.-5.7 1.36 100 

. ·No voi~ 

:: 0. 040..:0. 054 . 7.1.-13. 0 ·1.72 93 
0.009.-0.018 0.3-1..3 :.0.61 41 
0 .• 013'-0.t>27. 0.7-3.0 0.42 27 

. 0;008· 9.3 I 
•N .v. 
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The gamma scaqs of the swaged specimens did not show the same 

smooth profile as the pelleted specimens. In this case, over 

half of the gamma scans showed depressions at some place in the 

active fuel zone indicating a section with_ "missing" fuel. 

;Upon sectioning these specimens, it was observed that·the location 

of these depr-essions corresponded exactly to the location of an 

enlar15ed central void.· An example·of this enlargement is shown 

on Figure 27, surface E, and Figu're _47_; -surface E (pages 52 and 

72). This condition indicates-that either ·a longitudinal move-: 

ment of fuel took place during irradiation or the specimen was 

fabricated with a. localized low density ~;~pot in t_he fuel. Since 

the remainder of the samma scan does. follow the shape of the ·flux 

curve with no indication of a loc_al high activity spot, it appears 

more likely that this conditi9n was caused .. by a low density section 

in the fu.~;tl. 

The high activity at the ends of the ~i~pecimen are Qaused by burnup 

peaking at the ends of the fuel due to the large surface.area 

exposed to the unperturbed flux. It was noted that this· peaking 

was more pronounced in the case of the. pelleted specimens. This 
. . 

is probably d\le to the pellets retaining their shape dudng irradi-

ation whereas the swaged specimens tended to form an irregular sur­

face_ at the ends as shown on Figures 22, 35, &nd 39. 

In addition to the active fuel _zone, the location of the end insu­

lator pellets can. be clearly seen on the gamma scan. It fs 

interesting to note that while· these insulator pellets wer.e fabri­

cat-ed from naturai uo2 there is a detectable activity associated· 

with thea~· pellets,. and further t11at there. is an activity .variation 

in most of the pelle~s. The pres_ence of activity is _not unelCpected, 

but -the observed variation of activity could mean that there is 

some· amount of fission produc:t or fuel. d-iffusion into the _pellets. 



-27-

D. Inner Can Punctures 

The fuel specimens were removed from the inner can shown on Figure 3 

by cutting through the can with the tubing cutter and reacting the 

NaK thermal bond with isobutyl alcohol. However, before this cut was 

made, it was desirable to determine whether or not the fuel specimen 

inside the can had ruptured during irradiation. 

This was accomplished by placing the inner can, after removing the 

thermocouples, in the fission gas puncture equipment shown on 

Figure 5, and piercing the inner can. The puncture head was then 

evacuated , and the released gas was compressed into the short section 

of line adjacent to a GM Counter (see Fi gure 11 for a diagram of 

the fission gas collection system). Thus , by observing the count 

rate, it was possible to determine whether or not the puncture of 

the inner can had released any fission gas. Had fission gas been 

released, it could have been collected by merely opening the valve 

to the sample bottle. This technique provided a rapid , positive 

determination of cladding integrity since the count rate in this 

section of tubing would vary from 400-600 CPM with no fission gas in 

the line, (i.e., background radiation) to 20 , 000-80 , 000 CPM w:i. th 

fission gas in the line. 

None of the specimens from Capsules III through X (this test was not 

used on Capsules I and II) gave any indication of a fission gas leak 

through the cladding. This fact was later verified , at least with 

respect to gross cladding ruptures , by a visua l examination of each 

specimen. 
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E. fission Gas Release Determination 

1. Description of Equipment and Procedure 

Each of .. the fuel specimens was punctured to release the fission 

gas, sampled and the gas analysed to determine the percentage 

release\ The specimens were punc~ured ~y sealing-the specimen 

inside a puncture head, evacuating the system and then driving 

a pin through one end of the fuel specimen to rupture the end 

plug and release the fission gas. The equipment used to release 

and collect the fissi~n gas is shown on Figure 11. 

In the case of Capsules I and II, the released gas was sampled 

by puncturing the specimen, and then allowing the gas to diffuse. 

into a 1-U:t~r gas cy~inder. The· system was· allowed to come to · - . 

p.ressure equilibriu~ after which the gas cylinder was valved 

off and removed for analysis. The system had been previously 

calibrated so that the volume of the ~arious parts of the system 

was known, hence the percentage of the total gas collected in 'the 

· . gas cylinder was known. 

Upon receipt of the analyti.cal results for Capsules I and II, it 

was obvious that this sampling method was not satisfactory. The 

probable cause of the erratic results on Capsules I and II was 

the incomplete mixing of the fission gas within the sampling system 

s.o that representative samples were not obtained. The system was 

then modified to include a mercury diffusion pump and a toeppler 

pump just ahead of the sample container as shown on Figure 11. 

Using this system, it was then possible to p~mp all of the fission 

gas out of tb'! sample, and collect it in the gas cyli~der. In 

operation, the pumping was continued until.the count rate from the 

GM Counter. located above the toeppler pump discharge. line returned 

to a normal background count rate; i.e., the gas in the line was 

. mainly a~r inleakage. 

The gas samples were. analysed by gamma counting to determi.ne tP,e 

Kr-85 content and by gas chromatography to determine the total Kr 

and total Xe content. Usirig"this data and the burnup data d'erived 

from thermocouple measurements, the fission gas release, expressed 

as percent of total. fission gas generated, was calculated, and is 

presented i.n Table VI and Figure 12. 



TABLE VI 

FISSION GAS RELEASE DATA 

(~ub) 
Average Percent Fission Gas Release 

Specimen Heat Flux Ave. Density Total Total Xe/Kr 
Number .. T Btu/hr-ft2 % of theor. Kr-85 JC.r Xe Avera e Ratio 

I-l-P(a)l6,600 1.30 X 106 970 93·,5 O.l63 (h)· 
2-P 13 '600 1.11 II 830 92.5 . 23. :!3. 
3-P 8,700 0.75 II 150 93.3 20.64 
4-P 4,700 0.40 II 650 92.7 5.07 

II-1-S 19 ,400· 1.28 " 1050 75 ~c :• 
2-S 16,100 1.09 II 910 75 3.01 
3-S 10,700 0.73 II 830 75 2.15 
4-S 6,600 0.45 II 150 75 51.52 

III-1-S 26,000 1.06 II 760 75 34. B 41.8 43.9 40.2 9.9 
2-P 18,800 0.96 II !30 93.3 36.6 42.2 42.4 40~4 9.4 
3-'P 15,100 0. 77 II 670 92.3 47.2 52.8 52.1 50.7 9.3 
4-S 11, 70C 0.48 II 500 75 57.30 (c) (c) 57.3 

IV-1-S 19,100 0.78 II 320 75 23.1 49.5 52.3 41.6 9.9 
2-P 14,100 0.71 II no 90.7 35.70 45.2 46.3 42 .. 4 9.5 
3-'P 10,900 0.55 II 320 89.0 38.3 52.9 51.3" . 47.5 9.1 I 

w 
4-S 9,000 0.37 II 660 75 23.0 26.2 26.1 25.1 9.4 0 

I 

V-1-S 99,000 1.27 II 1060 75 40.6. 49.6 40.2 43.4 7.6 
2-P 77,400 1.30 II 1020 95.8 34.7 . 21.9 20.8 25.8 8.8 
3-P 54,400 0.92 II 880 94.5 36.6 35.1 31.8 34.5 8.5 
4-S 42,700 0.55 II 650 75 59.0 70.0 65.3 64.8 8.7 

VI-1-S 69' 100' 0.89 II 1030 75 47.6 . 42.1 40.4 43.4 9.0 
2-P 41,600 0.68 II 950 96 33.0 33.9 34. 2.: 33.7 9.5 
3-P 34 ,90C• 0.57 II 950 95.3 <c> . (c) (c) 
4-S 30,90C 0.4C II 680 75 57_7 45.8 44.:0 49.2 9.1 

