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ABSTRACT

A program was carried out to determine the irradiation behavior of a
Pqu-UO2 fast reactor fuel prototype., Forty (40) stainless steel clad -
fuel specimens were fabricated, encapsulated, and irradiated in the
General Electric Test Reactof to burnups ranging from 5,000 to 99,000

" MWD/T, and at heat fluxes ranging from 0.5 x 106 to 1.6 x 106 Btu/hf-ftz.
The cladding surface temperature ranged from 700 to 1200°F with most

specimens in the 1000 to 1200°F range.. All specimens were irradiated

without rupture despite thgth}gh,ggqurmgncg”cpqquiqng Imposedu. i o o . Lo

Following irradiation, the fuel specimens were examined in the Radioactive
Materials 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 examination are presented and discussed.
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INTRODUCTION

the sponsorship of the United States Atomic~Energy Commission; has undertaken
a program to develop an oxide fueled fast-redctof.~ As’ part of this develop-
ment program, plutonium-uranium oxide fueél- $pedimens wére ‘prepared encapsu-

lated and irradiated in the General Electric Test Reactor (GETR) After o

irradiation, the fuel spec1mens were examined in the Radioactive Materials

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. ‘

The objectives of the experiment were threefold:

1. Study fuel fabrication techniques and compare two different‘

fabrication methods.

2, Determine the behavior during irradiation of test specimens i

subjected to high power densities and burnups.

3. By post irradiation examination determine the irradiation

characteristics of the’ fuel and evaluate its performance

The entire experiment was designed, insofar. as possible, to approximate the
anticipated conditions in a fast reactor while subjecting the fuel to a range
of power:densities and burnupsQ For this experiment,‘the.desired experimental

parameters were as follows:

1. The capsules were designed and positioned in the reactor to achieve
maximum heat fluxes ranging from 0.5 to 1.5 x 108 Btu/hr-ftz. This
corresponds ‘to a range of fuel 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 expected . in:a<prototype reactor.

‘
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3. The irradiation period for the various capsules was selected so
that a range of burnups up to 100,000 MWD/T would be achieved. The
demonstration of high burnups would lead to fuel cycle economies
since the frequency and hence the cost of reprocessing and refabri-

cation can be reduced accordingly.

Since the irradiation was carried out in the GETR it was not poss1b1e to
simulate the neutron veloc1ty spectrum of a fast reactor. This substitution
of a thermal neutron spectrum results in a flux depression in this highly
enriched fuel and hence a fuel power dens1ty and associated burnup which is
higher at the surface and lower at the qenter, for a given heat flux, than

would be experienced in a fast neutron spectrum.

FUEL PREPARATTON AND IRRADIATION CAPSULR FARRICATION

A. Fuel Preparation

Preliminary physics calculations showed that the appropriate fuel com-
position for this experlment would be a 1-4 mixture of plutonium-to-
uranium. In order to achieve the d331red high burnup while maintaining
a relatively constant Pu-U ratio, ~ 50% of the uranium used in the fuel
was the U-235 isotope. Thus the fuel composition selected for this
experiment was a solid solutluu ol plutonium and uranfum oxide with the

heavy élement composition shown in Table I:

TABLE I
FUEL COMPOSITION

Isotope .- . . Weight.Percent
Pu-239 o - 18.81
P.L1f240 . . 1.20 .
U=-235. : 37.86

U-238 . . 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 4300

mesh and the -300 mesh material. The -140 +300 mesh material was sintered
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Bl

in a hydrogen-helium atmosphere at 1400°C and then loaded into specimen
tubes for swaging. The -300 mesh material was pressed into pellets
(0.150" 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 déscribed in detail in reference 1.
Irradiation Capsule Fabrication

The individual test specimens 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. For 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 i8 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.

IRRADIATION HISTORY

The irradiation capsules were placed in the GETR, and irradiated for varying
periods of time. A summary of the irradiation intervals is presented in Table
II:
IRRADIATION HISTORY
GETR Operating Data
Cycle Total Days @ Capsules in Reactor
No. Started Ended MWD 30 MW I . IT TII IV VEURGVEE VITI JIX X
10 2/9/60 3/7/60 773 25.8 X X
13 5/26/60 6/19/60 546.9 18.2 T 2 X X
14 6/27/60 7/22/60 662.0 22.0 X X X X X X
15 8/15/60 8/27/60 375.9 125 X X X X X X
16 9/3/60 10/2/60 849.2 28.3 b S ¢ X X X X
17 10/6/60 11/5/60 824.1 27.4 X X X x X X
18 11/13/60 12/12/60 609.92 20.2 X X
Total days @ 30 MW 25.8 40.2 128.6 90.2 68.2



Nitrate Solution
20% Pu23°9
40% y23s
40% u?238
Precipitation with NH4OH
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Drying — Reduction
H,— Ny Atm  900°C

—300 Mesh —140 + 300 Mesh
Pressing 43000 PSI | Sintering Hy— He Atm
1400° C

Bulk Density 40—50%

Sintering Ho — He Atm
1700°C

aanssnnenif

Pellets 90—-95% Dense Swaged Specimens 75% Dense

Figure 1. FUEL PREPARATION AND FABRICATION FLOW SHEET
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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 located in
the NaK annulus between the 0.D. of ‘the specimen and the.IaD..of the inner
can, while thermocouple #2 was located in the NaK annulus between the 0.D. of
the inner can and the I.D. of the insulator. A third temperature reference
point was the reactor cooling water which had ‘a4 temperature of 100°F. Experi-
mental parameters were calculated from the thermocouple data collected during

3.

“the irradiation period. Briefly, the calculation method was as follows:

Heat Flux

The heat flux was calculated from:the:conductance of the ‘thermal path
and the tempereture difference across the path
Q/A = C' AT
where Q/A

C' = conductance of thermal path

heat flux

a

- AT = temperature difference

-‘The entire thermal .path consisted of zircaloy-2, aluminum, stainless
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 heetingf»
within the heat nath was neglected,” This amounted to less than 1% for

most specimens and no greater than 3% for the remeinderi

The temperature difference, AT, was determined by subtracting the reading
~of thermocouple #2 from the cooling water temperature, 100°F. The average
temperature was obtained 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 avoid any readings
taken during the shutdown period or the transient period while changing
reactor power. The maximum heat flux was based on scanning the data for

points of maximum temperature.



‘Qufhug .
The fuel exposure was obtained from a knowledge of -the average heat
flux, surface area, exposure time and fuel weight, The exposure time
was obtained from the GETR Daily Power: Summary by adding’ the number -of:-

- hours that.the reactor was critical, It was noted from the power

.. summary. that the .reactor is not .operated for significant periods of.

Eimﬁ in the critical condition at. zero power. - . EUR - ST

k49
The /kd@ is related to the heat flux (Q/A) and fuel dfameter (D) in the
following manner: E C e - e

*

Siao - QD

‘Cladding Temperature . .

The cladding temperature was calcilated by correating the thermocouple #1
reading ‘to account for the temperature drop in the NaK film and the clad-

ding wall.

Accuraéx

In evaluating the accuracy of. the calculation ﬁethod”used, three main
areas of uncertainty were considered: ...

1. Heat loss from the ends of the specimens.

2. Gamma heating in the cladding and capsule components.-.

3. . Uncertainties associated with the thermal conductance of the
heat path.

- An wvaluation of the ¢ffect of tliese areds 0f uncertainty led to the

assignment of a 10-20% ‘accuracy to' the cbﬁbﬁtatiénﬁsa)

*This relationship neglects the effect of flux. depressaion in the fuel,
While it is recognized that this effect cannot be neglected in this €uel,
the flux depression is the same in all the specimens of a given type so
that the value af the /kd® is useful for comparative purposes,
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The calculated experimental parameters for the individual specimens
are presented in Table III. A summary of the experimental parameters

for all specimens is as follows:

1. Burnup . . 4,700 to 99,000 MWD/T ,
12. THeat Flux < - 5 <05 to 1768 x°10% (hax.), 0.4 £o. 1 '3 x 10°
(ave.) Btu/hr-ft2
3. _/fkde 2000 to 6200 (max.), 1400 to 5200 (ave.)
Btu/hr-ft et
*4, 'Cladding Surface' ' 790 to 1260 (max.),.590 to‘1060_(ave.).?F
‘Temperature -~ e e T L o i

IV. POST-IRRADIATION EXAMINATION

‘A

‘would be uSed for the disassembly of a Uo.

