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SUMMARY

- Two lmm (40 mil) fluoride fungst'én* clad UC-ZrC fueled capsules,

.désignated as V-2C and V-2D, ‘were ex_amined in Gulf General ‘Atomic hot cell

" after irradiation in NASA Plum Brook Reactor at a maximum cladding tem-

perature of 1930°K for 11,089 and 12,031 hours to burnups of 3.0 x 1020 and

2.1 x10%9 fission/c. c. respectively. Percentage of fission gas release

from the fuel material was measured by radiochemical means. Cladding
deformation, fuel-'clé.dding ‘interaction, and microstructures of fuel, cladding,

and fuel-cladding interface were studied metallographically. Compositions :

“of dispersions in fuél, fuel matrix and fuel: cladding interaction 1ayerl were

analyzed ‘by electron rx‘ii'c’rop-robe techniques. Axial and radial distributions

of burnup were determined by gamma-‘scan, autoradiography and isotopic

| burnup analysis. The results are presented and discussed in conjunction

with the requireménts of thermionic fuel elements for space power

appl-i'cation. -’

*Tungsten formed by hydrogen reduction of WFg.

-1-



1. ° INTRODUCTION

“In the __development of a ther-mi‘oriic‘ fuel eiément for space power
application, one of the most challengirig aspects is the selection of a fuel-
cladding combination for meeting sys-tem- l_ife and performanc_e requirements.
Considerable amount of effort has Beeh made "duriﬁg the last several years
under NASA sponsorship® to develqi) UC-ZfCVfuel and tungsten cladding for
nuclear thermionic application. Long-term irradiation study,l hoWever,’
remains to be carried out in order to assess the behavioré of such inaterials A

in a reactor environment. Two capsules, designated as V-2C and V-2D, w'e_r'e"'_

designed and fabricated in 1968 under Contract NAS 3-6471 for the evaluation .

of thev’:long-term dim‘ensi.onal stability and compatibility of CVD fluoride tung-.
sten**»‘c'lad 90UC-10ZrC (for V-ZC) and 50UC-50ZrC (for V-2D) fuel bbdies

in NASA Plum Brook Reactor. Details on the design and fabrication of the
capsule components were given in the Summary Report of Contract NAS"3-6471
for‘the period Novembc_ar 23, 1965 through September 30, 1968. (1) The irradia-
tion experiment was designatéd as 62—13-R2.. Figure 1 shows the configura-
tions of the carbide fuel pellets irradiated in these capsules. Figures 2(a)

and (b) describe the arrangements, characteristics, and temperatures

#A list of previous reports on NASA sponsored thermionic material develop-
‘mio-nt work at Gulf General Atomic is given on the page next to the title page
“of this report.

deax o .
Tungsten prepared by chemical vapor deposition from a gaseous mixture of

H2 + WF6.

<
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. 55mm (. 0215 In.)
Dia. Hole (32 Places)

5.15mm (. 2027 In.) R

4, 65mm (.183 In.) R

.63mm (. 0247 In.)
Dia. Hole (24 Places)

5:15mm (.2027 In.) R

. 77mm (. 0303 In.)
Dia Hole (16 Places)

T/C Hole Dia.

Fig. 1.

{

5.08mm

6.22mm (. 245 In.)R

(a) Five per capsule.

Geometrical surface
area per unit
volume = 6. 91 cm~

1

3.05mm (. 120 In.)R

6.22mm (. 245 In.)R

(b)

Two per capsule.
Geometrical surface
area per-unit
volume = 6. 36 cm~1-

3.73mm (. 147 In:)R

6.22mm (. 245 In.)R

(c)

Two per capsule.
Geometrical surface
area per unit

volume = & 70 cm'1

3.73mm (. 147 In.)R

(. 200 In.)

- —-]

13. 77mm (. 542 In.)

-3-
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Fuel configurations for V-2C and V-2D capsules



7 ﬁ:‘;j}e Fuel I. D.
Fuel ‘ ' . FTlevl Surface to Temperature ,
. Con- - Fuel Stoichiometry Geometric
figuration | Density (% [ (C/U Atom Area Design|Operating
(see Fig. 1)|Theoretical)l - Ratio) Ratio (°K) (°K). .
Pellet No. 9 (a) 75.1 | lo4 198 {1760 | 1780
Pellet No. 8 (a) 751 F 104 198 | 1844 1860
Pellet No. 7 | (a) S5l los 198 |1903 | 1925
Pellet No. 6 (a) 79.0 1.o35 | 162 [1940 | 1995
"Pellet No. 5 _ “(a) 79.0 T 1. 3‘5_ 162 1962 2020
' Pellet No. 4 (b) 76.5 | 1.04 161 {1973 | 2035 v
Pellet No. 3 10 (b) 76.5 1. 04 161 1973 | 2035
" Pellet No. 2 (q) 76.0 105 176 {1960 | 2020
Pellet No. 1 T 76.0 - | 1.05 176 |1934 | 1985
\ g,
Cladding: CVD fluoride tungsten.' F = 12 ppm, Wall thickness= 1.0mm (40 miis)
Bottom thickness = 1.5 mm (60 mils) .
Fuel Composition: 90UC-10ZrC + 4 wt% W nominal. See p. 152 of Ref. (1) for
exact composition of each pellet.
Fuel Enrichment: 30 atom percent of total uranium content

Fig. 2(a). Arrangement and characteristics of carbide fuel pellets in tungsten
fuel pin of V-2C capsule '
-4.-



. o Fuel . . Fuel 1. D,
. Fuel Fuel True Temperature
Con- Fuel Stoichiometry] 2urfac_e to -
figuration | Density (%| (C/U Atom e:metrmDesign Operating
R — | |(see Fig. 1)| Theoretical) Ratio .R;fiao _ ©°r | (°g
Pellet No. 9 (a) "75.5 1.03 237 1761 1710
Pellet No. 8 (@ | 5.5 1.03 237 | 1844 | 1805
Pellet No. 7 (a) "75.5 | © 1.03 237 1903 1870
Pellet No. 6 11 @ | 'so0.0 71,045 185 | 1940 | 1925
Pellet No. 5 (a) 80.0 1.045 185 1962 | . 1960
\¢' . )
' Pellet No. 4 (b) 78.0 1.04 >200 1973 1985
Pellet No. 3 . - (b) - 78.0 . |. 1.04 >200 | 1973 | 1995
Pellet No. 2 {9) 79.9 1.04 >182 | 1960 | 1990
© Pellet No. 1 - (c), 79.9 : 1.04 >182 | 1934 1960
\Z //
Cladding: CVD fluoride tungsten. F = 15 ppm, Wall thickness = 1, 0 mm(40 mils)
' Bottom thickness = 1.5 mm(60 mils) -
Fuel Composition: 50UC-50ZrC + 4 wt% W nominal. See p. 152 of Ref. (1) for
exact composition of each pellet
Fuel f.nrichment: 50 atom percent of total uranium content
L . Fig. 2(b. Arrang.ement and characteristics of carbide fuel pellets in tungsten

fuel pin of V-2D capsule
-5-



(see Appendix A) of the carbide fuel pelle'ts' in the fuel pins of Capsules V-2C
and V-2D respecti‘vely. .Figures 3(a),‘ (b), and (c) illustrate the arraﬁgements
of the corhponents in the fuel containméﬁt, thé Inconel primary containment
and the stainless steel outer confainrnént ;)f these capsules respec'ti‘./ely'.
Irradiation of Capsules V-2C .gnd V-‘ZDY wa-sA 'cvo>nt'linued Between Septembér 25,
1968 and September »28, 1970. "I;_a-blé '1. éu’m%nai;i__zes the test data. ‘ The tests
were terminated because of the’ sw‘élling of the fuel pins. Special design
features and neutron rad_iograph' results were presented at two previous

Thermionic Specialist Conferences.'(_z) (3 This report describes the hot cell

examination results.

2.' CAPSULE DISASSEMBLY AND DETERMINATION OF
FISSION GASES IN CONTAINMENT

2.1, Removél of Capsules V-ZC and V-2D from Shipping Container

' The capsules were shipped from Plum.quok Reactor Facility in a
Scheduie-40 steel container to Gulf General Atomic Hot Cell. The end éf fhe i
container near the flexible instrument lead tube.s of the capsuleé was cut off
and the packing material around the tops of the tubes were removed .by :
‘ 'sﬁ‘c'tioning. The -capsuleé could not be pulled out of the container becaLJ;se ,
the packing material (Verfniculite) was tiéhtly packed around the capsules,
probably by vibration during shipping with the c‘ontainer held at an angle.
Successive removal of short sections of the shipping container from the same
end, followed by thé removél of the end nea-r the irradiated fuel sample,

hélp_ed to loosen the packing and to free the capsules from the container. A

o
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Note: These two volumes ~
: _ . are in communication
i . H
. 426.7 mm (16.80 In.) _ .
| & 5 7
| 1
1 (—___
f - \
-»»—A-'-A-“A - oL ~ ./ r———p—r J. Vi = = ™ - Y =g ———— N ’
i == L . e , — 7 J: CRSSSY, ¥. ik 'f‘SS%if';f L ;'i { i —gz D = 15.88 mm
, R S e x a | | = ! S s 1 S
: Sscesls i = B —— = —=l e R I S