VII-1-S 70' 30:1 1.31 II 990 75 27.6 34.0 36.;: 32.6 9.9 
2-P 49 '90·:· 1.3L It 950 94.7 33.1 52.4 52.9 46;1 . 9.4 
3-P 38' 90:1 0.92 II 790 96 31.1 44.0 44.5 39.9 9.4 
4-S 29,600 0.55 II 630 75 47.9 53.3 53.=. 51.4 9.3 

VIII-1-S 45,200 0.83 II 930 75 54.0 58.9 66., 59.9 10.6 
2-P 28,300 0.66 II 920 94.2 (·:::) (c) (c) 
3-P 23' 100 0.54 11 840 94.3 42.7 (c) (c) 42.7 
4-S 19,300 0.36 II 590 75 61.3 (c) (c) 61.3 



TABLE VI (Continued) 

Averag-e Pe.rcent Fission Gas Release 
Specimen Heat Flux 
Number Bt11/hr- ft 2·, 

IX-l...,P 47 .~oo 1.36 X 106 
2-P(e)38,300 1.19 " 
3-P 34,500 0.95 " 
4-p(e) l7, 600 0.65 II 

·x-1-s(g) 16,3oo 0.88 II 

2-P 23,700 0.75 II 

3-P 16,800 0.54 " 
4-S 15,000 0.37 II 

(a) p 
s 

Pelleted Specimen 
S-gaged Specimen 

(b) T Tons of Pu & U (.~000#/ton) 

(c) No sanple 

930 •. 
(f) . 
740 
(f) 

(d) Temperature at inner surface of cladding 

(e) These specimens had no gas plenum 

(f) Cladding thermocouple fa:iled 

Ave~ Density 
% of the.or. Kr-85 

86.5 .. (c) 
94.8 42.1 
83.7 11.7 
95.8 33.2 

75 21.9 
96 34. 2. 
9~.5 27~3 
~5 (c) 

... 

(g) Estimated data - Majority of thermocouples failed during irradiation 

(h) Analysis by gas chromatography not performed on Capsules I and II 

Total Total 
Kr Xe Avera e 

(c) .. (c) 
38..4 28.3 36~3 

9.5 9.8 10.3 
33.8 35.6 34.2 

30 .. 9 31.9 28.2 
26.7 24.9 28.6 
34.2 34.3 31.9 
61.0 59.3 60.1 

(i) Doubtful sampling accuracy on Capsules I and II. System revised for ~emainder of capsules. 

•' ., 

Xe/Kr 
Ratio 

: 6. 9 
9.5 

. 8. 6 
··:· 

9.9 
8.6 
9.3 
9.1 

I 
w ..... 
I 
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Figure 12. FISSION GAS RELEASE DATA, PERCENT RELEASE VERSUS HEAT FLUX 
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2. Calculation Method 

The. calculation· of the percentage fission gas release is compli-j \1~=-

cated by several factors in this parti.cular fuel. 

complicating factors are: 

Among these 

a. 

b. 

Data £-or the fission }ii~"ld- of·· the· kryp·ton fsot~p·es from 

plutonium fiss.ion ar~ ~Qt directly avai.lable. 

. . 
The U-235/Pu-239 fission rati.o does not remain cons~ant 

during irradiation. 

·' 
c. Xa-136 is formed by U-235 and Pu-239 fission and by neutron 

capture in Xe-135. Thus J the amount of Xe-136 formed '1.s a 

function of both burnup ·and nl\1\Jtron flux. · · 

d. The difference in size -between Xe atoms and Kr atoms (1. 90 A 

and 1.69 'A respectively) indicates that the fr·acti.onaf release 

of_theie two isotopes-might differ, Data by Markowitz( 6) shows 

the diffusion coefficient of Xe to be an order of. magnitude 

lower thlm that of Kr ~- · .. ··' 

Obviously certain assumpti.ons had to be made, and a Hxed basis 

used for the calculation of the perc:entage -fi~~ion gas r~lease. 

A discussion of the assu_mpti.C?~s made. i.s as follows: 

a. Fissfon Yields 

The thermal fi's"sion yields :of the ·nobl'e gas isotopes from 

U-235 and Pti-239 ·used· :l:n the fi.ss:i:on gas ·rele·ase calculations . 

are- presented in ··Table VII': ' 

\. 
··~·· 
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TABLE VII 

NOBLE GAS FISSION YIELDS FROM URANIUM AND PLUTONIUM. 

Fissio!! ·Yie.ld
1 

%(7) 

Isoto2e U-235 Pu-239 

Kr-83 0.544 0.2.9 
·.· .. 

0.47 Kr-84 1.00 

Kr-8' u.2~~ 0.127, 

Kr-86 2.02 0.7fJ . 

Totd Kr 3. 85 7 . 1.~7. 

Xe-131 2.93 ~. 7.8 
·. 

xe .. p2 4.38 5.26 
·:: 

Xe-134 8.Q6 7 .47, 

Xe-136 6.46 6.63 .- .. 
Total Xe 21.83 23.14 

"' 1 ~. . ' 
U-23S/Pu-239 Fission Ratio 

IJRin.g R tht:"rrrtal n-eutron fissitin c~~oo~i:Jccti~·n o.f 409 and 

735 barns for U-235 and Pu-239 respectively, the initi~l 
' '.. ' 

U 235/ru-2J9 fissiuu Ll:illu uf this fuel is calcu!.Hed to 

be 1.36 .. , As burnup progresses, this fission r-atio, will 

. . _inc!ease ;since Pu.-239 ·is re~atively more. rapidly depleted 

than U-235 because of its higher absorpt·ion. cross,...sec:tion. 

The picture is further complicated by the fact that this 



-35-

fuel contafns a high percentage of fissionable material 

and, hence, th~ self shielding in the fuel is quite high. 

An approximate calculati,.on indicates that the fission ratio 

would rise to 2.13 at 100,000 MWD/T if burnup is assumed tp 

be restri,cted to the fuel. in an annular cross-section with a 

depth equal to half the fuel ~.adius.. The maximum effect. 

would be seen in the Kr-85 fission yield which would increase 

from 0.222% to 0.240%. Since this effect of changing fis~;~ion 

ratio has to be integrated over the entire burnup range, the 

error introduced by using the initial fission r_atio of 1. 36 

is less than l.O% at t;he highest burnup, and insignificant 

at the lower burnups. 

·Since the fission ratio for this fue1 is assumed to be 1.36 

throughout the entire irradiation, the composite fission yields 

used-are as follows: 

c. Xe-136 Formation 

l<r-85 

Total Kr 

Total Xe 

0~2.2.?%. 

2 .• 92% 

22.39% 

In addition to the Xe formed by fissioning, Xe is also formed 

by neutron capture in the 9.2 hour Xe·-135 to form Xe-136. The 

thermal fission yield ·of Xe-135 is 6. 3% for U-235 and 5~. 99% 

for Pu-239 so that the composite fission yield of Xe-135 is 
. . . . 13 2 

.6.16%, Assuming a volume average neutron flux of 3 X 10· n/cm I 
sec, the conversion of Xe-135 .to Xe-136 would be about 80% so 

that the totat Xe yield is 27.32%. Thus, the da~~ used to cal­

culata-percentag,· release.w~s ~s follo~s: 
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Total .Kr 

~otal Xe 
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Total Yield (Atoms/ Atom Fissioned). 