-Description of Equipment and Procedures

The post- irradiation examination of the test specimens was carried out

in the Radioactive Materials Laboratory (RML) at Vallec1tos Atomic;ﬁ

.Laboratory. Since the fuel to be examined contained a 51gn1f1cant%£
lamount of plutonium, the disassembly procedures used were somewhat dif~

‘ferent than those ‘used for the examfriation of uranium fuels * The capsules

"as received" from the reactor had three barriers between the fuel and”
the cell atmosphere;viz., the capsule, the inner can and the fuel cladding,‘
8o that in the event of" rupture of a test specimen the activity would

still be confined to the inner can. This permitted the partisl diSas-

sembly of the capsules in the cell proper using the same techniques that

2 capsule, Thus the capsules

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

to the alpha enclosures

,mﬁe disassembly»of.the'innér:cans and theisubsequentfexamination was per-

formed in’ the 4lpha ‘enc¢losires shown ofi Figures 4 'and 5. The alpha
enclosures were designed and built specifically for the examination of

these plutonium bearing spec1mens. The alpha enclosures used. were essenti-

'_;ally glove boxes placed inside the hot cell and adapted for remote operation

using manipulators "In this way," all the alpha contamination was contained

- within the enclosure leaving the cell proper free of alpha‘activity Upon
.completion of the post irradiation examination, the boxes were removed and

ldisharded intact



TABLE III

EXPERIMENTAL PARAMETERS

' Burnup - Heat Flux : : . Ska O(C) \(d)
Specimen .(__4 (b) (Btu/hr-£t2) 4 (Btu/hr-ft_) Surface Iemp(?ﬁb
Number T, Maximum __ _ Average __Maximum Average Maximum Average
I -l-P(a) 16,600 l.41 = 106 - 1.30 = 106 5600 5200 1040 . 970
‘2-P 13,600 1.36 " .1.10 " 5400 4400 1010 830
-3-P . 8,700 .1.a3 n - 0.75 " 4100 3000 1040 7150
4-P 4,790 0.€2 " 0.40 " 2500 1600 1010 650
II -1-§ 19,400 1.33 " 1.28 " 5300 ©. 5100 : 1080 ‘ 1050
2-§ - 16,100 1.34 " 1.09 " - 5400 4400 1120 940
3-8 10,700 1.06 " 0.73 " 4300 2900 1160 830
4-8 . 6,600 0.72 "o 0.45 " 2900 1800 1130 750
IIT -1-8§ 26,000 1.14 " 1.06 " 4600 - 4200 810 . 760
2-p 18,800 1.10 b 0.96 "o 4300 3800 790 ' 730
3-p 15,100 1.02 " 0.77 " 4000 3000 820 670
4-8 " 11,700 0.75 " 0.48 " 3000 1900 710 500
v -1-8 19,100 0.91 b 0.78 " 3600 : 3100 - 890 820
2-p 14,100 “0.82 " 0,71 n 3200 2800 1030 910
3-p° 10,900 0.69 " 0.55 " - ~2700 2100 990 820
4-S° 9,000 0.53 " 0.37. =" | 2100 1500 880 ) 660
v ~1-8 99,000 1.52 " . 1,27 " 6000 . 5100 . 1260 1060
2-P 77,400 1.58 b 1.30 w o 6200 5100 1180 1020
3-? 54,400 1.28 e - 0.92 " 5000. 3600 1130 880
4-5 42,700 0.86 " 0.55 "o 3400 - 2200 930 650
Vi -1-§ 69,100 i1.00 " 0.89 "o 4000 3500 1140 1030
2-? 41,600 0.79 b 0.68. " 3100 2700 1060 : 950
3-p . 34,900 0.76 " 0.57 " 3000 2200 . 1210 950
4-s 30,900 0.62 " 0.40- " 2400 - 1600 980 680
Vif -1-§ + 70,300 1.44 " 1.31 " 5700 5200 1220 990
2-P 49,900 1.50 " 1.32 " 5900 5200 1170 950
3-P 38,900 1.24 " 0.92 " 4800 3600 1080 790
4-S 29,600 0.86 " 0.55 " 3400 2200 950 630

'OT‘



TABLE III (Continued)

Burn Heat Flux Jkde (¢)

Specimen gﬁggg) (Btu/hr—ftz) (Btu/hr-ft) Sur face Temp(?f)(d)

Number T Maximum Average Maximum Average Maximum Average

VIII -1-S 45,200 1.07 x 106 0.83 x 106 4200 3300 1180 930
2-p 28,300 0.85 ot 0,66 o 3300 2600 1220 920
3-P 23,100 0.75 it 0.54 L 2900 2100 1150 840
4-S 19,300 0.50 ¥ 0.36 i 2000 1400 820 590

IX -l-P(e) 47,600 1.40 - 1.36 L 5460 5270 1060 930
2-P 38,300 1.36 " 1.19 4 5300 4700 (£) (£)
3-P(e) 34,500 1:2L i 0.95 Ly 4850 3200 990 740
4-P 17,600 0.86 i 0.56 s 3350 2160 (£) (£)

x -1-s® 36,300 0.91 m 0.88 " 3600 3500 (£) (£)
2-P 23,700 0.85 5 0.75 o 3400 3000 CE) (£)
3-P 16,800 0.71 it 0.54 L) 2800 2200 (f) (£)
4-S 15,000 0.57 L 0.37 " 2300 1500 (£) (£)

(a) P - Pelleted Specimen
S - Swaged Specimen

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

(c) Linear power generation = kr‘/kde

(d) Temperature at inner surface of cladding

(e) These specimens had no gas plenum

(f) Cladding thermocouple failec

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

-'[I-
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V10627
Alpha enclosure. Fission gas collection

and sectioning equipment.

V10636

Alpha enclosure. Fuel dissolution and

sampling equipment.

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.

Visual examination and diameter measurements of the test specimens.

+ Puncturing of the specimen and collection of the fission gas.
Sectioning of the fuel specimen and measurement of the central void.

. Photographing the exposed fuel sections.

o N o B
.

Detailed metallographic examination of sections from eight test

specimens plus one unirradiated pellet.

Visual Examination and Disassembly

The capsules were all received from the rcactor irn apparent goond condi-
tion. Spot checks of the capsules 0.D. revealed no change from the pre-

irradiation 0.D.

The capsules were disassembled by cutting through the capsule 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



-15-

capsule was immersed in a tank of isobutyl alcouhol to react the Nak,
after which the capsule was disassembled by making further cuts as
needed and withdrawing the internal components. Visual examination

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

colorations or deformations.

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 (0.020" slit height) and recording the gross gamma activity
(above 0.70 MEV) on a strip chart. The equipment used for gamma scan-
ning is shown on Figure 6. The gamma scans (Figures 7, 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 2zone,

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 past the upper

insulator pellet.

1. Relative Burnup

The calculation of the relative burnup of the various spec imens
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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irradiation period more heavily than the exposure in the early part
of the irradiation period; The irradiation’capsulés were positidned
with specimen #1 near the midplane of the feactor'édd'spéciméns 2, 3,
and 4 above the midplane: The flux profile in the GEIR is such that
as the control rods are withdfawﬁbduring the cycie, the peak flux
moves upward with respect to the core. The net effect is that the
neutron flux at the level of specimen #l1 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”gdmma scan data, for specimens 2,
3, and 4 rélétiyé to séecimen 1 should appear to be higher than the
true valyes,

The fact that the UJPulfiSQion ratio dbeé not'reﬁainlconstént; as
discussed iﬁ Section E-2-b (pége335, means that the total fission
yiéIdlof'the various isotopes is also charging during the course of -
the irradiation period. This effect is probably small since the pre=
dominant gamma activity is from Zr-95, and the fission yield from
uranium and plutonium is nearly identical (6.2% and 5.9%4;espec;ive1y).

The high concentration of fissionable material in the fuel is also

a source of some error. Ideally, since the scintillation counter
"looke” at a constant volume of fuel (due to the collimator slit)tthe
activity for two specimens at the same exposure (MWD/T) should differ
only in proportion to the amourt 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 fuéi'in a

swaged specimen.

The gross gamma'activity shown on Figures 7, 8, 9, and 10 are the ob-
served count rates for the various specimens. Before this count rate
can be used to compare relative burnups, it must first be corrected
to account for the resolving time or dead time of the scintillation
dgtecFo;_ For a de;ailed discussion qf resolving time, the reader

is referred to any of the standard texts on radiation measurement,
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techniques. Briefly, this correction is applied 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 relat1onship ig given by the expression:
n

B )
Wlhere

N = true counting rate

n = observed counting rate

t = resolving time = 20 microseconds for the equipment used

The relative burnup of the scecimens in each capsule is presented .A
lu Table IV. Oince the eatimatcd ‘acouracy of the burnup values
calculated from the thermocouple data is 10-20 percent, it can be seen
that the relative burnups are in good agreement with the calculated

values,

Length Measurement

"The gamma scans of the individual fuel'specimens also provided an

accurate method_for measurihg the post-irradiation lengths of the

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

slit and calibrating the cable speed, it was possible to obtain an
accurate, reproducible correlation between the length of the active
fuel zone, as shown on the strip chart recordeyr, and che acuual fuel

(5

que showed that the accuracy of this method is about

length. Previous measurements of fuel lengths using this techni-

¥ 0.010" for this particular fuel length. This data is presented
in Table V.