Item List

f 1. Fueled Capsule Assembly.
@ ASSEMBLY . Tungsten Clad - lmm(Ok0 in.) thick.
: . 3. High Temperature Fuel Tzermo-
I { ) couple Assembly.
; i 4. TInconel Fission Product Chaxber
i ' ,} 5. Remote Chromel-Alumel
t g Thermocouple
: - ‘ 6. Fuel Thermocouple Well
) 7. Tantalum Transition Piece for
Fuel Thermoccuple Well
§. Tantalum Trensition Piece for
Fuel Cup
- 9. Copper Pinch-Off Tube
10. Fuel Samples
' 11. Thermal Radiation Shield
v ’ 12. 1Inconel Spider
: ' ‘ Fig. 3(a). Fuel containment assembly of V-2C and V-2D capsules

f . -7/8-
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- . - : Item List

1 Outer Containment Assembly.

2 Capsule Primary Containment Assembly
3. Instrument Llead Seal Flange.
L

9

- 8.- Stainless Steel Containment Tube.
‘ -11. Outer group Chromel-Alumel T "‘"ermocouples for t‘le
| radial calorimeter
12 -13. Backfill Valve and Seal Assembly
14. _Helium Gas Gap
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Fig. 3(¢). Stainlesé steel outer containment assembly of V-2C and V-2D E:apsules
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scribe mark was made at Plum ‘.B.roo‘k on_fhe-:flex-tube of each'.cavpsule to
indicate ﬁhe o-xjiéntati.on of each cap_s.u;i‘é with respect to the reactor core.
‘This rﬁark was transferred to the r.i.g_id‘ .séctién of the capsule. For V-2C

. t:h'e mark indicates the side of the ca.psq.l%:' facing the reactor coré-ag‘riﬁg

th'e irradiation. E;of V-2D, the m;rk:iﬁdicated th;e side which was 180° away

- from the reactor core.

2.2, Capsule Puncturing Arraﬂéérn’erit

An arrangement was setui:_ in the 'th_ ééll_for puncturing the capsule’
and collecting gas sample from eaéh cap’sﬁle confainment for ana-.lyzing its -
_fi'ssion gas content. Figure 4 illustrates schematically the components in -
-the arrangement and Fig. 5 éhows th_e apparatus with the caps'ufle 1n position
for the puncturing operation. The essential fea,-ttz;res of the apparatus Aare as

follows.

{l)  The ports of the puncturing chza__;mber can accommodate the
diameters of the V-2C and V-2D capsules to make a tight |
seal when the surrounding O-rings are pressed down by the .

sealing flanges.

(2) The capsule 'co_ntairiment is punctured by drilling. Mechanical
- stops are incorporated into the drilling device to insure that
each containment can be punctured successively without the

danger of damaging the one underneath..

(3) Four stainless steel expansion chambers of known volume are

attached to the pdncturing chamber. These chambers can be

-14-
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Drilling héad with mechanical stops
O-ring seal for drill B
Capsule

" O-ring seal for puncturing chamber

Puncturing chamber -

Stainless steel expansidn chambers
Mércury mannometer

To helium

To vacuum

Glass ampoule

Rubber Seal

Hypodermic needle

Fig. 4. Schematic arrahgement of capsule puncturing and
containment gas collection arrangement
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VACUUM AND
GAS EXIT LINE

DRILL HEAD

CAPSULE

/

Fig. 5. Capsule containment puncturing apparatus
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evacuated for collecting the gases released from the capsule
. containments and the pressure of the system can be measured
before and after the collection of the gases with a mercury

mannometer.

(4) . The gases collected in the expansion chambers, if radioactive,
can be sampled with a. hy'poc_le‘rmic needle arrangement attached

to the,:rubbgr .seal ,of‘ -a glass ampoule for .radioactive .counting,

: ;’- | 5)-' The volume of the icapsule c'ohtaihments, ,Pﬁnéturihg 'chamb,er,

and 'conneét'ing' ‘lihes can be determined by ‘expanding helium gas - -

of known volume and pressure from the expanéion. chamber
into the system to be measured and observing the pfés'sure
change.

23 Determination of Fission Gas Contents in Capéulé Containments

('1‘) Caés;lle V-2D

Capsule V-2D w;s installed into the puncturing chamber and the
assembly was ev;éuated and leak-checked. 'I_‘hve' stainless steel 'contaihment
was then punctured.at a location which was 451 mm (18 inches) vfrc.)m the end
of:the.capsule. The gas collected was found to be non-radioactive and con-
tained no neon and argon, Which were present.in the Inconel primary con-
tainment -and the fuel containment respectively. . This.indicates that the Inconel
primary containment. remained leak tight and the observed change in the heat

transfer characteristics of the capsule during the irradiation, if attributed

-17-
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to the presence of helium in the primary containment, may be due to helium
diffusion through the Inconel containment wall or the joints between the pri-

‘mary and the secondary containments.

While no fission gas wa.s" p‘res'er_i"t 1n the stainless steel secondary
containment, the gas collectedv.after-fhi.a Inlc_.or_léi containment was punctured
was highly radioactive, indicating-tha{: the fuel conté,inment was in communi-
cation with the Inconei con.tainmént. | S'tudy. by'gamfna-spectrometry showed
fhét the radioactive component was essentialiy Kf85. Counting datayielded
a total of 3.1 x 1018 atoms o_f. Kr85.' ’ ‘Since the _estimated ;t)urnl;p frém thermal
data is 2.1 x 1020 fi'ssioﬁ/c. c. of fuel cavitf Qolﬁme (excluding the volume
occupied by the thermécouple we‘ll) R tile total number of Kr83 formed in thé
fuel body is 2.1 x10%9 x 6.06 x 2.93 x 10-3 =3 73 x 1018 atoms wheré
6.06 = volume of fuel cavity in c. c., aﬁd 2.93 x 10-3 is the fission yield of
Kr85, 1f any radioac‘:tive' decay is neglected beg_:ause of the long half life of

. ) ] 1.8
Kr85 (10. 3 years), the release of Kr85 from the fuel body is E—M—— =

3.73 x 1018
0. 85, or 85%.

(2) Cépsule V—2C>.

f’uncturing of the containments of V-2C capsule and collection of the
gases in the containments followed the same procedures as that used for
Capsule V-2D. Rad’ioécti\}i-ty was detected in thg gas collected from the
stainless steel containmént, indicating that the stainless steel containment,

" the Inconel containment, and the fuel containment were in communication.

-18-



ol

‘Radioactive counting results showed that the fission gas present was -

es sentiall.y‘ K85 and a total of 1.34.x 1017 atomis was collected. The gas

collected after the puncturing of the Inconel containment showed a much .

85

higher radioactivity. Here a_"gairi‘,’ only Kr°- was detected and a total of
3.42 x 1018 atoms was ‘collected. The'.i'e was no increase in the Kr85 atoms
collected when the fuel co'ntainméxit was punctured. These results indicate

that the leak between the fuel cbnt'a_ihmeht and the Inconel containment was

large, while the leak between the Inconel containment and the stainless steel

' cohta‘.inm’erl_t ‘was very small so that no equalization of the fission gas con-

centration could be achi_eved at the end of 11,089 hour irradiation and eight

months of cooling period.

L . 85 _ :
" Thé'total number -of Kr formed in the fuel body, calculated from the

‘fission density (3.03 x 1029 fission/c. c.) deduced from thermal data, was

5.39 % 1-018. ‘- Since the total humber of Kr82 atoms collected from -all three
containments was (3.42 + 0.13) x 1018 o1 3.55 x 1018, the. fractional releaée

is therefore about 66%.

2.4. Removal of Stainless Steel Outer Containment and Inconel

Primary Containment and Recovery of Thermocouples

(1) -Capsile V-2D

"After the removal of the punctured capsule from the puncturing

chamber, dry kerosene was introduced into the capsule through the puncturing

‘holes to ‘protect the fuel samples from oxidation and hydrolysis. The lead

-19-



.tube was cut off at a location 965 mm (38 incHes)- from the capsule bottom.
The capsule was then circumferentiall& cut ét a location 762 mm (30 inches)
from ‘the capsule bottom. Attemptl;:td' vsl'idve,off the stainless steel contain-
ment from the Inconel containment W_a‘s unsuccessful. The bottom 95.25 mm
-(3-3/4 inches) of the capsule ,wa‘s'. then cut off ai.ﬂdithe stainless steel contain-
ment was cut lengthwis‘e ét fwo lécations  90° from tﬁe scribe mark. These

"~ cuts éxtended into the Incoﬁei coﬁtainment (..F‘ig. 6), but the Inconel contain-
m'ent-wan was not cut through:in.th'e fuel sample region. The three Chromel-
Alumel thermocouples in the stainless steel coﬁ‘tainment wall were recovered

and tagged.

The Inconel containment was plunge cut. at the location of the puncturing.
hole aﬁd then circumferentially cut at the top of the weld to the Inconel spidér.
The assembly was stored u;nder dry kerosene oyernight. ﬁlfforts were then
made to recover the Chromél-Alumel thermocouples in the Inconel contain-
ment Wall. Six therrnoicouples were recovered; the rest were either broken

off or stuck in the cavities.

After the 'reco§ery .6f_these thefmocouples, the gamrﬁa heat metef por-
‘tion was cut off at a locati;)n ju>st bélow the radiation shields Between the bottom
of thé fuel pin and the top of tfxe g-an?lr"na heat meter. To remove thé- fuel pin
from the Inconel sleeve, a ci;cumferential cut was made at about 3.2 mm
(1/8 inch) below the- weld of the Incbnel spider to the as-fabricated blackened
Inconel sleeve around the fuel pin. All the thermocouples stuck inside the

Inconel containment wall were also cut at this location. When the Inconel sleeve

_20-
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was ﬁgiled away slowly from the Inconel spider holding the fuel piq, the
latter‘broke into two pieces, with the uppér piece (about 27, 9 mm long) o
attached to th-_e Inconel spider and the bottom ﬁiece remained inside the Inconel

sleeve (Fig. 7). The interface was jagged and a small piecé of tungsten

cladding Broke off_'f,ron'n the' éssembly. The fuel pellet at thg broken inter-

face appeared to Ee in exc‘ellent shape. There seemed to belyery little

changes in the appea;éﬁces of the fission gas venting holes and grooves from

their pre-irradiation conditions. - A .51 mm (20 mil)_r drill rod c.ou'ld be pushe'd

into these holes, indiéating no significant change frofn the pre-irradiation

value (.55 mm).