. . ;0. 00222 

0.0292 

0.2.732 

From the above data, it can be seen that the theoretical 

tota'i Xe/t~tal K:r ratio is 9 ~4 which compares well with the 
·, 

measured ratio as shown in Table VI. 

d. Relative Release of Kr an'd Xe 

The analysis of tlu:= fhsio11 gaa oampleG ··Qmploy'il·a· twn rli f.ferent 

techniques. After thoroughly mt:xing the gas from a gas cylinder, 

an· aliquot was taken and gamma counted 'to determine the Kr-85 

. content. This .same sample w~s then ~n.aly~~u. fu1 tytd l(r and 

xe.by gas chromatography. It can be seen from the, data in 

Table VI that the percentage release for Kr cand Xe was v~ry. 

nearly equal in most cases with the Xe/Kr ratio being very close 

to the predicted value of 9.4. Thus, .. it ~ppears that in this 

case, the difference in s:tze betw~~u t:he ~r and Xc atoms had no 

~ff~r.t npnn their release rate or converse.ly, fission gas re­

l«;!ase was not controlled by a diffusion mechanism in this fuel. 

3. Discussion of Results 

~xamina~ion ot.~ha t1SS10n sas release Jdt4 ~howo, ocv~ral item& of 

intilrest. Firs_t, ~t. i.s noted that a,ll th~ percen.tage. releases fall 

within the range of 10 ~o: 65%., The ~verage re~eal:!e was 47% and 36% 

for; th'e s~_aged and pellet~d sp_ecimens r~sp~ct-~ve~Y·. F~rther, it is 

noted_ that the percentag~_ re~~ase doe& not seem tp. fo~low any._pat­

t.ern with .resp~c~ to burnup, he!:lt flu.x.. or}"kd'\· A'plot o,f ps:r_centag.,. 

fission gas release vs. ~eat. flux _ami ~uf.liUp sho~s. n.o. o.ppnrent. ~.:uL., 

relation and also shows little difference between the pelleted and 

swaged specimens. This "scatter" in the fission gas release data 

io consistent with other rlata collected for uo2 fission gas rele~se; 

however., the percentage release is greater than the observed release 

from uo2 operated under similar heat flux conditions<8 •9>. 
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This sca.tter in the data and the deviation from uo2 behavior may 

be due to any one, or a combination of other experimental parameters 

such as: 

a. The combination of high burnup and high power density. 

b. The uncertainty as to the fuel-to-clad gap condition in the 

specimens during irradiation, and hence an uncertainty as to 

the temperature conditions. 

c. The presence of Pu in this fuel and its attendant effect upon 

melting points, thermal conductivity, stability of the Pu02-uo2 
system, etc. 

From a practical standpoint, concern about high fission gas release 

data is lessened by the fact that the experiment also showed that 

the gas plenum offers one design method for accommodating the fission 

gas pressure. 

F. Sectioning 

After puncturing, the specimens were sectioned by cutting through the 

cladding and fuel with a tubing cutter mounted on the lathe shown in 

Figure 5. The length of the cut sections was measured by photographing 

the sections adjacent to a machinist's scale, as shown in Figure 13, in 

order to determine the exact location of the sectioning cuts. The clad­

ding was also checked for warpage and bulging at this time. No cladding 

defects or deformations were observed. The surfaces exposed by the 

sectioning operation were then visually examined at 30X magnification 

and photographed. Photographs of the fuel cross-sections in the"as cut" 

condition are shown in Figures 14 through 50. 

In addition to photographing the exposed fuel surfaces, the size and 

depth of the central void was measured. The diameter of the central void 

was measured by scaling off the void dimensions from the "as cut" photo­

graphs. The depth of the void was measured by probing the void with a 

fine wire. In this way both the length and position of the central void 

withiu Lht: fut:l could be determined. The position of the central void 

is shown on the sectioning diagrams (Figures 14 through 50). This latter 

technique was not successful in all cases due to the size of the void. 

In these cases, the minimum void length was determined by visual observa­

tion of the void at the variouR RllrfAr.Ps . Th~;> physical dimensions of the 

active fuel zone and the central void are given in Table V (pages 24 and 

~5) 
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Specimen I-1-P 

Burn up 16,600 MWD 

Fission Gas T 

Plenum Heat Flux 1.41 x 10 6 BTU/HR- fT2 
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Figure 14 SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN I-1-P 
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Specimen I-2-P 

Burn up 13,600 MWD 
T 

Heat Flux 1.36 x 106 BTU/HR- fT2 

Cladding Surface Temp. 

Fission Gas Release -% 

U0 2 Insulator Pellet 255-18 

Surface A 
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Surface B 
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15. SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN I-2-P 
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U02 Insulator Pellet 

U02 Insulator Pellet 

Specimen I-4-P 

Burn up 4,700 MWD 
, T 

Heat Flux 0.62 ~ 10 6 BTU/HR- fT2 

Cladding Surface Temp. 

Fission Gas Release % 

257-12 

Surface A 
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Surface B 

: ' 

2'57-3 

.Surface C 

16. SECTIONING DIAGRAM. AND FUEL CROSS .SECTIONS, SPECIMEN I-4-P 
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U02 Insulator Pellet 

t 
A 

Central Void 

U02 Insulator Pellet 

Specimen li-1-S 
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T 

Heat Flux 1.33X106 BTU/HR - fT2 
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Figure 17. SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN li-1-S 
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Fission Gas 

Plenum 

UO 2 Insulator Pellet 

Fuel 

U02 Insulator Pellet 

End Cap 
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Heat Flux 

Specimen II-4-S 

6,600 MWD 
T 

0.72 x 106 BTU/HR- fT2 

Cladding Surface Temp. 

Fission Gas Release --% 
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18. SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN :0:-4-S 
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· 0 2 Insulator Pellet 

Central Void 

Burn up 

Heat Flux 

Specimen m-1-S 

26,000 MWD 
T 

1.19 x 10 6 BTU /HR - FT 2 

Cladding Surface Temp. 

Fission Gas Release 
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Surface A 

293-22 

Surface B 
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Surface D 
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19. SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN m-1 - S 
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Central Void 
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Figure 20. SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN m-2-P 
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Figure 41 . SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN EII-3-P 



Ill 
Cll 

J:. 
u 
c 

E 
0 --0 

co 
E 
0 
~ -Cll 
u 
c 
0 -Ill 

2.6 

2.5 

2.4 

2.3 

2.2 

2.1 

2.0 -

1.9 

1.8 

1.7 

1.6 

1.5 

1.4 

1.3 

1.2 

1.1 

Q 1.0 

0.9 

0 .8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

-67-

Fission Gas 

Plenum 

U0 2 Insulator Pelle 

A 

8 

Fuel 

E 

F 

entral Void 

G 

H 

U02 Insulator Pellet 

Burn up 

Heat Flux 

Specimen JZIII-4-S 

19,300 MWD 
T 

0.50 X 106 BTU/HR- fT2 

Cladding Surface Temp. 

Fission Gas Release 

820°F 

71.3% 

9622-E 

9625-D 
Surface A 

9621-D 

9620-C 
Surface C 

9624-C 

9623-B 
Surface E 

9619-B 

9618-B 
Surface G 

Surface B 

Surface D 

Surface F 

./~ > ... -·f:.. . 
,..~· ·- . f[~ . ' ... . . .. 
• •. ,. l.~.itll) 
' ·fl\..~, · .... ,. 
~~-

Surface H 

Figure 42 . SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN EII-4-S 



Ill 
Q) 

..t:. 
u 
c 

E 
0 --0 

lCD 

E 
0 ... -Q) 
u 
c 
0 -Ill 

2.6 

2.5 

2.4 

2.3 

2.2 

2.1 

2.0 

1.9 

1.8 

1.7 

1.6 

1.5 

1.4 

1.3 

1.2 

1.1 

Q 1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0 .3 

0.2 

0.1 

0 

Fission Gas 

Plenum 

A 

8 

c 

D 

E 

F 

Fuel 

-68-

Void 

U02 Insulator Pellet 

Burn up 

Heat Flux 

Specimen .IX-1-P 

MWD 47,600 
T 

1.23 X 106 BTU/HR- fT2 

Cladding Surface Temp. 