Fuel Conditioén

By observing»the,shape of the gross gamma activity scan it was pos-
sible to draw someé conclusions as to the condition of the fuel within

the.speciﬁens.

In the case of the pelleted specimens, the profile was fairly smooth
in most cases, and followed the shape of the reactor flux profile
indicating that the fuel was not severely fractured and had not ex-

perienced any gross longitudinal movement.



 TABLE IV

RELATIVE BURNUP_VALUES

Dead Time Count Rate ] Thermocouple
Observed Corrected Normalized .- Data

" 'Density Count Ragg Count Rate to Density Activity Burnup Burnup

Specimen (Gms/in) (CPM x 10 ") (CPM x 10-6) of 2 gms/in Ratio MWD /T - Ratio.

26,000 1.00

I1II-1-S 2.26 0.61 0.76 0.67 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 -70.43 0.64 . 15,100 0.57
4-S 2.26 0.30 . 0.32 . 0.28 - 0.42 11,700  0.45
1V-1-8 2.08 0.52 0.62 0.60 1.00 ° 19,100 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
4-8 2.12 0.27 0.28 0.26 0.43 9,000 0,47
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
4-8 2,28 1.31 -2,28 2.00 . 0.46 - 42,700 0.43
VI-1-8 2,20 1.73 4,04 3.68 1.00 69,100 1.00
2-p 2.87 1,70 3.88 2,69 0.74 i 41,600 0.60
3-p 2.89 1.48 2.88 1.99 0.55 34,900 0.51
4-8 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 1.71 . 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
4-8 - 2,18 1.11 1.74 1.60 0.44 129,600 0.42
VIII-1-S 2,37 1.57 3.24 - 12,74 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
. 4-8 2:37 - 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 38,300 0.80
3-p 2,76 1.11 1.74 1.26 0.60 34,500 0.68
4-p 2.88 0.87 1.22 0.85 0.40 . 17,600 0.37
X-1-8 - 2.34 1.37 2.48 ' 2.12 © 1.00 36,300 1.00
. 2P 02,99 - 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-IRRADIATION FUEL MEASUREMENTS'

Céﬁtral Void Data

* . Maximum Maximum - ST B Diameter A Length
Heat .',fkde(c) Maximumkd) Fre-Irrad. Active Fuel : E % of % of
Butnug - Flux, Surface’ Density - _Length {inches) . Cross Post-
' )( Btu ) /Etu ) Temp, (% of ’ Post "' Sectional Irrad.
T /) \be-ft4 \hr-ft (°p) theoretical) pre - post Pre (inches) area (in.) 1length
16,600 1.41x10% _ 5600 - . 1040 ¢ .93.5 .-  1.605 - (c) ~ -  0.034-0.044 - 5.0-9.7 1.60 100
13,600 1.36 " 5400 . 1010 . - 92.5 1.605  (c) 0.019-0.041 - 1.7-7.5 1.60 100
8,700 1.03 " 4100 1040 93.3. ° 1.605 (c) ) (c)
4,700 0.62 " 2500 1010 92.7 1.600 (c) Nc void o ;
1-s 19,400 1.33 " 5300 1080 .15 1.825 (c) . 0.051-0.071 11.7-21.3 1.67 90
2-s 16,100 1.34 "™ 5400 - - 1120 : 75 1.825 " (c) - : ) - - (c)
3-8 10,700 1.06. " 4300 1160 - 75 - 1.825  (c) © - -~ (e) - (o)
4-S 6,600 0.72 "™ 2900 1130 75 1.825 (c) 0.017-0.021 1.4-2.0 -1.18 63
III-1-S 26,000 1.14 " 4600 810 75 1.825 1.91 1.65 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 ,
4-S 11,700 0.75 " 3000 _ 710 75" 1.825 1.91 1.¢5 0.014-0,050 1.0-11.0 1.33 70
. LN B N - . . . [}
Iv-1-s 19,100 0.91 " 3600 890 75 1.825  2.07 1.13  0.036 5.7 '
2-p 14,100 0.82 ™ 3200 = 1030 90.7 1.552 1.65 1.C6 0.034-0.035 5.1-5.4 1.55 9%
3-p 10,900 0.69 " 2700 990 89.0 1.564 1.63 1.64 0.031-0.035 4.0-5.4 0.70 43
4-8 9,000 0.53 " 2100 880 75 1.835 2.04 1.13 No void :

v-1-s  99,000-1.52 " 6000 - 1260 - 75 - 1.825- 1:99 1.¢9 0.047-0.067 9.8-19.5 1.50 75
2-P 77,400 1.58 " 6200 1180 - 95.8 1.495° 1.58 1.¢6 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.C4 0.005-0.009 -~ 0.2-0.4 0.86 56
4-S 42,700 0.86 ™ 3400 930 75 1.825 1.89 1.3 0.031-0.045 4.0-9.1 1.78 9%

VI-1-S 69,100°'1.00 " 4000 1140 75 . 1.825 °1.96 ° 1.C7 0.042-0.054'  7.8-13.0 1.26 64
2-p 41,600 0.79 " 3100 1060 96 1.527 1.59 1.¢4 0.029-0.031. 3.5-4.0 0.62 39-

3-P 34,900 0.76 " 3000 1210 95.3 1.531 1.58 1.¢3 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 70,300 1.44 ™ 5700 1220 = 75 1.825 1.90 ' 1.C4 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.¢7 0.028-0.036 3.2-5.3 0.88 55

3-P 38,900 1.24 "™ 4800 1080 96 1.516 1.58 1.4 0.033-0.038 4.5-5.9 0.57 36

4-S 29,600 0.86 " 3400 950 75 1.825 1.98 1.Cc8 0.022-0.036 2.2-5.8 1,32 67



TABLE V (Continued)

: . Central Void Data
Maximum Maximum ’ ) - ; . Diameter Length

Heat JSkd0(C) Maximum Pre-TIrrad. . Active Fuel - - . % of % of
ug Flix "~ Sur face (d) Density - Lqugp (1nches) ,' S ~ Cross - Post-
Specimen Mw& Y Btu ) ( Btu ’ Temp.: (% of Post ' . Sectional - Irrad.
Number \hr-ft< hi-ft) (,F) theoretical) Pre Post  Pre (inches) .. area (in.) length
VIII-1-S 45,200 1“‘.07x106 42¢0 - 1180 5 1.825 1.82 1.00 0.040-0.049:  7.1-10.8 ‘1.44 79
2-pP 28,300 0.85 " 3300 . 1220 . 94.2 1.530 1.57° 1.03 0.013-0.013. 0.7° "1.17 74
3-P 23,100 0.75 " 2900 1150 - 94.3 1.529 1.59 1.04 No 'void .. S N '
4-8 19,300 0.50 " . 2000 .. 820 75 . » 1.825 1.82° 1.00 0.027-0.027. 3.0 0.28 15
IX-I-P(E) 47,600 1.40 " 5460 . 1060 . 86.5 . . 1.333 1.36,. 1.02  0.026-0.040 2.8-6.6 0.95 70
2-p 38,300 1.36 ™ 5300. . (£) ‘94.8 . 1.521 1.58 1.04 0.022-0.031 2.2-4.2 1.10 70
3-P 34,500 1.24. " 4850 990 . . 83.7 1,348 1.36 1.01  0.027-0.036:. -32.-5.7 " 1.36 100
A-P(e) 17,600 0.86 '™ 3350.  © (£) . 95.8°  1.774 1.83° 1.03 'No void :
X—l-S(g) 36,300 0.91 " 3600 . 715 . 1.825 1.8 1.01 7 0.040-0.054 7.1-13.0 -1.72 93
2-p 23,700 0.85 " 3400. S .96 1.517 1.52 1.00 0.009-0.018 0.3-1.3 :0.61 = 41
3-P 16,800 0.71 " 2800 - . 96.5 .. 1.514 1.57. 1.04 0.013-0.027. 0.7-3.0 0.42 27
- 4-8 15,000 0.57 " 2300 | ' 5 1.825 1.8 .1.01 ~ 0.008- 0.3 o .
. . S . s - : R 1)
v . An