Siﬁce the fuel p(iln. cc;;éld not be removed from the Inconel sleeve in
one piece',“ it was decided, ‘\'avith the approvlal of the NASA Pr‘ojectQManage_r, i
to reells's.emble the fuel pin fv:rorr‘l ;he two broken piecés. for epoxy vpotting and
subsequent gamrria-sc'annin‘gv'and metallographic exai'nin;ations of the cross
sectiér_ls.ﬂ The ther.rnocgtipl_e gssembly containing the two Chromel-Alumel
thermocouples attached to the tantalum transition of the tungsten thermo-
couple well and thé three v_h'iglh tem'I'Jerature (W-3Re) —(.W-2.6.Re) fuel thermo-
couples inside fhe tungsté__n thermocouple well were removed frbm the upper
portion of the fuel pin_.:'_ All t‘-h‘erm‘oc.ouples were removed intact except the
botto?h high temperature'ffuél thermocouple which was broken at one inch
from the tip. All thermocouples and the tip of the bottom high temperature
fuel _thermocquple were tagged and stored. To assemble the two broken

portions of the fuel pin, the remnant of the fission gas chamber attached to
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(a) SIDE VIEW

(b) TOP VIEW

Fig. 7. Top part of V-2D fuel pin which separated during
removal from Inconel containment
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the ﬁpper po’rt';o'n w_és cut off from the »Incone_l spider. A brass vrodr of

3.38 mm"(O". 153 i‘nch)‘ diameter was inserted into thé tungsten thermocoﬁplé

' Qell of the lower portion as a guidé. The 'uppe_r portion of thé fuel pin was
then lowered along the guide ihtd_ thé“.'I'_%l'(;.'onel .sleeve._ By. using'thel scribe
mark on the weld of the Inconéli spiciel; as a I;eferenée,‘ the two parts were
rotated with respect to each 'dther until a':'g'o'od fit was achievéd. To confirm
thaf a good fit between the th p;ar‘tsi_\‘vas é..chieved, the length of the assembled
piece was measured and found to égrée (within . 79 mm) with the expected’

value.

The assembled fuel pin; together with the Inconel sleeve, was rinsed

in xylene to remove the kerosene. It was then seated on Apiezone wax in a

vacuum dessicator and pumped to remove the xylene. Epoxy was then poured g

into the thefmo'couple well through the top of the Inconel spider. The assembly

was pumped to remove trapped gases before air was adm'itvted into the system
to press the liquid epoxy into the voids of the fuel pin and the fuel body. The
p.otted fuel pin was aged for three days to insure that the epbxy has hardened

prior to the gamma scan of the potted fuel pin.'

(2) - "Capsule V-2C

The punctured capsﬁle Waé evacuated and dry kerosene was.sucked
into the capsule for the protection of the fuel materiél during the subsequent
operations. The lead tube was cut at a location 965 mm (38 inches) from the

A(_:a‘psule bottormn and then the stainless steel containment was circumferentially

-24.
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“cut at 686 mm (27 inches) from the capsule bottom. - The stainless steel
‘containment 'slid off easily from the Inconel containment and the three Chromel-
Alumel thermocouples located iz_1>_its wall . These thermocouples’were re-

covered and tagged. -

After the removal of the stainjle;ss- steel containment, the Ihcone]. con-~
tainment was plunge cut at»a'.' lo'cgé:;tion 6. _35 mm (1/4‘ inch) above the hoié
pﬁnct_ured for the éollection of ,t_he ‘co'ntainrp'ér.lt gases. The_ two Chromel-
Alumel thermocouples attached_ to the téﬁtéium frans_ition of the tungsten
thermocouple well fell out easily when the fuel pin was turned upside down.
They were tagged and stéréé.’ The fuel‘th_er.mocouple assembly, however,

_did not fall out.

To remove the thermocouple s in the Inconel containment wall, the
Inconel containment was circumferentially cut off the top weld to the Inconel
spider. --The piece cut off was removed to expose the thermocouples. Four-'

teen thermocouples were recovered; théy were all tagged and stored.

To remove the high temperature fuel thermocouples, the portion of
the fission gas chamber left on the tc;p of the fuel pin assembly was cut off
circumferentially at the weld to the top of the Inconel spider. Efforts made
to pull the fuel thermocbuples out of the tungsten thermocouple well, howe{/e'r,

were unsuccessful.

To avoid the ‘pos'sibility of cracking when the fuel pin was pulled out

of the Inconel contai‘nment (such as that observed for V-2D fuel pin), it was
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decided, with the appx_'_oval'of NASA Projec:t vM_a'nageur, that the,fue.ll_p'in and
the Incoriel-_ containmént of :V-ZC woﬁlci ',be _IA)_Ot.t.ed‘ together as one éssembly
and that dimensional measurements éﬁd fnetal_lography_ will be carried out on
transversal cross sections cﬁt_ at',,‘w;a';'ious axial locations.  This should pro-
vide information on swelling, Vfu‘elv-clladdi'ng reaction, and microstructures
c.>v‘e~vr all thle fédial di‘-recAtions‘ and Valllg;ng' thv<.=,A axial directioﬁ. | Epoxy potting

‘ ofl the fuei ;;in as.sefnbly was' carﬂ"é(_i oqtﬁ by the same procedures as :thal.'t

used for V-2D fuel pin prior to -gamrha-_scén of the potted assembly.

3. GAMM.A-SCAN OF FUEL PIN ASSEMBLY
The potted V-2C and V-2D fuel pins were gamma-scanned axially

- at four circumferential positions. These are:

(1)' . the position facing the reactor core during irradiation,
_(2),‘ the position 180° from the reactor core during irradiation,
(3) the posifion 90° from the reactor core along a clockwise .

direction, and
(4) the position 270° from the reactor core along a clockwise

direction.

.-The fuel pin was situated 228 mm (9 inches) away from a slit . 51 mm (20 mil)
high and 6. 35 mm (1/4 inch) side, with a collimation system 1067 mm (42
inches) in length. A 50.8 mm (2 inch) Nal crystal was used as the sensor. »

The detection system was set for the energy range 0. 718 to 0. 818 MeV, within

-26-



which the emission peak from the fission product zr95 is located. zr95
is a good index for'meas.uring burnup distributiorn, since Zr forms a stable

' carbide and therefore any loss b'yl vaporization is minimized.

Figures 8(a}, (b), (c;) , and (d)' shpw the results c@btaine;i on the fuel pin
of V-2C capsulé. Figures <Q(a) , (b),‘ (¢}, and (d) show the resﬁlts obtained on
the fuel pir_x V-2D capsule. -The burnpp is g_e;leral appears tp be slightly.higher
at the top and the bottom of .the fp.el pin, presui;nably duelto neutron streaming
through the ends. The. data;als_o_indic:até higher gamma in_ténsity when the
fuel pin was at position (1}, probably becaﬁse of the higher burnu;; in the fuel

material facing the reactor core during the irradiation.

4. MACROSCOPIC EXAMINATIONS OF FUEL PIN SECTIONS AT

"VARIOUS AXIAL LOCATIONS

4. 1. V-2C Fuel Pin

V-2C fuel pin was sectioned traﬁsv'ersally into six samples. The
positions of fhese sgmples relative to that of the fuel pellets inA ;:f;e fuel pin
are Aillustrated in Fig. 10. Figures 11(a) through (k) show the macroscopic
appearances of the top andv,‘bottom surfaces of these samples in the as-sectioned
conditions. Figures 12(a) through (d) show the mounted and polished bottom
surfaces of Samples No. 2, 3, 4, ana 5. Expansion and cracking of the |
-tungsten claddings of Samples No. 2, 3, and 4 are clearly vis'ible at locétions '

close to the reactor core side. Because of the swelling of the fuel pellets
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Fig. 10. Positions of samples taken from V-2C fuel pin relative to
that of the fuel pellets in the fuel pin
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Reactor core
direction

(b) Sample No. 2 bottom surface Reactor core direction

Fig. 11. Macroscopic appearances of the surfaces of sample sections of V-2C

fuel pin in the as-sectioned conditions (5X) (Sheet 2 of 6) -32-




Reactor core
direction

(d) Sample No. 3 bottom surface Reactor core direction

Fig. 11. Macroscopic appearances of the surfaces of sample sections of V-2C
fuel pin in the as-sectioned conditions (5X) (Sheet 3 of 6) =33



Reactor core
direction

-

¢ (g) Sample No. 4 top surface

Reactor
core
direction

(f) Sample No. 4 bottom surface

Fig. 11. Macroscopic appearances of the surfaces of sample sections of V-2C
fuel pin in the as-sectioned conditions (5X) Sheet 4 of 6) -34-



Reactor
core
direction

Reactor
core
(h) Sample No. 5 bottom surface direction
Fig. 11. Macroscopic appearances of the surfaces of sample sections of V-2C
fuel pin in the as-sectioned conditions (5X) (Sheet 5 of 6) -35-




Reactor
core
direction

(k) Sample No. 6 top surface

Reactor
core
direction

(J) Sample No. 6 bottom surface. Note fission gas venting grooves

Fig. 11. Macroscopic appearances of the surfaces of sample sections of V-2C
fuel pin in the as-sectioned conditions (5X) (Sheet 6 of 6) -36-