Fission Gas Release 

1030 Of 

-% 

9572 

Surface A 

9571-B 

Surface 8 

9574-B 

Surface C 

9573-A 

Surface D 

9570-A 

Surface E 

9569-A 

Surface F 

Figure 43. SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN IX-1 7P 



-., 
Ql 

..s::. 
u 
c 

E 
0 --0 

llCI 

E 
0 ... -Ql 
u 
c 
D -., 

Q 

2.6 

2.5 

2.4 

2.3 

2.2 

2.1 

2.0 

1.9 

1.8 

1.7 

).6 

1.5 

1.4 

1.3 

1.2 

1.1 

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

-69-

U0 2 Insulator Pellet 

A 

8 

Central Void 

c 

D 

U02 Insulator Pellet 

Burn up 

Heat Flux 

Specimen IX-2-P 

38,300 MWD 
T 

1.36 X 106 BTU /HR- FT 2 

Cladding Surface Temp. 

Fission Gas Release 40.3 % 

9596-C 

Surface A 

9595-8 

9597-8 

Surface C 

9594-A 

Surface D 

Figure 44. SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN lX-2-P 



2.6 

2.5 

2.4 

2.3 

2.2 

2.1 

2.0 

1.9 

1.8 

1.7 
"' Ql 

..s:. 1.6 "' c 

E 
1.5 

0 - 1.4 -0 
rill 

E 1.3 
0 
~ ..... 1.2 
Ql 

"' c 1.1 0 -.~ 
1 0 0 

0.9 

0 .8 

0.7 

0.6 

0.5 

0 .4 

0 .3 

0.2 

0.1 

0 

Figure 

Fission Gas 

Plenum 

-70-
Specimen IX.-3-P 

8urnup 34,500 MWD 
T 

Heat Flux 1.10 x 106 8TU/HR- fT2 

Cladding Surface Temp. 

Fission Gas Release 

9580-D 

Surface A 

970°F 

11.5 %. 

__.....uo 2 Insulator Pellet 9577 -C 

Fuel 
Surface 8 

9579-C 

Surface C 
Central Void 

9576-8 

Surface D 

?643-A 

E 
Surface E 

F 9642-A 

U02 Insulator Pellet 
Surface F 

45. SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN !X-3-P 



2.6 

2.5 

2.4 

2.3 

2.2 

2.1 

2.0 

1.9 

1.8 

VI 
1.7 

~ 
~ 1.6 u 
c 

E 
1.5 

0 .. 1.4 .. 
0 
~ 

E 1.3 
0 ... - 1.2 
~ 
u c 1.1 0 ... 
VI 

Q 1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

Figure 46. 

-71-

A 

Fuel 

c 

E 

U02 Insulator Pellet 

Specimen IX-4-P 

Burnup 17,600 MWD 
T 

Heat Flux 1.00x106 BTU/HR-fT2 

Cladding Surface Temp. 

Fission Gas Release 

9563 

Surface A 

9565-C 

9566-C 

Surface C 

9567-B 

9568-B 

Surface E 

9564-A 

--Of 

37.9% 

Surface B 

Surfaca 0 

Surface F 

SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN IX-4-P 



2.6 

2.5 

2.4 

2.3 

2.2 

2.1 

2.0 

1.9 

1.8 

Ill 
1.7 

Q) 

~ 1.6 "" c 

E 
1.5 

0 - 1.4 -0 
al 

E 1.3 
0 ... 

"+- 1.2 
Q) 

"" c 1.1 c -Ill 
Q 1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

Figure 47. 

Fission Gas 

Plenum 

. ' 
• 

A 

B 

-72-

Central Void 

D 

E 

U02 Insulator Pellet 

Specimen X-1-S 

Burn up 36,300 MWD 
T 

Heat Flux 0.91X10 6 BTU/HR-fT2 

Cladding Surface Temp. 

Fission Gas Release 

9523-D 

Surface A 

9524-C 

9528-C 

Surface C 

9524-B 

9527 -B 

Surface I: 

9526-A 

.. 
. l 

31.1 % 

·Surface B 

Surface D 

Surface F 

SECTIONING. DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN X-1-S 



2.6 

2.5 

2.4 

2.3 

2.2 

2.1 

2.0 

1.9 

1.8 

., 1.7 
Q) 

~ 1.6 1.1 
c: 

E 
1.5 

0 - 1.4 -0 
CCI 

E 1.3 
0 ... - 1.2 
Q) 
1.1 
c: 1.1 c -., 

Q 1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

Figure 

Fission Gas 

Plenum 

-73-

U0 2 Insulator Pellet 

Fuel 

A 

B 

· Central Void 

U02 Insulator Pellet 

Specimen X.-2-P 

Burn up 23,700 MWD 
T 

Heat Flux 0.85 X 106 BTU/HR- fT2 

Cladding Surface Temp. 

Fission Gas Release 

9532-D 

Surface A 

9530-C 

9531-C 

Surface C 

9529-B 

-Of 

31.9% 

Surface B 

Surface D 

48. SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN X-2-P 



2.6 

2.5 

2.4 

2.3 

2.2 

2 .1 

2.0 

1.9 

1.8 

<A 
1.7· 

Q) 

~ 1.6 u 
c 

E 
1.5 

0 - 1.4 -0 
co 
E 
0 ... - 1.2 
Q) 
u 
c 1.1 0 -"" 

0 1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

Fission Gas 

Plenum 

-74-

U0 2 Insulator Pellet 

Fuel 

A 

8 

Central Void 

c 

u 

U02 Insulator Pellet 

Specimen X-3 -P 

8urnup 16 800 MWD 
I T 

Heat Flux 0.71 x 10 6 8TU/HR- fT2 

Cladding Surface Temp. 

Fission Gas Release 35.3% 

9536-D 

Surface A 

9533-C 

Surface 8 

9534-C 

Surface C 

9535-8 

Surface D 

Figure 49. SECTIONING DIAGRAM AND JEL CROSS SECTIONS, SPECIMEN X-3-P 



E 
0 --0 

c:o 
E 
0 ... -Q) 
u 
c:: 
0 -In 

2.6 

2.5 

2.4 

2.3 

2.2 

2.1 

2.0 

1.9 

1.8 

1.7 

1.6 

1.5 

1.4 

1.3 

1.2 

1.1 

c 1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

Fission Gas 

Plenum 

A 

8 

c 

D 

Fuel 

E 

F 

-7 5-

U02 Insulator Pellet 

8urnup 

Heat Flux 

Specimen X-4-S 

15,000 MWD 
T 

0.57 x 106 8TU/HR- fT2 

Cladding Surface Temp. 

Fission Gas Release 

-Of 
• 

65.1 % 

9547 -E 

Surface A 

9552-D 

Surface 8 

9548-D 

Surface C 

9551-C 

Surface D 

9549-C 

Surface E 

9550-B 

Surface F 

Figure SO. SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN X-4-S 



• 

-76-

Central voids were observed in all but four of the specimens examined. 

A plot of the cross-sectional area of the void (expressed as a percentage 

of the fuel cross-section) versus the heat flux for the individual speci­

mens is shown in Figure 51. In the case of the swaged specimens there 

appears to be a correlation between void size and heat flux. It is also 

noted that specimen IV-4 has no void, X-4 had a very small void, and 

VIII-4 had a very short, localized void. The maximum heat flux in the 
6 2 

three specimens was 0.53, 0.57, and 0.50 x 10 Btu/hr-ft respectively, 

indic.Rting that thio heat flux 1~ the value at which a central void ap­

pears ln this particular fuel. 

No such relationship appears 
6 2 

1~4 (0.62 x 10 Btu/hr-ft ), 

in the case of the pelleted fuel. Specimens 

VIII-3 (0.75 x 106 Btu/hr-ft
2
), and IX-4 

6 2 (0.86 x 10 Btu/hr-ft ) have no central voids, but 
6 2 6 2 

x 10 Btu/hr-ft ) and VI-3 (0.69 x 10 Btu/hr-ft ) 

specimAns X-3 (0.71 

did have central voids 

although the pre-irradiation density was about the same. However, since 

the pelleted specimens were fabricated with a 6-8 mil diametral gap between 

the fuel and the cladding, and it is not known whether or not this gap 

closed during irradiation, this might explain the anomalies in the void 

formation in the pelleted specimens. 