(a) P - Pelleted Shec1men ' S ' ; S ‘ M ; L N
S - Swaged Specimen . ' ’ ’ : -
(b) T = Tons of Pu & U (2000#/ton)

(¢) No measurements taken )

(d) Temperatureé at inner surface .of cladding

(e) These spec1mens had no .gas_plenum B

(f) Cladding thermocouple failed - . A : - K ? v
(g) Estimated data - MaJorlty of thermocouples failed dur1ng irradiatlon :

e . - L . - - - t
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The gemma scans 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.
;Uoon-sectioning these specimens, it was observed that ‘the location'
of these depressions corresponded exactly to the location of an ’
enlarged central void. An example ‘of this enlargement is shown{‘
on Figure 27, surface E, and Figdre.47} surface E (pagee 52 and
72). This condition.indicntes:that either ‘a longitudinal move-f
ment of fuel took place during ifradiation or the specimen was

- fabricated with a localized low density spot in the fuel. Since
the remainder of the gamma scan does follow the.shape of the -flux
curve with no. indication of a local high activity epot, it appears
more likely that this condition was caused by a low density section
in the fuel

3

The -high activity at the ends of the speoimen are eaused:byiburnup
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 pe11eted specimens. This
is probably due to the pellets retaining their shape du;ingbirradi-
ation whereas the swaged specimens tended to form an irregular sur-

face at the ends as shown on Figures 22, 35, and 39.

In addition to the active fuel zone, the loeation of the end insu-
lator pellete can be clearly seen on the gamma scan. It is
interesting to note that while these insulator pellets were fabri-
cated from natural UO2 there is a detectable activity assoclated
with these pellets,. and further that there is an activity variation
in most of the pellets. The presence of activity is not unexpected,
but the observed variation of acti?ity could mean that the:e:is

some amount of fission'produot or fuel diffusion into the pellets.
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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 Figure 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 with

fission gas in the line.

None of the specimens from Capsules III through X (this test was not
used on Capsules I and I1) 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 visual examination of each

specimen.
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E. Fission Gas Release Determination

1. Descriptién of Equipﬁént 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 weré punctured by 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 re}ease tﬁe fission gas. The equipment used to release

and collect the fission 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 l-liter gas cylinder. The system was allowed to come to
pfessufe equilibriud after which the éas cylinder was Qalved
off and removed for analysis. The system had been previously
calibrated so that the volume of the &Qrious parts of the system
was known, hence the percentage of the total gas collected in the

. gas cylinder was known.

Upon receipt of the analytical results for Capsules 1 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
so that representative samples .were not obtained. The system was
:then modified to include a mércury diffusidn pump and a téepplér
pump just ahead of the sample container as shown on Figure 11,
Using this system, it was then possible to pump all of the fission
gas out of the sample, and collect it in the gas cylinder. In
operation, the pumping was continued until.the count rate from the
GM Counter. located above the toeppler ﬁump discharge line returned
to a normal background count rate; i.e., the gas in the line was

- mainly air inleakage.

.The gas samples were,énaiysed by gamma counting to determine the

V Kf-85 éontenﬁ and By gas chromatography to determine the fotal Kr
and total Xe content. Using“this data and the burnup data derived

» from tﬁermocpuple ﬁeaéuréments? the fission gas release, expressed
as percent of total fission,gas}geherated, was calculated, and is

presented in Table VI and Figure 12.



TABLE VI
FISSION GAS RELEASE DATA

Burnug Average Percent Fission Gas Release
Specimen (MWD ) Heat Flux Average Surface = Ave. Density - Total Total Xe/Kr
Number '(—T_ (Btu/hr-ftz) ‘ Temperature(QF)(G) (% of theor.) Kr-85 Kr Xe Average Ratio
1-1-2®16,600 1.30 x 10° 970 . 93.5 0.163  (h):
2-» 13,600 1.11 " €30 92.5 £23.23.
3-P 8,700 0.75 " 50 ' 93.3 20.64
4-P 4,700 0.40 " 650 92.7 - 5.07
I1-1-8S 19,400 1.28 " 1050 - 75 )
2-5 16,100 1.09 " 910 75 . 3.91
3-5 10,700 0.73 " 830 75 2.15
4-8 6,600 0.45 " 750 75 ' 51.52
IIX-1-S 26,000 1.06 " 760 : 75 34.8 41.8 43.9 40.2 9.9
2-p 18,80C 0.96 " 730 93.3 36.6 42,2 42,4 40.4 9.4
3-p 15,10C¢ 0.77 " 670 92.3 47.2 52.8 52.1 50.7 9.3
4-S 11,70C¢  0.48 " 500 ’ 75 57.30 (c) (c) 57.3
IV-1-S 19,100 0.78 " ' 320 75 23.1 49.5 52.3 41.6 9.9
2-P . 14,100 0.71 " 310 90.7 35.70 45.2  46.3 42.4 9.5
3-p 10,900 0.55 " 820 . 89.0 - 38.3 $2.9 51.3° -47.5 9.1
4-58 9,000 0.37 " o 560 75 : 23.0 26.2 26.1 25.1 9.4
v-1-S 99,000 1.27 " 1060 - 75 40.6 - £9.6 . 40.2 43.4 7.6
2-p 77,400 1.30 " 1020 ‘ ) 95.8 ’ 3.7 21.9 20.8 25.8 - 8.8
3-P 54,400 0.92 " 380 94.5 36.6 35.1 31.8 34.5 8.5
4-8 42,700 0.55 " o 650 : _ 75 59.0  70.0 65.3 64.8 8.7
VI-1-S 69,100 0.89 " - 1030 . 75 . 47.6 . 42.1 40.4 43.4 9.0
2-P 41,60 0.68 n 950 _ 96 33.0 33.9 34.Z. 33.7 9.5
3-P 34,90 0.57 n 950 95.3 . (c) “(c)  (c)
4-s - 30,90C 0.4C " 680 o 75 o 57.7 45.8 44,z 49.2 9.1
VIii-1-§ 70,300 1.31 - " 990 ) 75 27.6 34,0 36.2 32.6 . 9.9
2-P 49,900 1.3Z2 " 950 _ 94.7 33.1 52.4 52.¢ 46.1 - 9.4
3-Pp 38,900 0.92 - " 790 96 31.1 44.0 44,5 39.9 9.4
4-S 29,600 0.55 " 630 75 47.9 53.3 53.: 51.4 9.3
VIII-1-S 45,200 0.83 " 930 75 54.0 58.9 66.9 59.9 10.6
2-P 28,300 0.66 " 920 . 94.2 ) (c) (c)
3-p 23,100 0.54 " 840 94.3 42.7 (c) (c) 42.7
4-S 19,300 0.36 " 590 75 61.3 (c) (c) 61.3

-OE-



TABLE VI.(Continued)

_ Burnug Average Percent Fission Gas Release
Specimen ygy) ) Heat Flux Average Surface Ave. Density Total Total Xe/Kr
Number ( T (Btu/hr-ftz) Temperature(oF)(d (% of theor.) Kr -85 Kr Xe Average Ratio
- IX-1-P 47;590 1.36 x 106 930 - 86.5 (c) (). . ()
2-p(®)38.300 1.19 ) 94.8 42.1  38.4 28.3  36.3 6.9
3-p 34,500 = C.95 " 740 83.7. - 11.7 9.5 9.8 10.3 9.5
4-p(e)17,600 0.65  * (f) 95.8 33.2  33.8 35.6  34.2 8.6
'x-1-5(8)36,300 0.88 " . 75 ’ 21.9 30.9 31.9 28.2 . 9.9
2-p 23,700 0.75 " - 96 34.2. 26.7 24.9 28.6 - 8.6
3-p i6,800 0.54 " o 96.5 27.3 34.2 34.3 31.9 9.3
4-8 9.1

15,000 0.37 " ‘ 15 ‘ (c) 61.0 59.3 60.1

(a) P - Pelleted Spécimen
S - Swaged Specimen .

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

(c) No sanmple

(d) Temperature at inner surface of cladding
(e) These speéimens had no gas plenum

(f) Cladding thermocouple failed §
(g) Estimated data - Majority of thermocouples failed dufing‘irradiation
: (h) Analysis by gas chromatography not performed on CapsulgsA; and II

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

-1e-
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Calculation Method
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The calculation of the percentage fission gas relesse is compli- iJ¥

cated by several factors in this particular fuel. Among these

complicating factors are:

d.

Data for the fisslon yield of the kiypton Lsotopes from

plutonium fission are not directly available.

The ﬁ7235]Pu-239 fission ratio does not remain ccnecacf
during irradiation.