Reactor core direction

Fuel-Cladding
Interaction Layer

| Tungsten Cladding

Tungsten

Thermocouple

Well
Inconel Containment
Fission Gas
Venting Hole

~ (a) Sample V-2C-2B¥*

Reactor core direction

(b) Sample V-2C-3B*

Fig. 12. Macroscopic appearances of polished bottom surfaces of
Samples No. 2, 3, 4, and 5 of V-2C fuel pin. (4. 5X)
*B refers to bottom surface of sample (Sheet 1 of 2)
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Reactor
core
direction

(c) Sample V-2C-4B*

Reactor
core
direction

O3

(d) Sample V-2C-5B™

Fig. 12. Macroscopic appearances of polished bottom surfaces of
Samples No. 2, 3, 4, and 5 of V-2C fuel pin. (4.5X)
%*B refers to bottom surface of sample (Sheet 2 of 2)
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the fission gas venting holes have shrunk to various degrees in these samples,
depending upon the temperature of the fuel pellet and the relative position of
these holes with respect to the reactor core. For instance, the fission gas
venting holes in Samples V-2C-3T and V-2C-4B (2000°K) have been reduced
to slits, but no significant change in the size of the fission gas venting holes
occurred in Sample V-2C-5B which is cooler (1885°K), (see Fig. 10). Within
the same carbide body of Sample No. 3, the fission gas venting holes dis-
appeared on the side close to the reactor core, while on the opposite side,
remnants of some of the holes can still be found. The fuel-cladding inter-
action layer appears as a thin white ring at the fuel-cladding interface in the
polished samples. For each sample, the reaction layer is the thickest at the
location where high temperature and high burnup rate are expected and where

cladding expansion and cracking occurred.

4,2, V-2D Fuel Pin

V-2D fuel pin was sectioned into five samples. The positions of these
samples relative to that of the fuel pellets in the fuel pin are illustrated in
Fig. 13. Figure 14(a) through (i) show the macroscopic appearances of the
top and bottom surfaces of these samples in the as-sectioned conditions.
Figure 15(a) through (d) show the mounted and polished bottom surfaces of
Samples No. 2, 3, 4, and 5. Cracks occurred in the claddings of all four
samples, and Sample No. 3 lost part of its cladding during attempts to remove
the V-2D fuel pin from the Inconel containment (see Section 2 of this report).

Although the deformation of the cladding is apparent for Samples No. 2, 3,

-39
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Fig. 13. Positions of samples taken from V-2D fuel pin relative to that
of the fuel pellets in the fuel pin

_40-




(G 30 1 329YS) (XG "L) SUOTIIPUOD PaUOI}OIs-se
oyj ut urd 19Ny QZ-A Jo suor}does ajdures jo sadoeyins 9y} jo saduereadde d1dodsordey

soAao00x3 Burjuoa sef uorssiy 930N

‘oo®eyans doj | ‘oN o1dweg (e)

UOT}ODITIP
2102
10309y

Pl

‘31q

_41-




Reactor core
direction

(c) Sample No. 2 top surface

Inconel
containment

Tungsten
cladding

Fission gas
venting hole

Reactor
core
direction

(b) Sample No. 2 bottom surface

Macroscopic appearances of the surfaces of sample sections of V-2D fuel

Fig. 14.
(Sheet 2 of 5) _42-

pin in the as-sectioned conditions (5X)



Reactor

core
direction

(e) Sample No. 3 top surface

(d) Sample No. 3 bottom surface
Fig. 14. Macroscopic appearances of the surfaces of sample sections of V-2D
fuel pin in the as-sectioned conditions (5X) (Sheet 3 of 5) -43-




Reactor core direction

(8) Sample No. 4 top surface

Reactor
core
directio

(f) Sample No. 4 bottom surface

Fig. 14. Macroscopic appearances of the surfaces of sample sections of V-2D
fuel pin in the as-sectioned conditions (5X) ( Sheet 4 of 5) -44-



Reactor
core
direction

(1) Sample No. 5 top surface

» Reactor core direction
(h) Sample No. 5 bottom surface

Fig. 14. Macroscopic appearances of the surfaces of sample sections of V-2D
fuel pin in the as-sectioned conditions (5X) (Sheet 5 of 5) -45-
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core
direction

Fig. 15. Macroscopic appearances of polished bottom surfaces of
Samples No. 2, 3, 4, and 5 of V-2D fuel pin. (4. 5X)
#*B refers to bottom surface of sample (Sheet 1 of 2)
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Fig.

1.5

(c) Sample V-2D-4B*
Reactor core direction

=<

(d) Sample V-2D-5B*

Macroscopic appearances of polished bottom surfaces of
Samples No. 2, 3, 4, and 5 of V-2D fuel pin. (4.5X)
*B refers to bottom surface of sample (Sheet 2 of 2)
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and 4, the fission gas vénting holes remain in excellent shape in all cases.

It is believed that the 50UC-50ZrC fuel material is stronger than 90UC-10ZrC;
therefore the swelling of the fuel material did not deform the fission gas
venting holes but caused the expansion and cracking of the tungsten cladding.
The thicknesses of the fuel-cladding interaction layers are much less than
that observed for the V-2C fuel pin, and do not vary significantly in the tem-

perature range for V-2D fuel pin irradiation,

B DIMENSION MEASUREMENTS

Measurements were made at various circumferential positions on the
outside diameters of the tungsten claddings and the thermocouple wells of
Samples V-2C-2B, V-2C-3B, V-2C-4B, V-2C-5B for the V-2C fuel pin, and
Samples V-2D-2B, V-2D-3B, V-2D 4B, V-2D-5B, for the V-2D fuel pin.

(B refers to bottom surface of the sample.) Composite photographs at 5X
magnification were taken of each sample, with a calibrated scale lying across
the positions where the measurements were to be made. The scale, graduated
in 0.25 mm (10 mil) divisions, was used to obtain the magnification factor of
the photographs taken. The dimensions of the sample on the photograph,
measured with the same scale, were converted to the true dimensions by using
the magnification factor determined. It is estimated that the uncertainty of

the measurements is about £, 025 mm (£ 1 mil).

The results obtained on the expansion of the tungsten claddings of these

samples are shown in Fig. 16 for V-2C fuel pin and in Fig. 17 for V-2D fuel

_48-




Diametric Change in Mils

25
20

15

e

—

——

—

0~

—

—

58{—________0//

1O ——————

0
-5

25
20
15
10

5

0
-5

25
20

15

5

-5

V-2C Capsule, Sample 2B,

1975°K

I Reactor core direction

/’O~~~O~~§

-

— —

| } _~
| S e

» Reactor core direction

= V-2C Capsule, Sample 3B, 2010°K

lR eactor core direction

B V-2C Capsule, Sample 4B, 1972 oK

—

|

— e — — c— — —O— —
r V-2C Capsule, Sample 5B, 1860°K
0

p— — c T e s

1 Reacti)r core directlon

140

1 ] ] ] 1
60

1
160

20 40 80 100! 120

Circumferential Location (Degrees)
16.

Fig. Swelling behaviors of V-2C fuel pin at various axial locations

and average fuel temperature

-49.-

180



Diametric Change in Mils

25

20
15
10 e O —O-< __
5 d)" - Reactor core direction I oS = e s e -0
0
-5 r V-2D Capsule, Sample 2B, 1965°K
20 F o— —=0
15 F Cladding Broke Off
10 |
5 F
0 Reactor core direction
-5 F V-2D Capsule, Sample 3B, 1975°K
25
20 e —— —-O-— s -‘O\ - —
15 I o ©at et 3 S
10 Q== — -0
5 IReactor core direction
0
-5 r V-2D Capsule, Sample 4B, 1925°K
25 F
20 |
15
10
5 F Reactor core direction
3 & I 5 5
0 O © \w O <
-5 F V-2D Capsule, Sample 5B, 1800°K
[ 1 L ] 1 ] o A 1
0 20 40 60 80 100 120 140 160 180
Circumferential Location (Degrees)
Fig. 17. Swelling behaviors of V-2D fuel pin at various axial locations

and average fuel temperature

-50-



pin. The swelling is non-uniform with respect to circumferential positions
for both fuel pins. Using the scribe mark made at Plum Brook it is esti-
mated that the maximum swelling for V-2C fuel pin occurs at a position about
40° from the reactor core side and the maximum swelling for V-2D fuel pin
occurs at a position about 50° from the reactor core side, see Fig. 18. It

is interesting to note that the swelling is very temperature sensitive. Sample
V-2C-5B and Sample V-2D-5B, which were irradiated at 1860° and 1800°K
respectively, show no significant cladding expansion. On the other hand,
Sample V-2C-3B and Sample V-2D-3B, which were irradiated at 2010°K and

1975°K respectively, show maximum diametric expansions of . 64 mm (25 mils).