G. Metallography 

A total of nine samples were s~ected for detailed metallographic exami­

nation. Eight of the samplPR ~~re tranovcroc s~cLlons of irrad1ated speci­

mens removed during the sectioning operations while the ninth samplP was 

an unirradiated pellet which remained from the fuel fabrication program. 

The irradiated samples covered a wide range of operating conditions in 

LuLh pelleted anu tiW&ged specimens while the unirradiated pellet acted as 

a control sample. Location of thP. samples, and other p~rtinent data is 

presented in TRble VIII. 
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TABLE VIII 

DATA PERTAINING TO METALLOGRAPHIC SAMPLES 

Average Pre-Irradiation 
Surface Shown on Burn up Heat Flux Density (% of 

SEecimen Examined Figure ~MWD/T~ ~Btu/hr-ft 2 ~ Theoretical~ 

V-1-S c 27 99,000 1.27 X 10 6 
- 75 

VI-1-S c 31 69,100 0.89 X 106 
- 75 

V-4-S D 30 42,700 0.55 X 106 
- 75 

IV-4-S B 26 9,100 0. 37 'X 10
6 

- 7'5 

V-2-P E 28 77,400 1.30 X 106 95.8 

V-3-P c 29 54,400 0.92 X 10
6 94.5 

IX-3-P D 45 34,500 Oa95 X 106 83.7 

I V-3-P c 25 10,900 0.55 X 106 89.0 

Unirradi,ated 0 93.7 

The sections of fuel were mounted in bakelite holders, and polished in 

the conventional manner. Attempts were made to etch the fuel using a 

conventional uo2 etchant (HN0
3

-H202) without success. A second etchant 

consisting of 80% H2so
4 

- 20% H2o_2 was then used , this etchant brought 

out the grain structure in places, but had a tendency to over etch and 

remove material. The effect of this etchant varied from sample to sample, 

and a detailed discussion of these effects is presented below. 

Transverse cross-sections of the selected fuel specimens were examined 

in the "as polished" and "etched" conditions. Photomicro~raphs of the 

fuel were taken, and are shown on Figures 52 through 74. 

In discussing the observations made during the metallographic examination, 

those pertinent to each fuel sample are discussed first, followed by a 

discussion of the various phenomena observed and the inter-rel~tionships 

of the various specimens with respect to the observed phenomena. These 

observations are also presented in summary form in Table IX . (page 105). 
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Figure 52. SPECIMEN Y-1-S. ( 99,000 MWD/T), TRANSVERSE 

CROSS SECTION THROUGH FUEL AND CLADDING 
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V8353-1-7 

Figure 54. SPECIMEN ~-1-S. ( 69,100 MWD/T ), TRANSVERSE 

CROSS SECTION THROUGH FUEL AND CLADDING 
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Figure 56. SPECIMEN :il- 1 S. GREY PHASE ALONG EDGE OF FUEL 
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V8352-23-31 

Figure 57. SPECIMEN Y-4-S. ( 42,700 MWD/T ), TRANSVERSE 

CROSS SECTION THROUGH FUEL AND CLADDING 
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V8350-26-35 

Figure 59. SPECIMEN N-4-S. ( 9,000 MWD/T ), TRANSVERSE 

CROSS SECTION THROUGH FUEL AND CLADDING 
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Figure 60. SPECIM~N N 4 S. ( 9,000 MWD/T) EDGE TO CENTER PHOTOGRAPHS OF FUEL 
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Figure 61. SPECIMEN 17-4-S. LARGE DEPOSIT OF SILVER PHASE IN FUEL 
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Figure 62. SPECIMEN :SZ:-2-P. ( 77,400 MWD/T ), TRANSVERSE 

CROSS SECTION THROUGH FUEL AND CLADDING 



lSOX 

250X 

...... . .. 
. , 
<. . . . . 
~ . . • . . . . . .. 

• •• 

.. 

.. 
... . 

. 
- .... 

* 

.. ., 
• 

.. 

• 
.. 

.. "' 

.. . 

., 

~-

• 

. . 
. 
• , 

-

• 

, ... ~ ... . . . 
~ I 

-90-

..... 
r ·-- ~ 

--... 

" , _ _;__, . ..... 

.. . 
-;1 .. . -· ._ 

~· 
~ 

·-
As Polished 

Etched 

Figure 63. SPECIMEN Y-2-P. ( 77,400 MWD/T) EDGE TO CENTER PHOTOGRAPHS OF FUEL 

V8351-20-22 

V8351-15-18 



o-.... I 
.... II\ 
M

 
0

0
 

c 
>

 
w

 
a.. 
oct 
:I: 

w
 

V
)
 

a:: 
:::) 

z 
~
 

0 
u :::) 

0 
a:: 

>-
1

-
_, 

V
)
 

0 
a:: 

a.. 
""0 

oct 
Q

l 
a.. 

z 
I 

.... o-I 

.J
: 

I 

~
 

u 
N

 
-

t>t 
:::) 

w
 

_, 
z 

0 
w

 
u 

~
 

z 
u 

:I: 
w

 
~
 

a.. 
V

)
 

3r: 
"'t 

V
)
 

..0 
_, 
oct 

Q
l 
~
 

.. 
V

)
 

;:) 
>-

O
l 

a:: 
X

 
LL. 

u 
0 II\ 

" 



-92-

Figure 65. SPECIMEN Y-3-P. ( 54,400 MWD/T ), TRANSVERSE 

CROSS SECTION THROUGH FUEL AND CLADDING 
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VBJ47 -26-34 

Figure 67. SPECIMEN IX-3-P. ( 3 4 ,500 MWD / T ), TRANSVERSE 

CROSS SECTION THROUGH FUEL AND CLADDING 
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Figure 69. SPECIMEN .IX.-3-P. GREY PHASE IN FUEL 



-97-

V8349-1-7 

Figure 70. SPECIMEN N-3-P. ( 10,900 MWD/T ), TRANSVERSE 

CROSS SECTION THROUGH FUEL AND CLADDING 
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250X Etched v 8349--20 

250X As Polished V 8349-21-25 

Figure 72. SPECIMEN TIZ"-3-P. GREY PHASE IN FUEL 
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6 2 
Specimen V-1-S (99,000 l1WD/T, 1.52 x 10 Btu/hr-ft ) 

This specimen had an approximately 0.060" void centrally located 

in the fuel as shown in Figure 52. The fuel was in intimate con­

tact with the cladding around the entire circumference, and 

appeared to be present as a rather compact mass although there 

a1~ 1aulal and circumferential cracks present. A silver, metallic 

phase is also present in the fuel and appears as deposits of varying 

size distributed throughout the fuel. 

The interior aurface of the clauulng was irregular, and had cracks 

extending up to 0.004 11 (0.020" cladding thickness) into the cladding. 

Examination at higher magnification, shown in Figure 53, showed a 

porous structure adjacent to the cladding in the "as polished" con­

dition. Upon etching, this porous band was attached by the etchant 

and removed to a great extent. 

The 250X photographs again show the silver phase, but in greater 

detail. It can be seen that while the silver phase is more or less 

uniformly distributed throughout the fuel, this material tends 

to collect in cracks and voi~s. 

6 :l Specimen VI-1-S (69,100 MWD/T, 1.00 x 10 Btu/hr-ft ) 

This specimen had a central void approximately 0.055" in diameter 

which is slightly off set from the center as shown in Jl'ip,nrP 54, 

In this case, the fuel is not in r.nntart with the cladding, but ratlu:a 

there is a gap of up to - 0.005" in places. The O.D. surface of the 

fuel is very irregular and bits of fuel can be seen adhering to the 

cladding surface. The silver phase is again present in deposits simi­

lar to those seen on specimen V-1-S. 