Xe-136 18 formed by U-235 and Pu-239 fission and by'néutron
capture in Xe-135. Thue, the amount of Xa-136 formed is a
function of both burnup and neutron £lux. o

The difference in size ‘between Xe atoms and K atoms (1 90 A
and 1,69 A reepectively) indicates that the fracrionel release
of these two isotopes might differ. Data by Merkowitz( ) shows
the diffusion coefficient of Xe to be an order of magnitude
lower than that of Kr. o

Obviously certaiﬁ assumptions had to be made, and a fixed basis

used for the calculation of the percentage -fission gas release.

A discussion of the assumptions made is as follows:

a,

-

Fission Yields
The thermal fission yields ‘of -the noble gas isotdpee from

U-235 and Pu-239 used-in the fission gas release calculations

are presented- in Table VII: ~ - ¢

. . T S ‘ Lo
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TABLE VII

NOBLE GAS FISSION YIELDS FROM URANIUM AND PLUTONIUM

‘Fission Yield, (7

Isotope U-235 Pu-239
Kee83 ' v 0T olsas - 0.29

Kr -84 1.00 -~ o047
Kr-83 - v,293 ., 0.127
ke-86 2.0 . 0.78
Total Kr st L l.ea7
Xe-131 . o293 378
Xe-132 438 . . 5.26
Xe-13% ' 8.06 . 7.47
Xe-136  6.46 . . 6.63
Total Xe ' 21.83 . . 23.14

BN S . . S

. U-235/Pu-239 Fission Ratio

lsing a thermal neutron fiseion croos-ocction of 489 and
735 barns for U-235 and Pu-239 respectively, the initial
U 235/Pu-239 fissiou rallo of this fuel 1s caleulated to
be 1.36. . As burnup progresses, this fission ratio will

. Increase since Pu-239 .is relatively more rapidly depleted

than U-235 because of its higher absorption.cross-section.-

The picture is further complicated by the fact that this
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fuel contains a.high percentage of fissionable material

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

An approximate calculation indicates that the fission ratio
would rise to 2.13 at 100,000 MWD/T if burnup is assumed to
be restricted to the fuel in an annular cross-section with a
depth equal to hélf.the'fuel radius. The maximum effect,'
would be seen in the kr-85 fission yield which would increase
from 0,222% to 0.240%. Siﬁce this effect of changing fission
ratio has to be integrated over the entire burnup range, the
error introduced by using the inifial fission rgtio.of 1.36
is less than 10% ét the highest burnup, and ins(gnificant

at the lower burnuﬁs.

»8ince the fission ratio for this fuel is assumed to be 1.36
throughout- the entire irradiation, the composite fission yilelds

used- are as follows:

Kr-85 ' 0.222% . -
Total Kr . 2.92%
Total Xe 22.39%

.- Xe-136 Formation

In addition to the Xe forméd by fissioning, Xe is also formed
by neutron capture in the 9.2 hour Xe-135 to form'Xé-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

6.167%, Aésuming a volume average neutron fiux-of 3 x 1013.n/cm2/
sec, the conversion of Xe-135 to Xe-136 would be about 80% so

‘that the total Xe yield is 27.32%. Thus, the dafa used to cal-

culate. percentage release. was ‘as fallows:
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~Isotope . ; Total Yield (Atoms/Atom Fissioned)
. Kr-85, - ., .0.00222

~Total Kr - . .. . 0.0292

Total Xe -y - 002732,

From the above data, it can be seen that the theoretical
total Xe/total Kr ratio is 9.4 which compares we11 with the

4 measured ratio as shown 1n Table VI

d. Relative Raelease of Kr and Xe

The analysis of the flssioh gaa qamples”émployec'twn different
techﬁiques. After thoroughly mixing the gas from a gas cylinder,
an aliquot was taken and gamma counted‘tc'determine the Kr-85
content, This same sample was then analyzed fur tytal Kr and

. Xe by gas chromatography. It can be seen from the data in
Table VI that the percentage release for Kr :and Xe was very.
nearly equal in most cases with the Xe/Kr ratio being very close
to the predicted value of 9.4. Thus;,it,appears that in this
case, the difference in.size between the Kr and Xe atoms had no
effect npon their release rate or conversely, fission gas re-

lease was not controlled by a diffusion mechanism in this fuel.

Discussion of Results

Examination ot.the tission gas release data showg, ocveral items of
interest. First, it is noted that all the percentage.releases fall
within the range of 10 to. 65%. . The average release was 47% and 36%

- for the swaged and pelleted specimens respectively. Further, it is
noted that the percentage release does not seem to. follow any. pat-
tern with respect to burnup,’heat Elux.or,fdeV A plot of percentage
fission gas release vs. heat flux and hu;uupvshsws.nc.apparent.uuze
relation and also shows little difference between the pelleted and
swaged specimens. This '"'scatter" in thenfission gas release data

is consistent with other data collected for UO, fission gas release;

) _ , 2
however, the percentage release is greater than the observed release
from UO2 operated under similar heat flux conditions(s’g).
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This scatter 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-U02

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.

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. 1In this way both the length and position of the central void
within the fuel 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 various surfaces., The physical dimensions of the

active fuel zone and the central void are given in Table V (pages 24 and
25)



Figura 13. FUEL SP=C MEN AFTER SECTIONING
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Fission Gas

Plenum

Specimen I-1-P
Burnup 16,600 _M_‘_'rﬂ)-
Heat Flux 1.41 X 10° BTU/HR - FT2
Cladding Surface Temp. 1040°F

Fission Gas Release -_ %

UO, Insulator Pellet

Fuel

[—————Central Void

UO, Insulator Pellet

End Cap

252-3

Surface A

253-1

Surface B

254-6

Surface C

14 SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN I-1-P
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Specimen I-2-P
Burnup 13,600 MWD
_ﬂ/l/H Fission Gas T

| a1 Plenum Heat Flux 1.36 x 104 BTU/HR - FT2
2.6 + Cladding Surface Temp. 1010°F
2.5 4+ Fission Gas Release _
24 4+
234
2.2 +
21 +
20 1 /U02 Insulator Pellet
1.9 4
18 4 /Fuel S oack A

Surface B

Central Void

N

Distance from Bottom (Inches)
w
}
i
]

C
1T <+ l Surface C
1.0 4+ 7
A V.
0.9 + n D
0.8 4 ’/’_42 i
% ’/% Surface D
o7+ |7 22
06+ | é : 255-4
0.5 + i/
0.4 + / Surfce E
o3+
02 “r —— UO, Insulator Pellet
0.1 —+
End Cap
0 -

Figure 15. SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN I-2-P



2.6 +
2.5 -

2.4 -
2.3 +
2.2

21

20 +
1.9 4

i

1.8 -
1.7
1.6

1.5

1.4

1

1.3 4+

1.2 -
11 4+

Distance from Bottom (Inches)

1.0 +
0.9 +
0.8 +
0.7 -+
0.6 +

0.2 -
0.1 —+

Figure

0.5 + /

03 +

H
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Fission Gas

Plenum

Specimen I-4-P

0.62 x 104 BTU/HR - FT2
Cladding Surface Temp. 1010°F

Heat Flux

Fission Gas Release et %

4,700 M:’D

|_—UO> Insulator Pellet

/Fuel

>-

00 ==—-

D\

N

.

) ==

—— UO, Insulator Pellet

End Cap

257-12

Surface A

257-7. §

Surface B

257-3 |

R

.Surfofe C

16. SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN I-4-P
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Specimen II-1-S

Burnup 19,400 MwD
q,‘/P/1 Fission Gas T
R o Heat Flux ~ 1.33x10° BTU/HR - FT2
2.6 4 Cladding Surface Temp. 1080°F
25 1L Fission Gas Release %
2-4 L
23 4+ \ _~UO, Insulator Pellet
2.2 +
21 - //
2.0 + %
191 |V
1
18 4 %
—~ 174 %
£ 164 %
- % Surface A
PO e
ST
% 1.4 + % \Fuel it
7
£ 924 7
& A V. ~~Central Void
2 )
8 L =+ % Z
/
& 104 //4 V
ok /// 7 Surtace C
0.7 ’/é ’/ 259-4
T 0 /T
0.6 - /1 .
el Il/ 7 o
0.5 + % _/-g Surface D
0.4 + //V
034 |7} ©
0.2 i UO, Insulator Pellet
0.1 +
End Cap
0 L

Figure 17. SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN II-1-S
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Fission Gas

Plenum

Specimen I[-4-S

Burnup 6,600 MWD

Heat Flux ~ 0.72x10° BTU/HR -FT2
Cladding Surtace Temp. 130°F
%

Fission Gas Release

| —UO 3 Insulator Pellet

f////
//

_

7 ]
A

——Fuel
% B

/!