The measured diameters of the tungsten thermocouple wells in the
fuel pins at various circumferential positions are listed in Table 2. It can
be seen that the thermocouple well at Samples V-2C-2B, V-2C-4B, V-2C-5B,
V-2D-2B, and V-2D-5B are essentially round and the measured diameters
do not differ significantly from the design value (4.57 mm). The thermocouple
well at Samples V-2C-3B, V-2D-3B, and V-2D-4B, however, have been de-
formed into elliptical shape by fuel swelling. In each case, the major axis of
the ellipse is about 45° from the position of the maximum bulge of the cladding
in a clockwise direction. The differences between the major and the minor
axes amount to . 33mm (13 mils), .23 mm (9 mils), and . 10 mm (4 mils) for

Sample V-2C-3B, V-2D-3B, and V-2D-4B respectively.
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Fig. 18. Plan view of V-2C and V-2D during
irradiation
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6. METALLOGRAPHIC EXAMINATIONS OF FUEL PIN COMPONENTS

Metallographical examinations were carried out on the microstructures
of the fuel materials, the tungsten claddings, the tungsten thermocouple wells
and the fuel-cladding interfaces of Samples V-2C-2B, V-2C-3B, V-2C-4B,
and V-2C-5B of the V-2C fuel pin, and Samples V-2D-2B, V-2D-3B, V-2D-4B,
and V-2D-5B of the V-2D fuel pin. In addition, similar studies were made
on the longitudinal cross sections of Sample No. 1 of V-2 C fuel pin and
Sample No. 1 of V-2D fuel pin, which contain the bottoms of these fuel pins.

The results are described as follows.

B 1s V-2C Fuel Pin

(1) Carbide fuel material

The microstructures of the irradiated 90UC-10ZrC fuel material differ
from that of the unirradiated 90UC-10ZrC fuel material. The difference is
illustrated by Figures 19(a) and (b). Figure 19(a) shows the microstructures
of the irradiated 90UC-10ZrC fuel material in Sample V-2C-2B near the
bulge side of the cladding, while Fig. 19(b) represents the microstructures
of the unirradiated V-2C-2B fuel material at the same magnification. It can
be seen that the fine porosities in the fuel material become agglomerated
into much larger voids. This change in microstructures was not observed
in out-of-pile isothermal sintering studies; therefore it must be caused by
factors closely associated with in-pile irradiation. It is possible that the

sintering process is accelerated by the presence of lattice defects produced
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by fission fragments and the enrgy deposited in the lattice when the fission
fragments pass through. It is also possible that the pressure generated by
fission gas trapped in closed pores may eliminate neighboring open pores by
mechanical effects similar to hot pressing. A third possibility is the sweep
of fine pores up the radial temperature gradient of the fuel body by vapor
transport. This, however, is not believed to be an influential factor because
of the high thermal conductivity and low vaporization rate of the carbide fuels.
The disappearance of fine porosities does not imply that the irradiated fuel
material has become denser. In fact quantitative metallographical analysis
of Figs. lé(a) and (b) showed that while the unirradiated fuel is 76% dense,
the irradiated fuel is only 60% dense. Thus at least some of the large pores
are closed pores filled with fission gas. It is not known, however, what

fraction of these pores consists of closed pores.

Figures 20(a), (b) and (c) show respectively the irradiated fuel struc-
tures of Samples V-2C-3B, V-2C-4B , and V-2C-5B near the bulge side of
the cladding. The irradiated fuel structures for Samples V-2C-3B, V-2C-4B
do not differ significantly from each other and from that of Sample V-2C-2B
(Fig. 19(a)). The irradiated fuel structures for Sample V-2C-5B which
showed much less fuel swelling than Samples V-2C-2B, V-2C-3B, and
V-2C-4B, appear to be slightly denser. Quantitative metallographical
analysis yielded densities of about 55% of theoretical value for the fuel
materials of Samples V-2C-3B and V-2C-4B, and about 65% for the fuel

material of Sample V-2C-5B.
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Fig. 20.

(c) Sample V-2C-5B

Microstructures of irradiated 90UC-10ZrC fuel materials
in Samples V-2C-3B, V-2C-4B, and V 2C-5B near the
bulge side of the cladding (200X) (Sheet 2 of 2)
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Figure 21 compares the irradiated 90UC-10ZrC fuel structures of
Sample V-2C-3B near the cladding and near the tungsten thermocouple well
at four different circumferential positions. The difference, if any, is slight.
The fuel near the thermocouple well is usually about several percent less
dense than that near the cladding, presumably due to the high temperature
and the higher fission gas pressure in the closed pores. These observations

also apply to the fuel materials in Samples V-2C-2B, V-2C-4B, and V-2C-5B.

Figures 22(a) and (b) show typical microstructures of irradiated fuel
materials which were etched to bring out the dispersed phases. It can be
seen that the fuel near the central thermocouple well is more porous than that
near the cladding. There does not seem to be any difference in the distribu-
tion of the white-colored dispersion phases at these two locations. The
composition of these dispersion phases will be discussed in a latter section

of this report.

(2) Tungsten cladding

In all the samples examined, the irradiated cladding showed no
excessive grain growth and the irradiated cladding essentially retained its
columnar grain structures. On the side of the cladding that exhibited maximum
deformation, i.e. the bulge side, the cladding failed by grain boundary void
formation and cracking. Typical examples are shown in Figs. 23(a) through
(c) for Samples V-2C-2B, V-2C-3B and V-2C-4B, respectively. It is believed
that the defects generated by the high stress existing at these locations mi-

grated toward the fluorine bubbles present in the fluoride tungsten cladding.

-59-



¢

P > 34

d

p‘.“ b Y :’:
97’2 L
n;"' ni' AR ‘yﬁ
S L
e 2N %

;“F,'b'.'. w“
f.!,:» :

{ T
o NG

X4
\é\g
N
Je
(R

AN
- B
Ll

o0
¥
T
L 4

Fig. 21. Microstructures of 90UC-10ZrC fuel material in Sample V-2C-3B
at various radial and circumferential positions (90X)

=60=



(Xx001) °pts 231nq ay3 38 g7-D7-A °1dureg jo
Tetiajews [any DIZOI-DN06 PAYDI2 JO S2INIONIISOIDIN ‘77 ‘B14d

11om a1dnooowaayl aeaN (q) durppero xeaN (e)
ua3sBung, yiim
I9ke uorjoeey

f

-61-




sisquinu ssaupiey doous] aie (B) Ul PO1BIIPUI SISQUINN
(z 30 1 3°24s) (x00T1)

d%-D2-A PU® ‘dg-D7-A ‘d2-22-A sojduweg jo
sop1s 23[nq 2y3 IeoUu SUIppe[d Us}sdun} SPIIONTJ JO SSINIONIISOIDTIN

EX AR
g¢-D2-A °21dwes (q)

g2-0 Z2-A o1dwreg

(e)

o B




(z 30 Z 1224S) (X001) g%-D2-A Pu® ‘dg-D2-A ‘2-D2-A sojdweg
jo sapis 23[nq ayj3 1eadU Surtpperd usjsdun) sprIoN[y JO $2INIONIJSOIDIN

d¥-D2Z-A °21dwes (9)

‘€2 ‘3d

-63-




If the bubbles are greater than a certain critical size which is determined
by the prevailing stress level, the bubbles will grow continuously into voids.
This will eventually lead to grain boundary separation and cracking. Micro-
hardness measurements (see Fig. 23(a)) indicated no embrittlement of the
grain boundaries of the cladding by carbide fuel components. In fact, the
microhardness numbers of the grain boundaries, as shown in Fig. 23(a), are
lower than that inside the grains, and the microhardness numbers inside the
grains are slightly lower than that for unirradiated fluoride tungsten of
similar fluoride content (Knoop hardness number = 500-600). Although
Sample V-2C-5B showed no significant cladding expansioﬁ, the cladding also
exhibits grain boundary cracking on the side in line with the bulge side of
Samples V-2C-3B and V-2C-4B. It is believed that the cracks observed are

merely the extension of the cracks in the cladding of V-2C-3B and V-2C-4B.

For Samples V-2C-3B and V-2C-4B, which showed excessive fuel
swelling and cladding expansion, grain boundary voids and cracks were also
observed in regions away from the bulge area of the cladding. For Samples
V-2C-2B which showed less fuel swelling and cladding expansion, and V-2C-5B
which showed no significant fuel swelling and cladding expansion, the claddings
were essentially free from grain boundary voids and cracks except in the
vicinity of the bulged area or the area in line with the bulge of the neighboring
samples. This is illustrated by Figs. 24(a).through (d) which show respectively
the microstructures of the tungsten cladding 180° away from the cracked areas

of Samples V-2C-2B, V-2C-3B, V-2C-4B, and V-2C-5B. The microhardness
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data again indicate that the grain boundary regions in Sample V-2C-3B and
V-2C-4B are softer because of the presence of voids and that no significant

embrittlement of the cladding by carbide fuel components has occurred.

(3) Tungsten thermocouple well

Excessive grain growth was observed in all the CVD fluoride tungsten
thermocouple wells examined. Such rapid grain growth is attributed to the
sharp curvature of small diameter tubing, which precludes low angle grain
boundaries in the cross section of the tubing. Figure 25 shows the micro-
structures of the tungsten thermocouple well in Sample V-2C-3B at four cir-
cumferential positions. In some cases, voids were found to exist at grain
boundaries. Figures 26(a) and (b) show the microstructures of the tungsten
thermocouple well of Sample V-2C-2B at the bulge side and at the side 180°
from the bulge. The microhardness results indicate that the grain boundary
was softer because of the presence of voids and that the tungsten was not
embrittled by carbide fuel even though fuel-tungsten interaction layers can
be seen in Figs. 25 and 26. The interaction layer does not seem to adhere
to the tungsten thermocouple well. It is possible that the interaction layer
has a lower thermal expansion coefficient than that of tungsten so that upon
cooling the layer becomes detached from the thermocouple well. The com-
position of such interaction layer will be discussed in a latter section of this

report.
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Fig. 25. Microstructures of tungsten thermocouple well of
Sample V-2C-3B at four circumferential positions (8X)
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(4) Fuel-tungsten interaction layer

Fuel-tungsten interaction layer was observed at both the fuel-cladding
interface and at the fuel-thermocouple well interface. The microstructures
of the interaction layer at the fuel-thermocouple well interface was shown in
Figs. 25 and 26. Figure 27 illustrates the typical microstructures of the
fuel-cladding interaction layer. While the fuel-thermocouple well interaction
layer tends to detach from the thermocouple well, the fuel-cladding interaction
layer adheres to the cladding. It is difficult to measure the thickness of the
fuel-thermocouple well interaction layer quantitatively since it does not form
a compact layer. The thickness of the fuel-cladding interaction layer can be
determined from photomicrographs taken of the fuel-cladding interface.
Generally speaking, both the fuel-thermocouple well interaction layer and the
fuel-cladding interaction layer have the maximum thickness on the bulge side
of the fuel pin and the minimum thickness on the side 180° from the bulge
side. This is probably due to the higher fuel temperature and higher burnup

rate (thus more fission fragment damage to the tungsten) on the bulge side.