The in~crior 8u1fa~~ ls again irregular with cracks extending into 

the cladding; however, in this case, the cracks appear to form a 

fine network rather than the single cracks observed in specimen V-1-S. 

Examination at 250X showed that, in addition to the silver phase, a 

grey material was present along the outer edge of the fuel as shown 

in Figures 55 and 56. 
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The 250X "as polished" photogra!JhS did not show a distinct ponous · 

band in this cas.e; however, the etched photographs show the 

columnar grains extending to within 0.010" from the cladding. 

AttetliPtS to bring out the grain.structure near the chdding·were 

not ·successful. 

3. Specimen V-4-S (42, 700 WND/T, 0. 86 x 106 Btu/hr-ft
2

) · 

4. 

This specimen had a 0. 05011 centrally located void. The transverse 

cross-section shown on Figure 57 shows a distinct gap between the 

. £uel and the cladding. Fuel cracking in this specimen was confined 

to radial cracks only. The silver phase is again present but no 

trace of the grey phase was found. The interior surface of the 

cladding is again irregular with single, distinct crac·ks extending 

into the fuel. 

Examination at 250X (Figure 58) confirmed the absence of any grey 

phase and showed the fuel to be almost entirely devoid of any porous 

material near the cladding. The grain structure appears to be 

equiaxed near the cladding; however, the etchant was not very effec­

tive in bringing out the. grain structure. 

. 6 2 
Specimen IV-4~s (9,000 MWD/T, 0.53 x 10 Btu/hr-ft ) 

This specimen had a small central void, or what may be the beginning 

of a central void with small columnar grains surrounding it. The 

location of the void, as shown on Figure 59,· is definitely "off center" 

in this case, and is displaced toward the edge ~ith the largest gap. 

The cracking in the fuel is .entirely radial in this case. The interior 

surface of the cladding is irregular with distinct cracks extending 

into the cladding. 

The silver phase is again present; however, the deposits are larger 

than any previously observed. 

At 250X magnification (Figure 60h the fuel appears to have Bintered in 

the center of the specimens but is present as unsintered particles, 

or perhaps partially sintered agglomerates, near t_he cladding. 

Examination of the largest .of the silver. deposits showed what appears 

to be a substructure in the deposit as shown on Figure 61. 

. . ·:. 
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6 . 2 
5. Specimen V-2-P (7?.,400 MWD/T, 1.58 x 10 Btu/~r~ft ) 

6. 

This specimen had a centrally located, approximately 0.030" diameter, 

central void as show. on Figur·e 62: The fu·el was in intimate con­

tact with the cladding along the·entirecircumference. The transverse 

cross-section showed a distinct porosity band around the edge of the 

fuel, and both. radial .and t!~rcumferent~al c;racks in the n!41u b~dy of 

the fuel. 

The ,as-po~i~hed specimen,. when .examined. ~t .250X (Figur:e 63) showed a 

, porosity. gradient ranging from many ,small pores near the cladding 

through larger and more wide~y dispersed voids toward the central 

voht. The silv~r pha!!ie. wa~ p.1:~a~nL .al!! Slllall d:l:spersed. d!!:!po~its •.. Tht: 

silver material .. was general~y lo~ated in. voids ~nd cracks with the 

majority of the deposits being spherical in shape. No trace of the 

grey phase was found. Etching of the sample removed most of the fuel 

along the O.D. ~<but did b~ln~' out the equiii.xed and ·columnar str~~ture 
.. :, 

to a certain extent • 

. A. possible, fourt,h phase ~as obs!;!r.:ved in the sa,mple as showp. ,on F~gure 

64. Examination of the co~u~ar grain:s ~t 750X ,revealed. the presence . . ~ ·, . '" ., 

of polygon shaped crystals within the larger columnar grains. The 
. . . ~· . .. 

color of these' crystal's was Si~ilar to th~t of the md~· fuel· ma:trtx; 

. however, ·the material·had a distinct' crystalline outline ranging £rom 

a 4 to 6-side~ stroctur~: (iri on6 pl~rie). · 

This substructure was not obs~rved in any other sample; howeve~.· con­

sidel-ing the difficulties experii:mced 'in etchi.ng these samples, it may 

be that thi's 'is the only' sa~ple in ~hlch' ctchin~ conditions' weJ;e just 
•• ;. 1 • • 

right for bringing out this structure. 

6 . 2 
Specimen V-3-P (54,400 MWD/T, 1.28 x 10 Btu/hr-ft ) 

This sample did not have a clearly defined central void, bu~ sqpwed 

what is probably an incipient central void as shown on Figure 65. This 

sample also showed a ring.of porous material around the edge of the 
.•' 

fuel. in this case, however, the .porous zone appears as a ye~y sharply 

dt!fined ring about 0. Ot2'i wide. B·oth radi.~i and cir~umfe~ent~al cracks 

·were pre·serit and the fuel was in intimate· contact· with the cladding all 

around the circumference. 
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Examination at isox· again sh~·wed the siiver. phas'e to be present, 

·but the grey phase was not found. Figure 66 shows. the sample~in 

the "as polished" condition wfth. the ·silver ,·phase ·in the cracks and 

voids. · 

·" 

Etching 'the sample removed,'almost all of the material in· tne '·poro~s 

zone~ bu't did bring out the structure in 'the remainder of the fuel.. 

This sample exhibiterl a range of'grain sizes rllnging. from:thQ.original 

unirradiated size at the O.D;, tht;"ough an equiaxP.d structure,·to 

columnar grains at the center.· 

7. Specimen IX-i-P (34 ,SOO Mwn/T~ 1. 21: x 106 Btuih~-tt2) . 

This specimen had a centtally located void approximately 0.07011 in 

diame.ter. The fuel was not in contact wi.th- the cladding·but appat'ently 

had, at some time, been in contact since fuel w.iu~ ·observed adhered to 

the cladding around the entire circumferene:e as s~ow~ on ~tg':lre 67 •. 

The cracking in the fuel is mostly radi~l in the main body of the 
'. • . r: 

fuel with circumferential c'racks near the cladding. The grey material .. . ~ 

is clearly vi~i.ble even in the a.'s-polished co~dition- at ·low inagnif:i.-

eat~on,·· 

·At· 2SOX niagnif'ication~ bot'l1 the" grey ''and silver phase·s were observed 

as shown on .. Figure 68. 
,. .. ... . 

Etchi~g of the sample brought out the grain structure and showed a 
. .. ~ : . ·.! ·. ~ ,\. .. . . . ' 1 : ~-... .. . ~ 

sharp change in grain size across the circu~ferential crack .indicating 

that this crack was present during operation, and there was a sharp 

t•mp~rature di~continulty at the cratk. 
. ,, . . . . 'i. . ~ ... ,. . .~ : .. 

Various photographs of the grey phase were taken and are shown on 

Figure 69. They showed that this grey phase fs··. pre·sent olily .in the 

fuel .. which is sepa_rated from. the. main body of.fuel .by a. eircum~!:!rep,tial 

crack, and that this grey phase .. seems. to ~ollect in ~he grain boundaries . .. · ·:··· . 

T~~ _etchant rem9ves .this. ·grey materi~l as s,l'lo.wn .by_:the ph_9togr_aph, taken 

at. 7SOX under pobrize_d l:l,ght. . . .. , . :~··· ... . .. , . ,, , 

t.:.: 
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6 2 
Specimen IV-3-P (10,900 MWD/T, 0.69 x 10 Btu/hr-ft ) 

The central void in this specimen is approximately 0. 035" in diameter, . 

and was centrally locatecl as shown on Figure 70 (the missing section 

in the composite photograph was caused by a shifting of the sample 

during photo~raphing)~ ]he sample had radial and circumferential 

cracks similar to those seen on specimen IX-3-P. The grey phase is 

.again visible. in the .low magnification .. photograph~. 