—— UO, Insulator Pellet

End Cap

258-19

S:rface A

258-18

258-14

Figure 18. SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN II-4-S
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Specimen III-1-$

Burnup 26,000

MWD
T
119 x 106 BTU/HR - FT2

810°F
44.4 %

Heat Flux
Cladding Surface Temp.

Fission Gas Release

. Fission Gas
Plenum
2.6 +
25 4
24 +
2.3 & \\
22 + \U02 Insulator Pellet
2.] i /% AL,
V
2.0
%
19 4+ %
/
1.8 |+ %
= e %
£ % ~—~—Central Void
£ 161 / entra oi
el
~ 1.5+ /
£ o
£ 144 %
‘g & é M
s 1.3 % % f |
< 12 LAY
- 1.2 % /
‘s. Ll %// /// P~ kel
a8 10 %
a K s s % Zé 7
0.9 1 %/ A
7,07 B
os 1 |
4 A
My
0.6 +
// D
0.5 +
0.4 + E
0.3 + /‘l
0.2 + UO, Insulator Pellet
0.1 +
End Cap
o L

Figure
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19. SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN III-1-S
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Specimen III-2-P

Burnup

18,800 MYD

Heat Flux 1.10 x 10° BTU/HR - FT2

Cladding Surface Temp.

Fission Gas Release

790°F
446 %

1A/l/ Fission Gas
& Plenum
i UO, Insulator Pellet
' 4
5 72
T /%é Fuel
L //é
7
-0
5 / % Central Void
1
1.
.
1 B
1 K
s \‘\{' UO; Insulator Pellet
: I: End Cap

Figure
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Surface F

20. SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN TII-2-P
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Specimen III-3-P
MWD

Burnup 15,100

Heat Flux 1.02 x 10° BTU/HR - FT2
Cladding Surface Temp. 820°F

Fission Gas Release 561 %
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Surface A
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SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN III-3-P
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Specimen II-4-S

Burnup 11,700

MWD
T

| Fission Gas
BERE | S Heat Flux  0.75x 108 BTU/HR - FT2
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Specimen IV-1-S

Burnup 19,100

MWD
T
0.91x10% BTU/HR - FT2

890°F
457 %

Heat Flux

Cladding Surface Temp.

Fission Gas Release

*‘/",f/ pun™

ﬁ /
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Surface A
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23. SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN I¥-1-S
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Specimen IV-2-P
Burnup 14,100 ﬂ\_‘%’g

w,‘/l/ﬂ Fission Gas
a1

6 -F12
) Heat Flux 0.82 x10° BTU/HR - FT
2.6 1+ Cladding Surface Temp. 1030°F

L Fission Gas Release 46 8%
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Figure 24. SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN IV-2-P
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Specimen IV-3-P

Burnup 10,900 MWD
Fission Gas 1
Heat Flux 0.69 x108BTU/HR - FT2

Cladding Surface Temp. 990°F
Fission Gas Release 52.4%

Plenum

UO3 Insulator Pellet

Surface A

NN

® 1

Surface C
[ ——Central Void

Surface D
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E Surface E

\[-502 Insulator Pellet

*)
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Figure 25. SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN IV-3-P



2.6 -
2.5 -

24 +
23 +
22 +
! -+
2.0 +
1.9 +

1.8 4
1.7 -

¥ L,

1.6

1.54

1.4
1.3 4

1.2 +
11+

Distance from Bottom (Inches)

1.0 +
0.9 1
0.8 +

0.7~

T

0.6 +
0.5
0.4 +
0.3 +

0.2 1
0.1 —+

' .

=51<

Specimen I¥-4-S

Burnup 9,000 MwD
Fission Gas T
Heat Flux 0.53 x10°BTU/HR - FT2

Cladding Surface Temp. 880°F
Fission Gas Release 27.8%

Plenum

3

UO3 Insulator Pellet

Fuel

Surface A

Surface C

Surface D

! Surface E

Figure 26. SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN IV-4-S
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Specimen ¥-2-P

Burnup 77,400 MYD

3

Fission Gas
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Specimen Y-3-P
' Burnup 54,400 MWD
4 Fission Gas T
ol Tia Heat Flux 1.28 X 106 BTU/HR - FT2
s Cladding Surface Temp. 1130 °F
L Fission Gas Release 38.3 %
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i Surface A
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Specimen ¥Y-4-S
Burnup 42,700 MWD
./\/‘/W Fission Gas T
phe: PR Heat Flux  0.86 X104 BTU/HR-FT2
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Figure 30. SECTIONING DIAGRAM AND FUEL CROSS SECTIONS, SPECIMEN Y-4-S
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Specimen YI-1-S
Burnup 69,100 M
Fission Gas T
- Heat Flux 1.00 X 10® BTU/HR - FT2
Cladding Surface Temp. 1140 °F
Fission Gas Release 48.2 %
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Surface B
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Surface F
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Specimen ¥YI-2-P
Burnup 41,600 MYD

Fission Gas
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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
three specimens was 0.53, 0.57, and 0.50 x 106 Btu/hr-ft2 respectively,
indicating that this heat flux Ls the value at which a central void ap-

pears ILn this particular fuel,

No such relationship appears in the case of the pelleted fuel. Specimens
I-4 (0.62 x 10° Btu/hr-£t2), VIII-3 (0.75 x 10° Btu/hr-£t?), and IX-4

(0.86 x 106 Btu/hr-ftz) have no central voids, but specimens X-3 (0.71

X 106 Btu/hr-ftz) and VI-3 (0.69 x 106 Btu/hr-ftz) 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.

Metallography

A total of nine samples were sel ected for detailed metallographic exami-
nation. Eight of the samples were transoversc seclions of irradiated speci-
mens removed during the sectioning operations while the ninth sample was
an unirradiated pellet which remained from the fuel fabrication program.
The irradiated samples covered a wide range of operating conditions in

boLh pelleted and swaged specimens while the unirradiated pellet acted as

a control sample. Location of the samples, and other pertinent data is
presented in Tahle VIII.
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TABLE VITI

DATA PERTAINING TO METALLOGRAPHIC SAMPLES

Average Pre-Irradiation
Surface Shown on Burnup Heat Flux Density (% of
Specimen Examined Figure (MWD /T) (Btu/hr-ftz) Theoretical)
V-1-8 C 27 99,000 1.27 x 106 ~ 75
VI-1-S (¢ 31 69,100 0.89 x 106 ~ 75
V-4-8 D 30 42,700 0.55 x 10° - 75
IV+4-S B 26 9,100 0.37 x 106 ~ 75
v-2-P E 28 77,400  1.30 x 10° 95.8
V-3-P C 29 54,400 0.92 x 106 94.5
IX-3-P D 45 34,500 0,98 x 10° 83.7
Iv-3-P (¢ 25 10,900 05 5% 106 89,0
Unirradiated 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 U02 etchant (HNOS-H202) without success. A second etchant
consisting of 80% HZSO4 - 20% HZOZ 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. Photomicrographs 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-relationships
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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V8346-23-31

Figure 52. SPECIMEN ¥-1-S. (99,000 MWD/T), TRANSVERSE
CROSS SECTION THROUGH FUEL AND CLADDING
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Figure 53. SPECIMEN ¥Y-1-S. (99,000 MWD/T), EDGE TO CENTER PHOTOGRAPHS OF FUEL
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V8353-1-7

Figure 54. SPECIMEN VI-1-S. (69,100 MWD/T), TRANSVERSE
CROSS SECTION THROUGH FUEL AND CLADDING
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500X As Polished V8353-19-21

Figure 56. SPECIMEN ¥I-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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250X As Polished V8352-19-22

—

B Y

250X Etched V8353-15-18

Figure 58. SPECIMEN ¥-4-S. (42,700 MWD/T),EDGE TO CENTER PHOTOGRAPHS OF FUEL
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V8350-26-35

Figure 59. SPECIMEN I¥-4-S. (9,000 MWD/T), TRANSVERSE
CROSS SECTION THROUGH FUEL AND CLADDING



250X As Polished V8350-21-24

250X Etched V8350-37-41

Figure 60. SPECIMEN IV 4.5. (9,000 MWD/T ) EDGE TO CENTER PHOTOGRAPHS OF FUEL
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500X As Polished V8350-25