Table 3 lists the maximum thicknesses of the fuel-cladding interaction
layers in the various samples examined as a function of the average fuel
temperature. The maximum thickness of the fuel-cladding interaction in
Sample V-2C-5T was also estimated from the macrophotographs taken of the
as-sectioned sample (see Fig. 11(i)). The maximum losses of the thickness
of the tungsten cladding due to the formation of the fuel-cladding interaction
layer, as measured from the photomicrographs taken of the samples examined,

are also included in Table 3.
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I Tungsten Cladding

Interaction Layer

Fig. 27. Fuel-cladding interaction layer in Sample V-2C-2B
at the bulge side of the cladding (200X)

“Fl=



(Z>) G0°0 € ) 80°0 0cLl L1G-02-A
(%) 010 (z1) 1€°0 0981 g5-02Z-A
9) S1°0 (z1) 1€°0 Z2L61 gD~ A
9) S1°0 (1) 8¢ °0 0102 ge=02~A
©9) G1°0 €1) €€°0 GL6T d2-02-A
(sTIN) ww (STIA) ww 61,) ordures
pawmsuo’) Suipperd SSOWYOTIY] JIo9LeT uor}oBILIU] 2anjexaduwa J,

ua3s3ung, Jo SSOWOTYL

Surpperd-reng wWnwixew

1eng 98eioAy

dOLDOVHY J00dd dINNTd VSVYN NI NOILVYIJO ¥NOH 68011
dILAY FYNLVIEdIINEL TENT IDVIEAYV 40 NOILONNA
V SV NId TdNA DZ-A NI NOILAWNNOD DONIAAVTIO NELSONAL

ANV SSENMDIHL ¥HAVT NOILLDVYHLNI ONIAAVID-TINT WANWIXVIN

£ TT9VL

By A




It can be seen that the maximum thickness of the fuel-cladding inter-
action layer is strongly temperature dependent, and that the thickness of the
tungsten cladding consumed is about half of the thickness of the interaction
layer. The composition of the fuel-cladding interaction layer will be dis-

cussed in a latter section of this report.

(5) Fuel pin bottom

Sample No. 1 (see Fig. 11(a)), which is located at the bottom of V-2C
fuel pin, was sectioned longitudinally along the cylindrical axis of the fuel pin
into two halves. Figure 28 shows the appearance of the sectioned surface.
One of the three tungsten alignment pins for centering the fuel pin in the

Inconel containment, can also be seen in this figure.

No deformation of the bottom of the tungsten fuel pin and the bottom of
the tungsten thermocouple well can be detected. The tungsten pedestal for the
fuel pellets was pushed downward at its central region by fuel swelling. Some
extrusion of fuel material around the corner of the thermocouple well into the
central fuel cavity has occurred. The annular fission gas venting groove
located at the botto.m of the fuel pellet, however, remained open and showed

no significant change in dimensions.

Figures 29(a), (b), and (c) show the microstructures of the 90UC-10ZrC
fuel materials near the cladding, near the thermocouple well, and near the
fuel pedestal respectively. The estimated densities by using quantitative

metallography techniques are 62%, 50%, and 57%. Figure 30 shows the etched
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Inconel containment
Tungste therocouple well
Carbiduel pellet

Tungsten cladding

Tungsten pedestal

Fig. 28. Macroscopic appearance of the longitudinal cross
section of Sample No. 1 of V-2C fuel pin.
Designated as Sample V-2C-1T (4. 3X)
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Fig. 30. Etched 90UC-10ZrC fuel structures in Sample V-2C 1T
near the fuel pedestal (100X)
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fuel structures and the dispersion phases. These fuel structures are

similar to that in other V-2C fuel samples.

Figures 31(a), (b), and (c) represent the microstructures of the
cladding of Sample V-2C-1T. The bottom of the cladding exhibited normal
grain structures of fluoride tungsten (Fig. 31(a)). The region in the vicinity
of the tungsten centering pin, however, developed grain boundary voids and
cracks (Figs. 31(b) and (c)), presumably because of the stress imposed by
the tungsten centering pin on the cladding when the fuel pin was brought to
its operating temperature. It can be seen in Fig. 31(c) that the surface of
the cladding, which was in contact with the tungsten centering pin at the
operating temperature, has suffered from mechanical deformation and
fragmentation. Thus, the presence of the tungsten centering pin tends to

jeopardize the structural integrity of the cladding.

Figure 32 shows the appearance of the end of the tungsten thermo-
couple well of V-2C fuel pin. A crack has developed along the grain boundaries
in the center region of the bottom. The excessive grain growth is similar to

that observed on other parts of this thermocouple well.

Figures 33(a), (b), and (c) illustrate the microstructures of the fuel-
tungsten interaction layers at the fuel-cladding, the fuel-pedestal, and the
fuel-thermocouple well interfaces respectively, The interaction layer adheres
well to the cladding and the pedestal but was detached from the thermocouple

well. This is in agreement with that observed in other fuel samples.
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Fig. 32. Macroscopic appearance of end of tungsten
thermocouple well of V-2C fuel pin (25X)
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Fuel

Interaction layer

Tungsten cladding .

{(a) Fuel-cladding interface

Fig. 33. Microstructures of fuel-tungsten interaction
layers in Sample V-2C-1T (100X) (Sheet 1 of 2)
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(b) Fuel-pedestal interface

layer

Tungsten
thermocouple
well

(c) Fuel-thermocouple well interface

Fig. 33. Microstructures of fuel-tungsten interaction
layers in Sample V-2C-1T (100X) (Sheet 2 of 2)
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6.2. V-2D Fuel Pin

(1) Fuel material

Like the 90UC-10ZrC fuel material in V-2C fuel pin, the micro-
structures of irradiated 50UC-50ZrC fuel material in V-2D fuel pin are dif-
ferent from that of the unirradiated fuel material. The elongated fine porosities
in the unirradiated fuel material are replaced by small fission gas bubbles and
larger pores of more '""equiaxial'' shapes. This is illust;‘ated in Figs. 34(a)
and (b). Figure 34(a) shows the pore structures of the 50UC-50ZrC fuel
material in Sample V-2D-2B near the bulge side of the cladding, while Fig. 34(b)
represents the pore structures of the 50UC-50ZrC fuel material before its
irradiation in V-2D fuel pin. The pore size, in the irradiated fuel material,
however, is much smaller than that in the irradiated 90UC-10ZrC fuel material
in V-2C fuel pin (compare Fig. 34(a) with Fig. 19(a)). This is probably be-
cause the 50UC-50ZrC is more refractory and thus less sinterable than 90UC-
10ZrC. A good part of the fine pores is therefore retained. The 50UC-50ZrC
is also mechanically stronger than 90UC-10ZrC; therefore the pores will expand
less than that in 90UC-10ZrC when they are closed and filled with fission gas.
The fact that 85% of the fission gas generated was released indicates that a
large part of these pores remained open during the irradiation. Quantitative
metallographical evaluation yielded a density of 60% for the irradiated fuel

material, as compared to 75% for the unirradiated fuel material.

Figures 35(a), (b), and (c) compare the microstructures of the
irradiated 50UC-50ZrC fuel materials in Samples V-2D-3B, V-2D-4B, and

V-2D-5B. It appears that the pores are bigger in samples exhibiting more
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cladding expansion. The densities deduced by quantitative metallography are
50%, 60%, and 70% for the fuel materials in V-2D 3B, V 2D-4B, and V-2D 5B
respectively. For each of these samples, and for Sample V-2D-2B, no signifi-
cant difference in pore structures of the fuel material was observed at various
circumferential and radial positions. Figure 36 shows the etched micro-
structures of the 50UC-50ZrC fuel material in Sample V-2D-4B. The compo-
sition of the dispersions in the etched fuel sample will be discussed in a latter

section of this report.

It is interesting to see that for all the samples examined, no significant
deformation of the fission gas venting holes in the fuel pellets occurred even
though fuel swelling and cladding expansion were observed. This implies that
50UC=-50ZrC is stronger than tungsten at the irradiation temperature so that
when the fuel material swelled by fission gas pressure, the tungsten cladding,

rather than the fission gas venting holes, was deformed.

(2) Tungsten cladding

In the region where severe deformation and cracking occurred, the
tungsten cladding exhibited excessive grain growth and grain boundary void
formation. Figures 37(a) through (f) illustrate the microstructures of the
tungsten cladding'near the cracks in Samples V-2D 2B, V-2D-3B, V-2D-4B,
and V-2D-5B. No excessive grain growth was observed near the cracks of
the cladding in the 90UC-10ZrC fueled samples in V-2C fuel pin. This im-
plies that the cladding was subjected to higher stress in the 50UC-50ZrC

fueled samples, presumably because the 50UC-50ZrC fuel material is
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Fig. 36. Etched microstructures of irradiated 50UC-50ZrC
fuel material in Sample V-2D-4B near the bulge side
of the cladding (200X)
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mechanically stronger than the 90UC-10ZrC fuel material. Microhardness
measurements made near the cracks in the cladding of Sample V-2D-3B
yielded values similar to that of unirradiated fluoride tungsten, indicating no

grain boundary embrittlement by carbide fuel components (Fig. 37(c)).