At 250X, both the grey and silver phases are again visible as shown 

on Figures.71 and 72. These figures again show t~e tendency for· the 

grey materi~l to collect in the grain boundaries in that ·portion of 

the fuel separated from the main body by a circumferential crack~ 

Etching of the sample brought out the grain structure and showed grain 

growth out to the cladding. 

9. Unirradiated Pellet 

El(amination of the unirradiated pellet showed a uniform cross·-section 

with voids of various sizes uniformly dispersed as shown on Figure 73. 

No trace of the. silver or grey phase were found at low magnification, 

however, at 250X two deposits were found as shown on Figure 74. These 

were tho only deposits found on the entire expo~~CI RIJrf.ace. Grey 

material was also observed but in this case, however, examination under 

polarized light revealed that the grey material was the hysol potting · 

compound used to mount the sample. 

The individual observatiot$ made .on each metallographic sample can be sui!DIIed 

up under several general headings and some conclusions can be made. 

1. Central Void Formation 

All of the samples showed either a definite central void, or the 

beginning of a central void. The outline of the central void was ir­

nsular vi.th largo oolumnar grain& aurroundins the void. · Thh int:f.:!.l:'~tPs 

that the mechanism for the formation of the central void was grain 

growth brought about by sinte:dng and/or vaporization and redeposition 

rather than melting which would tend to produce. a smooth glassy sur face. 
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The voids were centrally located on most of the specimens. In the 

case of specimens VI-1-S and IV-4-S, the void is off center; however, 

these samples also have a fuel to clad gap so that the off center 

cerit·ral void sugges.t:s» that- this gap was not completely closed when 

the fuel was at operating temp~rature. 

2. Fuel Cracking 

Most of the specimens sh~wed some evidence of both radial and.circum-. 

ferential cracks. The radial cracks observed were exclusively inter­

granular and were most co~on in the portion of fuel exhibiting colum­

nar grain growth. The cirrcumferential cracks ·Qbserved were of two 

different types. In 'one case, the cracks are narrow with little change 

in grain size from one side of the crack to the other. This type of 

crack is best illustrated on Figures 62 and 65. The second type of 

circumferential crack is shown on Figures 67 and 70, in which there is 

a definite difference in the amount of grain growth on the op~o~ite 

sides of the crack. Thus, it appears that the first type of crack 

was either closed when the fuel was at temperature or t;hese cracks 

were introduced during the sectioning operation. The·second type ap­

pears to be more of a true circumferential crack, and this crack was 

apparently present when the fuel was at temperature. 

In general, despite the cracks, the fuel appeared to be present as a 

compact' mass with no evidence of loose fuel. 

3. Fuel-to-Clad Gap 

Both the pelleted and the swaged samples showed fuel to clad gaps 

ranging from intimate contact between the fuel and the cladding, through 

cases where there is partial contact, to cases where there is essenti­

ally no contact between the fuel and the cladding. The presence of 

a fuel to clad gap on the pe:ileted &pecimens is not surprioing since 

these specimens were fabricated with a 6-8 mil diametrical gap(l). 

In the case of the swaged specimens, the fuel was in intimate contact 

with the cladding before irradiation but apparently developed a gap 

during irradiation. In at least one case, there is evidence that this 

gap in. a swaged specimen was present when the. specimen was at tempera·­

ture. CompariSOll of i:l~-etched photographs of specimens v,..l (Pigur.e 53) 
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and V-4 (Figure 56) show$ that the fuel in specimen V-4 has experi­

enc·ed gra.i.n growth out to the O.D. of the fuel whereas the fuel in 

s.pecimen V-1 shows lit.tle or no evidence of grain growth~ Thus, 

the 0 .D. fuel temperat-ure in specimen V-4 ·must have been higher than 

that of specimen V-1. A comparison of the heat flux for the two 

~:~p~c.lmeuii sl1uw.s ·tha·t 3peeimcn V 4 had only about 1/2 thP hP;~t flnx 

of specimen V-1 so that the.only Wf!'Y in which specimen V;.4 could 

ha:ve a higher temperature at the O.D. of the fuel would be to have 

a fuel to clad gap during operation. 

4. Fue 1 Poro~_ity 

Several of the samples ex~mined showed a very porous structure·neAr 

thQ cladding s:i.mi.lRr t-n t;ha t observed by B~rney and Wemple (lO) in 

irradiated uo7 . This pol;'ous band around the O .. D. of the fuel was 

observed only in those specimens in which the fuel was in intimate 

contACt with the cladding.. This porous band &p.pears to be confined 

to that por.t.ion ·of the fuel that has not experienced grain growth; 

howeve1·, it is not present in the unirradia.ted materiaL Hence, this 

por.ous band can be characterized as a condition that is brought about 

by irradiation and removed or obscured when grain growth occurs. The 

most logical explanation i's that this porosity ring is caused by 

innnobile fission ·gas bubbles. As long as the fuel temperature is 

below that which wi~l cause grain growth the fiSsion gas collects in 

sma.ll bubble·s and remains innnobile. In those areas where grain growth 

is .occurring, a shifting of the porosity takes place and the small 

.buubl~s have a chance to agglomerate and move, along· with thQ pre .. 

irradiation por.osity, to the central void.. Thh agglomeration and 

movement can be seen quite clearly in the "as poli-shed" photographs 

in .Figures 58 and 7L The fact that .t:his fuel is highly ·enriched in 

fissionable material and hence quite "black" serves to accen·tuate this 

condition due to the higher burnup in the fuel near the O•D. 

The appar.ent preferential attack of the etchant on the material in this 

porous ring is, if the above analysis is correct,probably.·due to.the 

lar.ger amount of exposed surface and the smaller grain size, rather 

than any compositional variation in the fuel. 
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5. Silver ·Phase in the Fuel 

With the evidence at hand, it is impossib'le to identify. the c 0 m­

post·tion of the silver phase found in the fuel. It is possible j 

however, to characterize the behavior of this material as follows: 

i. It is found.in both irradiated and unirradiated fuel. 

However, the amount observed in the untrradiated pellet 

was quite _small in comparison to the amount found in 

the irradiat~d fuel. 

ii. The amount of silver material present does ·not vary 

with either heat flux or .burnup. The size of the 

individual deposits does seem to be related to the 

density of the fuel wi-th_ the largest deposits being 

found in· a swaged specimen (IV-4-S) which did not have 

a central void. 

iii. The material has a certain amount of mobility and 

appears to be deposited.by a vaporization-~ondensation 

mechanism. The material is .fiound almost exelusively 

in voids and cracks. 

iv. Large deposits of this material ap~ear to have a s~bstructure 

within the deposit as shown on Figure 61. 

6. Grey Phase in the Fuel 

As with the silver phase, there is insufficient evidence at present 

to permit even a tentative identification of this phase, but its 

behavior can also be characterized somewhat. 

i. In contrast to t~e silver phase, this material is not 

found throughout the fuel and is not found in all speci­

mens. It is found only in the "cooler" parts of the 

fuel and is associated with a condition that would have 

c.aused a sharp temperature discontinuity in the fuel, 

i.e., on the cladding side of a wide cir~umferential 

crack or at places wherc.the fuel might have been in 

contact with the cladding. 
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ii. The grey phase is found mostly in grain boundaries 

and is more rapidly attacke~ by a H2so4 -H2o2 
etchant than the f~el. 

Examination of this fuel is continuing at present and wi~l be repQrted in ~ 
later document. Among the areas of investigation will be: 

1. Metallographic examination and microhardness testing of the 

cladding. 

2. Fuel sampling at discrete radial positions to -ietermine U/Pu ratio and 

burnup as a function of radial distance. 

3. Further examination and tests to attempt to identify the silver and 

grey phases. 