Figure 61. SPECIMEN TV¥-4-S. LARGE DEPOSIT OF SILVER PHASE IN FUEL
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Figure 62. SPECIMEN M-2-P. (77,400 MWD/T), TRANSVERSE
CROSS SECTION THROUGH FUEL AND CLADDING
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150X As Polished V8351-20-22

i sl

250X Etched V8351-15-18

Figure 63. SPECIMEN Y-2-P. (77,400 MWD/T) EDGE TO CENTER PHOTOGRAPHS OF FUEL
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750X Etched V 8351-19

Figure 64. SPECIMEN Y-2-P,POLYGON SHAPED
CRYSTALS WITHIN COLUMNAR STRUCTURE
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Figure 65. SPECIMEN Y-3-P. (54,400 MWD/T), TRANSVERSE
CROSS SECTION THROUGH FUEL AND CLADDING
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-21-26

v8348

Etched

250X

V8348-15-20

Etched

250X

Figure 66. SPECIMEN ¥-3-P. (54,400 MWD/T, EDGE TO CENTER PHOTOGRAPHS OF FUEL
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V8347-26-34

Figure 67. SPECIMEN IX-3-P. (34,500 MWD/T), TRANSVERSE
CROSS SECTION THROUGH FUEL AND CLADDING
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250X As Polished V8347-23-25

250X Etched V8347-16-19

Figure 68. SPECIMEN IX-3-P. (34,500 MWD/T) EDGE TO CENTER PHOTOGRAPHS OF FUEL
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Etched V8347-20 250X Etched V8347 -21

Etched V8347-8 750X (Polarized Light) Etched V8347-22

Figure 69. SPECIMEN IX-3-P. GREY PHASE IN FUEL



-97-

V8349-1-7

Figure 70. SPECIMEN I¥-3-P. (10,900 MWD/T), TRANSVERSE
CROSS SECTION THROUGH FUEL AND CLADDING



250X As Polished

Etched V8349-15-19

Figure 71. SPECIMEN IV¥-3-P. (10,900 MWD/T ), EDGE TO CENTER PHOTOGRAPHS OF FUEL
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-20

V 8349

Etched

As Polished V 8349-21-25

250X

Figure 72. SPECIMEN IV-3-P. GREY PHASE IN FUEL
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V8354-19-24

Figure 73. UNIRRADIATED PELLET, TRANSVERSE CROSS SECTION
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250X - As Polished ‘ : \(3354_]7'

250X As Polished Vv8354-18

Figure 74. SILVER PHASE IN UNIRRADIATED PELLET
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Specimen V-1-S (99,000 MWD/T, 1.52 x 106 Btu/hr-ftz)

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

are radlal 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 surface of the cladding was irregular, and had cracks
extending up to 0.004" (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 voids.

Specimen VI-1-S (69,100 MWD/T, 1.00 x 106 Btu/hr-ftz)

This specimen had a central void approximately 0.055" in diameter
which is slightly off set from the center as shown in Figure 54,

In this case, the fuel is not in contart with the cladding, but rathes
there is a gap of up to ~ 0.005" in places. The 0.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-1-8S.

The inverior suifave 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.



-103-

The 250X "as polished" photogranhs did not show a-distinct popous -
band in this case; however, the etched photographs show the ‘
columiar grains extending to within 0.010" from the cladding.
Attempts to bring out the grain structuré near the cladding were

not ‘successful.

Specimen V-4-8 (42,700 MWD/T, 0.86 x 10° Btu/hr-£t2)

This specimen had a 0.050" centrally located void. The transverse

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

- fuel 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, aistinct cracks extending
into the fuel. | | '

Examination at 250X (Figure 58) confirmed the absence of any grey
phase and shoﬁed the fuel to be almost entirely devoid of any porous
material near the cladding. The grain structure appears to be
equiaxed near the ciadding; however, ﬁhe etchant was not very effec-

tive in bringing out the grain structure.

Specimen IV-4-S (9,000 MWD/T, 0.53.x 106 Btu/hr-ftz)

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 with the largest gap.

The cracking in the fuel is entire1y 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 60), the fuel appears to have Bintered in
the center of the specimens but is present as unsintered particles,

or perhapé partially sintered agglomerates,neatr the 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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' 2
Specimen V-2-P (77,400 MWD/T, 1.58 x 10 Btu/hr-£t")

This specimen had a centrally located, approximately 0.030" diameter,
central void as shown”on Figure 62. The fuel was in intimate con-
tact with the cladding along the-entire circumference. The transverse
cross-section showed a distinct porosity banddaround'the’edge of the
fuel, and both radial and circumferential cracks in the malu body of
the fuel o

The .as- polished specimen when . examined at 250X (Figure 63) showed a

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

through larger and more widely dispersed voids toward the central
vold, The silver phase was presenL as sumll_dispersed'deposits...The
silver material was generally located in.voids and cracks with the
majority of the deposits being spherical inﬂshape. No trsce of the
grey phase was found Etching of the sample removed most of the fuel

along the 0.D., but did bring out the equiaxed and columnar structure

tO a certain extent.

P

.A,possible:fourth phase was observed in the sample as 3h9"9,°9 Figure

64. Examination of the columnar graing at 750X revealed.the presence
of polygon shaped crystals within the larger columnar grains. The

color of these crystals was S1milar to that of the main fuel matrix'

"however, ‘the material had a distinct ctystalline outline. ranging from

a 4 to 6-sided structure’ (in oneé plane). - RS

This substructure was not observed in any other sample. however, con-

sidering the difficulties experienced in etching these samples, it may
"be that this is the only sample in which etching conditions were just

right tor bringing out this structure. ’

Specimen V 3- P (54 400 MWD/T 1 28 x 106 Btu/hr ft )

This sample did not have a clearly defined centrsl void, but showed

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

'sample also showed a ring of porous msterial around the edge of the

fuel. In this case, however, the .porous zone appears as a very sharply

defined ring about 0.012" wide. Boch radial and circumferential cracks

" were present ‘and the fuel was in intimate contact with the’ cladding all

around the circumference.
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Examination at 250X again showed the silver phase ‘to be present,
-but the grey phase was not found. Figure 66 shows the sample:-in
the "as polished" condition with. the ‘silver .phase -in the cracks and

voids. - . o Gy

Etching ‘the sample removed almost all of the material in" the porous
zone, but did bring out the structure in 'theé remainder of the fuel.
This sample exhibited a range of grain sizes ramging from ‘the’ original
unirradiated size at the 0.D., through an equiaxed structure, to

columnar grains at the center, - .- .7 .0

Specimen IX-3-~ P (3, 500 MiD/T, 1.2l 106 Btu/hr ft )

This specimen had a centrally located void approximately 0. 070" in
 diameter. The fiel was not in contact with the cladding but apparently
had, at some time, been in contact since fuel was 'observed adhered.to
the cladding around the entire circumference as shown on Figure 67. '
The cracking in the fuel is mostly radial in the main body of the

dfuel with circumferential cracks near the cladding The grey material
is clearly v151b1e even in’ the as- polished condition at low magnifi-

. eation,r . .-i . N - Lo s .

“At 250X magnification both t he” grey “and silver phases were observed

as shown on ‘Figure 68.

Etching of the sample brought out the grain structure and showed a
”sharp change in grain size across the circumferential crack indicating
that this crack was present during operation and there was a aharp

temperature discontinuity at the crack.
Various:photographe‘of.theﬁgre;tphaee were';aken and are.shown on

Figure 69. They showed that this grey phase is’ present only .in the
fuel-which is separated from the main body of, fuel by a circumferential
crack, and that this grey phase. seems to collect in the grain boundaries.
The etchant removes .this grey material as shown by. .the photograph1taken
at. 750X under polarized light. ' ‘

ST L A

Low |
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Specimen Iv-3-P (10,900 MWD/T, 0.69 b 106 Btu/hr-ftz)

The central void iﬁ this specimen is approximately 0.035" in diameter, -
and was centrally located as shown on Figure 70 (the missing section
in the composite -photograph was caused by a shifting of the sample
during photographing). The 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.photographs.

At ZSOX, both the grey and silver phases are again visible as shown
on Figures71 and 72. These figures again show the tendency for the
grey material 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.

Unirradiated Pellet

Examination of the unirradiated pellet showed a uniform cross-section

with voids of various sizes unifdrmly_dispersed as shown on Figure 73.

No trace of the silver or grey phase were found at low mdgnification,
however, at 250X two deposits were found as shown on Figure 74. These
were the only deposits found on the entirée expored surface. Grey
material was also observed but in this case, howevér, examination under
polarized light revealed that the grey ﬁﬂtarial was the hysol potting -

compound used to mount the sample.

The individual observatioms made .on each metallographic sample can be summed

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-
regﬁlar with largoe ecolumnar grains surrounding the void. "This indicates
that the mechanism for the formation of the central void was grain
growth brought about by sintéring and/oy VapéfiZ&tion and redeposition

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

case of specimens VI-1-8 and IV-4-S, the void is off center; however,

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

central void suggestss that. this gap was not completely closed when

the fuel was at operating temperature.