In the region away from the cracked areas of Samples V-2D-2B and
V-2D-5B which show less cladding expansion, the claddings have normal
columnar grain structures. The microhardness values obtained are close

to that of normal fluoride tungsten. (Figures 38(a) and (b)).

(3) Tungsten thermocouple well

The tungsten thermocouple well samples examined showed various
degrees of grain growth and grain boundary voids. Generally speaking,
samples from regions where no excessive fuel swelling and cladding defor-
mation occurred (e. g. Sample V-2D-5B) showed less grain growth and grain
boundary voids than samples from regions where large amounts of fuel
swelling and cladding deformation were observed (e.g. Sample V-2D-3B).
This is borne out by Figs. 39(a) through (d) which represent the microstruc-
tures of the tungsten thermocouple well in Samples V-2D-2B, V-2D-3B,
V-2D-4B, and V-2D-5B respectively. The microhardness numbers obtained
do not differ significantly from that of unirradiated tungsten except at grain

boundaries containing voids, where slightly lower values were observed.
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(4) Fuel-tungsten interaction layer

The microstructures of the fuel-thermocouple well interaction layer
in V-2D fuel pin have been shown in Fig. 39. The layer formed is compact
and adheres to the tungsten thermocouple well. This is different from that
formed in the V-2C fuel pin (see Fig. 25). The thickness of such inter-
action layers in V-2D fuel pin does not vary significantly with axial positions.
For each axial location, the thickness varies between .013 to .051 mm (0.5 to
2 mils) with circumferential positions and is usually higher at locations about
180° from the bulge of the fuel pin. This is much less than the thickness of
the fuel-thermocouple well interaction layer in V-2C fuel pin. The composi-
tion of the fuel-thermocouple well interaction layer will be discussed in a

latter section of this report.

The fuel-cladding interaction layer, as determined from photomicro-
graphs taken of the fuel-cladding interface at various locations on V-2D fuel
pin, varies very little with axial and circumferential positions. The thick-
ness range of . 10 to . 15 mm (4 to 6 mils) observed is much less than that
observed for V-2C fuel pin. Figure 40 shows the typical microstructures of
such fuel-cladding interaction layers. The composition of such interaction

layers will be discussed in a latter section of this report.

(5) Fuel pin bottom

Sample No. 1 (see Fig. 14(a)), which is located at the bottom of

V-2D fuel pin, was sectioned longitudinally along the cylindrical axis of the

-5



Fig. 40. Typical microstructures of the interaction layer between
50UC-50ZrC and tungsten cladding. Sample V-2D-2B
180° from bulge side of fuel pin (200X)
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fuel pin into two halves. Figure 41 shows the appearance of the sectioned

surface.

No deformation of the bottom of the tungsten fuel pin and the bottom
of the tungsten thermocouple well can be detected. The tungsten pedestal for
the fuel pellets was pushed downward at its central region by fuel swelling.
Some extrusion of fuel material around the corner of the thermocouple well
into the central fuel cavity has occurred. The annular fission gas venting
groove located at the bottom of the fuel pellet, however, remained open and

showed only slight change in shape.

Figures 42(a), (b), and (c) show the microstructures of the 50UC-
50ZrC fuel materials near the cladding, near the thermocouple well, and
near the fuel pedestal respectively. The estimated densities by using quanti-
tative metallography techniques are 60%, 60%, and 65%. Figure 43 shows the
etched fuel structures and the dispersion phases. These fuel structures are

similar to that in other V-2D samples.

The cladding of Sample V-2D-1T has normal grain structures of fluoride
tungsten. No grain boundary voids can be detected either at the bottom or

at the corner of the cladding. (Figures 44(a) and (b)).

Figure 45 shows the appearance of the end of the tungsten thermocouple
well of V-2D fuel pin. No excessive grain growth has occurred. A crack,

however, has developed above the right corner.
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Fig. 41. Macroscopic appearance of the longitudinal cross
section of Sample No. 1 of V-2D fuel pin. Designated
as Sample V-2D-1T (4. 3X)
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Fig. 42.

(Sheet 1 of 2)

(200X)

in Sample V-2D-1T



(z 30 2 39°YyS) (X002) L1-dzZ-A °1dweg ur
TelIajew [any DIZOG-DNOG JO $9INJONIISOIDTN 2% ‘81q

1elsopad 1eny aeaN (2)

-102-



Fig. 43. Etched 50UC-50ZrC fuel structures in Sample
V-2D-1T near the fuel pedestal (200X)

-103-



(a) Bottom

(b) Left corner

Fig. 44. Microstructures of the cladding in Sample V-2D-1T (75X)
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Fig. 45. Appearance of the end of the tungsten thermocouple well
in V-2D fuel pin (25X)
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Figures 46(a), (b), and (c) illustrate the microstructures of the fuel-
tungsten interaction layers at the fuel-cladding, the fuel-thermocouple well,
and the fuel-pedestal interfaces respectively. The thicknesses of these
interaction layers, about .05 mm (2 mils) for the fuel-thermocouple well
interface, and about .10 to .15 mm (4 to 6 mils) for the other two interfaces,

fall into the range observed for other fuel tungsten interfaces in V-2D fuel pin.

7. ELECTRON MICROPROBE ANALYSIS OF COMPOSITIONS OF

FUEL-TUNGSTEN INTERACTION LAYERS AND DISPERSION

PHASES IN FUEL MATERIALS

Samples V-2C-1T and V-2D-1T were sent to the hot cell of Battelle
Columbus Laboratories for the electron microprobe analysis of the composi-
tions of the interaction layers at the fuel-cladding and the fuel-thermocouple
well interfaces, and the compositions of the fuel matrix and the dispersion

phases.

A Materials Analysis Corporation Model 450 Shielded Microprobe was
used for the analysis. The desired quantitative analyses were conducted by
performing point counts for uranium, tungsten, and zirconium in the areas of
interest. The MAGIC computer program (Colby, J. W., Bell Telephone
Laboratory, Allentown, Pennsylvania) was used to correct the raw point-
counting data input for deadtime, background, absorption, and atomic number.
Visual displays of relative composition differences for the elements of interest
were obtained by rate meter X-ray imaging. Evidence of contaminant ele-

ments was sought by two-theta spectral scans of the suspect areas.
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4&——— Interaction layer

«—— Tungsten cladding

(a) Fuel-cladding interaction layer (75X)

&—— Fuel
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(b) Fuel-thermocouple well interaction layer (100X)

Fig. 46. Microstructures of fuel-tungsten interaction layers in
Sample V-2D-1T (Sheet 1 of 2)
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¢—— Tungsten pedestal

(c) Fuel-pedestal interaction layer (100X)

Fig. 46. Microstructures of fuel-tungsten interaction
layers in Sample V-2D-1T (Sheet 2 of 2)
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The interaction layers at the fuel-cladding interface and the fuel-
thermocouple well interface of Sample V-2C-1T are similar in composition.
They contain uranium and tungsten in ratio similar to that of UWC; but no
zirconium. The fuel matrix is essentially of the normal composition of
90UC-10ZrC containing a few percent of dissolved tungsten. Some of the
dispersions in the fuel body are the UWC, phase while others contain more
than 90% of tungsten and a few percent uranium. The tungsten cladding in
contact with the tungsten centering pin welded to the Inconel containment

contain only tungsten and no Inconel constituents.

The interaction layer at the fuel-cladding interface of V-2D-1T is
essentially identical to that at the fuel-thermocouple well interface. Both
contain uranium and tungsten in ratio similar to that of UWC;, and from a
few tenths of a percent to one percent zirconium. The fuel matrix consists
of 50UC-50ZrC containing 2 to 3% of dissolved tungsten. The dispersion
phases contain various amounts of uranium (9. 6 to 54.0%), zirconium (1.8 to
12.9%), and tungsten (29.8 to 79. 7%). Since the dispersion particles in 50UC-
50ZrC are small and the counting results may be affected by the contributions

from the fuel matrix, the data are only of qualitative significance.

8. DETERMINATION OF RADIAL DISTRIBUTION

OF FUEL BURNUP

The radial distribution of fuel burnup in Samples V-2C-2B, V-2C-3B,

V-2C-4B, and V-2C-5B of the V-2C fuel pin, and Samples V-2D-2B, V-2D-3B,
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V-2D-4B, and V-2D-5B were determined by transversal gamma-scan of
selected fission product activity, autoradiography of fission product distri-

bution, and isotopic burnup analysis.

8.1 Transversal Gamma-Scan

The distributions of the gamma-activity of Zr?5 from the bulge side
of the fuel pin to the opposite side were determined for each of the fuel
samples described above. The slit system used for the transversal gamma-
scan was the same as that used for the axial gamma-scan in Section 3. The
polished surface of the sample was moved across the length of the slit from
the bulge side of the sample(or from the side in line with the bulge side of
the fuel pin if the sample showed no significant cladding expansion) toward
the opposite side or vice versa. The activity of the selected characteristic

95

gamma radiation from Zr’~ was recorded by using a 51 x 51 mm (2 x 2 inch)

Nal sensor and a single channel pulse-height analyzer.

The results obtained showed that for each of the samples scanned,
the zr?5 activity was always higher on the bulge side of the fuel pellet than
on the opposite side. Typical examples on Z1r95 scan are given in Fig. 47.
This implies that the average burnup in the fuel pellet is higher on the bulge

side than on the opposite side.