VI. SUMMARY AND CONCLUSIONS 

The performance of the swaged and pelleted fuel was comparable, and the fuel 

performed well up to approximately 100,000 .MWD/T. No evidence of gross 

longitudinal fuel movement was found. The size of the central void observed. 

can, except for the localized "chamber" type voids, be explained by radial 

movement of the. fuel. 

Measurement of the percentage fission gas release showed values ranging from 

10.% to 65%, with averages of 367.. ·and 4 7% for the pelleted and swaged speci­

ments.respectively, and no apparent correlation between fission gas release 

and heat flux. The percentage fission gas relea~e was higher in most cases 

than would ~ ~xpected :ln uo2 fuel irradiated under similar condi.t:fnns. 

There is evidence of fission gas bubbles within the fuel grains as indicated 

by a spongy structure in the fuel similar to that observed in'· t.hf'! ~ . .<!~~ of uo:.:! 
irradiated under high performance condit~ons. 

The use of gas plenum was effective as a means to contain the fission gas, 

and allowed the fuel to go to high burnup without rupture of the specimens 

although two specimens did achieve moderate .. burnups without a gas plenum. 



.Specimen 

V-1-S 

VI-1-S 

v-4-s 

IV-4-S 

V-2-P 

11-3-P 

IX-3-P 

IV-3-P 

Fig. 
No. 

52 
53 

54 
55 
56 

57 
58 

59 
60 
61 

62 
63 

'64 

65 
66 

67 
68 
69 

70 
71 
72 

Un'irradi- 73 
ated 74 
Pelle-: 

Burnup 
QOO>/T) 
'99,0()0 

69,100 

42,700 

9,000 

J7,400 

54,400 

J4,500 

A~rage 

Reat Flux 
t'Btu/hi..:tt2) 

0.89.x 106 

0.55 " 10
6 

. 6 
0.37:]1_ 10 

1.30 " 10
6 

0.92 X 106 

10
.6 

0.84 X 

10,900 0.$5 X 106 

Pre-Irrad~ 

Density 
('f. of theo.) 

- 1'.! 

- 75 

- 75 

,_ 15 

95~8 

83.7 

89.0 

93.7 

Approx.Dia. 
of ·Central 
Void{inches) 

o.o60·: 

0~055 

0.050 

:Small irre­
gular shape 

0.030. 

V.ery small 
irregular. 
shape 

0.070 

o.o35 

TABLE IX 

SUMMARY OF HETALLOGRAPBIC un~ERVATIONS 

Fuel 
Cracking 

Mainly radial 
with some 
circumferential 

Mainly radial 
. with some 
circumferential 

l!.adial 

Radial 

Mainly radial 
with 'soae 
circumferential 

Mainly. clrcum­
~erential, some· 
radial 

Mainly radial 
with some wide 
circumferential 
cracks near O.D. 

Radial and wide 
circumferential 
cracks 

None 

Other Phases 
Structure and Constituents 

Small grains at O.D., long columnar Silver phase present t~xougb­
grains extending out from central out fuel. 
void. Porous band along O.D .. of fuel. 
Little or ~o grain growth at O.D. 

Equiaxed grains at O.D. Long 
columnar grains extending out ~rom 
central void".Some grain growth 
at O.D. 

Equiaxed grains at O.D. Columnar 
grains extending out from central 
void. Grain growth at O.D. 

Silver phase present through­
out fuel. Grey phase present 
along O.D. of fuel. 

Silver phase present through­
out fuel. 

Unsintered or partially sintered Large deposits of silver phase 
fUel_ at O.D. Small columnar grains throughout fuel. 
at central void. 

Fuel-to-Clad Ge ., 

Fuel in contact 
with cladding. 

. Fuel-to-'c lad gap 
with partie les . 
of fuel adhering 
to cladding. 

Fuel-to•clad gap 

Fuel-to-clad gap 

Small grains at O;D, Long columnar 
grains extendirig out from central 
void. Porous band along O~D. of 
fuel. Little. or· no grain· growth at 
O.D. 

Silver phase _present through- .Fuel in· contact 
out fuel. Polygon shaped with cladding 
crystais within columnar grains. 

Small grains at O.D., equiaxed Silver phase present thr.ou·gh-
grains in mid-r:adius region, shor·t out· fuel. 
columnar grains.around central void. 

Equiaxed grains at O.D., long Silver phase present through­
columnar grains extending out from out.fuel. Grey phase present 
central void. Grain growth at O.D. along O.D. 

Equiaxed grains at O.D. Long 
columnar grains extending out 
fr.om central wid. Grain growth 
at O.D. 

Ouifnrm cross-section 

Silver phase present through­
out fuel. Grey phase present 
along O.D. 

T\io small dep.osits of siive·r 
phase. 

Fuel in contact 
with cladding 

Fuel-to-clad gap 

Fuel-to-clad gap 

I 
...... 
...... 
...... 
I 
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I 

In the case of irradiated fuel which had established intimate fuel-clad 

contact, grain size varies radially from that characteristic of the un-

irradiated material near the periphery, through an intermediate region of 

larger equiaxed grains, to relatively long columnar grains extending into 

the central void. This is the familiar pattern observed with uo2• A dif­

ferent grain size distribution was found for pelleted and swaged fuel having 

a fuel-clad gap, 

Evidence was found that ·at least one swaged specimen, although .fabricated 

with no fuel-to-clad gap, developed a gap during irr~diation which remained 

open when the specimen was at power. 

There are at least three different phases present in the fuel: the main 

fuel matrix, a localized grey phase, and a silvery phase which is dispersed 

throughout the fuel. matrix. 

The inner surface of the swaged cladding was very irregular and had cracks 

which penetrated into the_ cladding to a depth of as much as 4 mils. 

The use of insulator pellets at the ends of the active .. fuel zone was effec­

tive as a means to protect the specimen end caps, and to prevent movem~nt of 

the fuel into the gas plenum. 

VII. ACKNOWLEDGMENTS 

The_author would like to express appreciation to C. L. Stanger for his work 

in the Radioactive Materials Laboratory, and toW. V. Ketron for the prepara­

tion and photography of the metallogr~phic samples. The efforts of R. G. Gest 

and M. E. Urata in the fiaoion gas analysis, and the interest and advice of 

'F~ J. Leitz and H. W. Alter are also gratefully acknowledged. 

VIII. REFERENCES 

1. Cleveland, Jesse M. ,- et al, Fast Oxide Breeder Project I, Fuel Fabrication 
GEAP-3486, (August 15, 1960) 

2. Cochran, J. S., Preliminary Evaluation of Two Plutonium-Uranium Oxide 
Irradiation Capsules, GEAP-3834 (to be issued) 



:,...llJ-

J ,: , ~ j r , l• ~ • . 

3. Horst, K •. M·., Memo Report, Summary ·on the Thermal .Analysis of FOB 
· Capsules I-X, (Apri-l 27, 1961) 

. r 
4. Letter K. M. Horst to F. J. Leitz, '~valuation of the Fuel Exposure' 

• in the FOB· Capsules from Teii\perature Measurements", (July 20, 1960) 

5. Gerhait, J. M., Post-Irradiation Examination of Allis~Chalmers (NSPR) 
Capsules·I, II, & III, GEAP-3694, (February, 1961) 

6. Eichenberg, J .. D., et al, Effects of Irradiation on Bulk U02 , WAPD-183, 
(October, 195 7) 

7. Katcoff,.s .. ·, Nucleonics, 18, 201-208 (1960) 

8. Robertson, J. A. L., et al,"Irradiation Behavior of U02 Fuel Elements", 
Nuclear Metallurgy, Vol VI (1950) 

9. Brandt, F. A., et al, Irradiation Results, N.S. Savannah Core II 
Prototype Fuel Assemblies, GEAP-3559, (November 1960) 

10. Barney, W. K., and Wemple, B. D., Metallography of Irradiated uo
2

-
Containing Fuel Element, KAPL-1836, (January 15, 1958) ·-

-~ I 