Fuel Cracking

Most of the specimens sho@ed some evidence of both radial and .circum-

ferential cracks. The radial cracks observed were exclusively inter-

granular and were most common in the portionAof fuel exhibiting colum-
nar grain growth. The circumferential cracks observed 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 opposite
sides of the crack. Thiis, it appears that the first type of crack
was either closed when the fuel was at temperature or these 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 c¢racks, the fuel appeared to be present as a

compact mass with no evidence of loose fuel.

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 é¢ssenti-
ally no contact between the fuel and the cladding. The presence of

a fuel to cléd gap on the pelleted specimens is not surprising since
these specimens were fabricated with a 6-8 mil diametrical gap(l).

In the case of the swéged specimens, theAfuelvwas'in intimate contact
with the cladding before irradiation but apparently developed a gap
during irradiation. 1In at least one case, there is evidence that this
gap in a swaged specimen was present when the specimen was at tempera-

ture. Comparison of as-etched photographs of specimens V-1 (Pigure 53)
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and V-4 (Figure 56) shows that the fuel in specimen V-4 has experi-
ericed grain growth out to the 0.D. of the fuel whereas the fuel in
specimen V-1 shows little or no evidence of grain growth. Thus,

the 0.D. fuel temperaturé in specimen V-4<must'have been higher than
that of specimen V-1. A comparison of the heat flux for the two
specluens shvws that 3§ccimcn V 4 had only about 1/2 the heat flux
.of specimen V-1 so that the only way in which specimen V-4 could.
have a higher temperéture at the 0.D. of the fuel would be to have

a fuel to clad gap during operation.
Fuel Porosity

Several of the samples examined showed a very porous structure near
(10)
in

irradiated UO,. This porous band around the 0.D. of the fuel was

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

o~

contact with the cladding. This porous band dppears to be confined
to that portion-of the fuel that has not experienced grain growth;
however, it is not present in the unirradiated material. Hence, this
porous band can be characterized as a condition thdt is brought about
by ifradiation and removed or obscured when grain growth occurs. The
most logical explanation is that this porosity ring is caused by ‘
immobile fission:gas.bubbles. As long as the fuel teniperarure 1is
below that which will cause grain growth the fission gas collects in
small bubbles and remains immobile. In those areas where grain growth
is occurring, a shifting of the porosity'takés place and the small
~bubbles Liave a chance‘to agglomeratc and move, along -with the éreu
irradiation porosity, to the central void. This agglomeration and
movement can be seen quite clearly in'thé "as polished" photographs

in Figures 58 and 71. The fact that this fuel is highly enriched in
fissionable material and hence quite "black" serves to accentuate this

condition due to the higher burnup in the fuel near the 0:D.

The apparent preferential attack of the etchant on the material in this
porous ring is, if the above analysis is correct, probably due to. the
larger amount of exposed surface and the smaller grain size, rather

than any compositional variation in the fuel.
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6.

Silvgr"Phase in the»Fﬁel
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With the evidence at hand, it is impossible to idehtify,the com-

position of the silver phase found in the fuel. It is possible,

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

i.

ii.

iidi,

iv.

It is found in both irradiated and unirradiated fuel.
However, the amount observed in the unirradiated pellet
was qhi:elsmall in comparison to thevamount found in

the irradiated fuel.

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 tﬁe
density of the fuel with the largest deposits being
found in a swaged specimen (IV-4-S) which did not have

a central void.

The material has a certain amount of mobility and
appears to be deposited by a vaporization-c¢ondensation
mechanism. The material is fiound almost exclusively

in voids and cracks.

Large deposits of this material appear to have a substructure

within the deposit as shown on Figure 61.

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 c¢an 8180 be characterized somewhat.

i.

In contrast to the silver phase, this material 1s nof
found throughout the fuel and is.not found in all épeci~
mens. It is found only in the "cooler" parts of the
fuel and is associated with a condition that would have
caused a sharp temperature discontinuity in the fuel,
i.e., on the cladding side of a wide circumferential
crack or at places where. 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 attacked by a H2804 H202

etchant than the fuel.

V. FUTURE WORK

Examination of this fuel is continuing at present and will be reported in a
later document. Among the areas of investigation will be:
1. Metallographic examination and microhardness testing of the

cladding.

2. Fuel sampling at discrete rdadial positions to determine 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

movcement of the fuel.

Measurement of tﬁe percentage fission gas release showed values ranging from
10% to 65%, with averages of 36% and 47% for the pelleted and swaged speci-
ments . respectively, and no apparent correlation between fission gas release
and heat flux. The percentage fission gas release was higher in most cases

than would be expected in UO, fuel irradiated under similar conditians.

There 1s evidence of fission gas bubbles within the fuel grains as indicated
by a spongy structure in the fuel similar to that observed in the case of UO2

irradiated under high performancc conditions.

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.



TABLE IX

SUMMARY OF METALLOGRAPHIC upsSERVATIONS

Pellex

phase.

Average Pre-Irrad. Approx.Dia.
Fig. Burnup Heat Flux Density of Central Fuel Other Phases
Specimen  No. (MWD/T) 4'Btd/hr-ft2) (% of theo.) Void(inches) Cracking - Structure and Constituents Fuel-to-Clad Gz
V-l-SA 52 ‘99,000 1.27 x 10_6 ~ 75 0.060° Mainly radial Small grains at 0.D., long colummar Silver phase present through- Fuel in contacc
53 with some grains extending out from central out fuel. with cladding.
circumferential void. Porous band aloang 0.D. of fuel.
. Little or no grain growth at 0.D.
vVi-i-s§ 54 69,100 0.89.x 106 ~ 75 0.055 Mainly radial Equiaxed grains at 0.D. Silver phase present through- _Fuel-to-clad gap
55 .with some columnar grains extending out from out fuel. Grey phase present with particles.
56 circumferential central void:.Some grain growth along 0.D. of fuel. of fuel adhering
’ at 0.D. . to cladding.
V-4-S 57 42,700 0.55 = 106 ~ 75 0.050 kadial Equiaxed grains at 0.D. Columnar Silver phase present tkrough- Fuel-to-clad gap
58 grains extending out from cemtral out fuel.
. void. Grain growth at 0.D.
IV-4-§ 59 9,000 0.37.= ].06 i~ 75 Swall irre- Radial Unsintered or partially sintered Large deposits of silver phase Fuel-to-clad gap
60 gular shape fuel at 0.D. Small colummar grains throughout fuel. :
61 at ceatral void. .
v-2-p 62A_ 37,400 1.30 x 106 95.8 0.030" Mainly radial Small grains at 0:.D, Long columnar Silver phase present through- .Fuel in contact
63 e ,with some grains extending out from central out fuel. Polygon shaped with cladding
‘64 circumferential void. Porous band along O.D. of crystals within columnar grains.
. fuel. Little or no grain growth at .
0.D. .
v-3-p (53 54,400 0.92 x .106 94.5 Very small Mainly circum- Small grains at 0.D., equiaxed Silver phase present th-':ou'gh— Fuel in contact
66 irregular fereantial, some grains in mid-radius region, short out fuel. with cladding
. shape radial columnar grains around central void. i
X-3-p 67 34,500 0.84 x 106 83.7 0.070 Mainly radial Equiaxed grains at 0.D., long Silver phase present through- Fuel-to-clad gap
68 with some wide columnar grains extending out from out fuel. Grey pbase present
69 - circumferential central void. Grain growth at 0.D. along 0.D.
) cracks near 0.D. ;
Iv-3-P 70 10,900 0.55 = 106 89.0 0.035 Radial and wide Equiaxed grains at 0.D. Long Silver phase present through- Fuel-to-clad gap
71 circumferential colummar grafins exteunding out out fuel. Grey phase present '
72 cracks from central void. Grain growth along 0.D.
: at 0.D.
Unirradi- 73 - - 93.7 » None Uniform cross-section Two small deposits of silver
ated %
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In the case of irradiated fuel which had establighed 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 U02. 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 éwaged specimen, although fabricated
with no fuel-to-clad gap, developed a gap during'irradiation which remained

open when the speeimen was at power.

There are at least three different phases present in the fue1° the main’
fuel matrix, a localized grey phase, and a silvery phase which is dispersed
throughout the fuel matrix.

The inﬁer sur face 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 insuldator pellets at the ends of the active. fuel zone was effec-
tive as a means to protect the specimen end caps, and to prevent movement of

the fuel into the gas plenum.
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