3. 2. Autoradiography

Kodak high resolution photographic plates, wrapped in black paper,

were exposed to the polished surfaces of the above-described fuel samples
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from V-2C and V-2D fuel pins in hot cell for about 3 minutes. The image
obtained reflects the distribution of the fission products, and thus the burnup,
if the migration of the fission products was kept at a minimum during high

temperature operation in the reactor.

Figure 48 illustrates the type of image obtained from these fuel
samples. In addition to the image due to the fuel pellet, strong intensity
was recorded from fission products migrated through the defects in the
cladding and condensed on the surface of the Inconel containment. Readings
taken from the various regions of these‘ fuel pellet images with a photo-
electric comparator yielded the intensity distribution maps in Fig. 49(a)

(for V-2C samples) and Fig. 49(b) (for V-2D samples). Although the results
are only of qualitative significance, it is clear that the burnups in these fuel

samples are higher on the bulge side than on the side opposite to the bulge side.

8. 3. Isotopic Burnup and Fission Product Analysis

For a quantitative comparison of the fuel burnup at the bulge side with
that at the opposite side in V-2C and V-2D fuel pins, small pieces of samples
were taken in pairs from each of the fuel sections studied above, one from
the vicinity of the crack and bulge in the cladding and the other 180° from
this location near the fuel-cladding interface. Each sample was dissolved
in HNO; + HCIO4 and the solution was diluted to a specific volume from
which an aliquot was taken for the burnup analysis. The uranium was sepa-
rated from the aliquot by ion exchange. The solution leached from the ion

exchange column was used for isotopic analysis at TRAPELO/WEST. "

Formerly Tracer Laboratory
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Tungsten cladding

. 48.

Bulge side
containing crack
in cladding

g te
thermocouple -
well

Gas gap betwee
cladding and
Inconel
containment

Typical autoradiograph obtained from the polished surfaces
of the fuel sections of V-2C and V-2D fuel pins. Sample

V-2C-3B

(5. 6X)
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Fig. 49(a). Intensity distributions in autoradiographs
taken of samples from V-2C fuel pin

/s = Major crack in tungsten cladding
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No intensity measurement
<—can be made because of

loss of part of cracked

tungsten cladding

3B

Fig. 49(b). Intensity distributions in autoradiographs
taken of samples from V-2D fuel pin

/; = Major crack in tungsten cladding
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Unirradiated reference fuel materials from which the samples were prepared

were also submitted at the same time. Burnup results were calculated from

these isotopic data.

Two methods of computing the burnup were used. The first was based

on the U236/U235 ratios of the unirradiated and the irradiated samples.

The second was based on the U2‘35/U238 ratios of the unirradiated and the

irradiated samples. The calculated burnups are expressed as percentage

of the total uranium atoms in the sample.

Calculation of the burnup from the U2'3’6/U235 ratio is based on the

following equation

B = N5O [R6/5 - R06/5
R6/5 + a(l + R6/5)

where

B = Burnup in atom % of total uranium
N5° = atom % of U235 before irradiation

R6/5 and R06/5 = atom ratios of U236 to U‘?'g'5 after and before

irradiation respectively

a = U235 capture to fission ratio = .177 for reactor of thermalized

spectrum
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Calculation of the burnup from the U%35/u238 ratio is based on

the following equation

where

o
B =N [‘Ros/s - Rg/g) - (Rgyg - R 6/8)]

B

burnup in atom % of total uranium

NO

8

RO5/8 and R5/8 = atom ratios of U235 to U238 pefore and after

atom % of U238 before irradiation

irradiation respectively

R6/8 and R° = atom ratios of U236 to U238

6/8

after and before

irradiation respectively

Since the change in the ratio R6/5 is always greater than the change

in the corresponding ratio R5/8’ the method based on the change in U236

to U235 ratio is more sensitive and also independent of U

238

However, the Rg/5 results depend upon the & factor which is subjected to

uncertainties in cross sections or neutron energies.

The calculated results on V-2C and V-2D samples by these two

methods are shown in Table 4 and Table 5. These results indicate the

following:

(1) The bulge side of each sample studied has a higher burnup
than the side 180° from it, indicating that the bulge was due

to the higher burnup there.

(2) The burnup differentials vary from a factor of about 2 to a

-117-
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factor of about 1. 3 for samples taken from V-2C fuel pin. Sample
V-2C-5B shows the least burnup differential and also no bulge in
cladding. The burnup differentials for samples taken from V-2D
fuel pin vary from a factor of about 1.7 to a factor of about 1.2.
Here again, Sample V-2D-5B shows the least burnup differential and
also no bulge in cladding. The difference in the burnup differentials
of these two capsules is probably due to the fact that they were

located at different radial positions in the V-tube during irradiation.

(3) The average burnups for the samples shown in Table 4 are slightly
higher than the 1. 5% deduced from thermal data for V-2C fuel pin
(see Table 1). Similarly, the average burnups for the samples
shown in Table 5 are slightly higher than the 1. 7% deduced from the
thermal data for V-2D fuel pin. This is because the burnups shown
in Table 4 and Table 5 represent the burnups near the fuel-cladding
interface. The burnups in the central region of the carbide fuel
pellet are expected to be lower because of self-shielding. The
isotopic burnup data are therefore not inconsistent with respect to

the average burnups deduced from calorimetric means.

In addition to isotopic burnup analysis, the solutions obtained by
dissolving the fuel sample pieces in HNO3 + HClO4 were analyzed for their
44, Csl37, Zr95 and Sr90 * contents. The results were used

: 1
uranium, Ce

in conjunction with the burnup results in Table 4 and Table 5 and the

*Only for samples V-2C-3B, V-2C-5B, V-2D-3B, and V-2D-5B
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irradiation history of V-2C and V-2D capsules to calculate the
fractional retention of these fission products in the fuel material next
to the fuel-cladding interface. The results are shown in Table 6. It

137

can be seen that the retention of Ce144 and Cs in 50UC-50ZrC is

much lower than that in 90UC-10ZrC. The retention of Zr95 is much

144 and Cs137 in all the samples studied. This is con-

higher than Ce
sistent with the fact that zircqnium forms a stable carbide and therefore
is less liable to loss by vaporization. For each fuel sample, the
retention of Ce144, cs!37 and sr%0 is in general lower at the bulge side
of the sample where cracks are present in the tungsten cladding than at
the side 180° from the bulge. Gamma-scan of the gas gap region between
the tungsten cladding and the Inconel containment showed the presence

of Cel4% and Cs137 in the condensate on the Inconel surface and the
activities were the highest at the location facing the crack in the cladding

and the lowest at the location 180° away from the crack. This is also

borne out by the autoradiograph of Sample V-2C-3B shown in Figure 48.
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TABLE 6

FRACTIONAL RETENTION OF SOME FISSION PRODUCTS IN
V-2C AND V-2D FUEL SAMPLES

V-2C (90UC-10 ZrC)

V-2D (50UC-50ZrC)

180° From 180° From

Sample Isotope Bulged Side Bulged Side Bulged Side Bulged Side
2B Ce-144 0.212 0.507 0.085 0.084
Cs-137 0.115 0.564 0.055 0.094
Zr-95 0.859 0.932 0.805 0.918
3B Ce-144 0.200 0.604 0.065 0.075
Cs-137 0.154 0.430 0.046 0.076
Zr-95 0.850 0.898 0.817 0.939
Sr-90 0.138 0.434 0.008 0.014
4B Ce-144 0. 339 0.705 0.056 0.107
Cs 137 0.216 0.765 0.083 0. 100
Zr-95 0.892 0.910 0.855 0,929
5B Ce-144 0.468 0.675 0.060 0.084
Cs-137 0.354 0. 591 0.052 0.061
Zr-95 0.910 0.958 0.980 0.978
Sr-90 0. 142 0,253 0.012 0.021

-122-



9. SUMMARY OF RESULTS

Two tungsten clad UC-ZrC fueled capsules were examined in the Gulf
hot lab facility following irradiation in the NASA Plum Brook Reactor. One
capsule (V-2C) contained 90% UC-10% ZrC + 4 wt% W (designated as 90-10);
the other (V-2D) contained 50% UC-50% ZrC + 4 wt% W (designated as 50-50).
The fuel pin in each capsule had a 16 mm (0. 625 inch) diameter and was clad
with 1 mm (0.040 inch) thick fluoride tungsten. The 90-10 fuel pin was irradi-
ated to a fuel burnup of 3 x 1020 fission/cm3 (1.5 a/0)*in 11,089 hours at a
maximum clad temperature of 1930°K. The 50-50 fuel pin was irradiated to
a burnup of 2.1 x 1020 fission/crn3 (1.7 a/o) in 12,030 hours at a maximum
clad temperature of 1925°K. Irradiation was terminated for each capsule
when excessive clad deformation was observed via neutron radiographs. The
deformation was non-uniform, occurring as a bulge on one side of each fuel

pin.

Clad deformation, interaction layer thickness, and burnup ( all obtained
by hot cell examination) together with fuel and clad temperature are sum-
marized as a function of axial position in Figs. 50 and 51. Locations of the
fuel samples examined in the hot cell are noted along with abscissa. Maximum
clad diametral deformation of the 90-10 fuel pin was 0. 63 mm (0. 025 inch)
on the bulge side and 0.25 mm (0.010 inch) 90° from the bulge (fuel tempera-

ture was 2035°K here). CYorresponding deformations for the 50-50 fuel pin

"Determined by calorimetric means using capsule thermocouples. The volume
(cm3) is the annular space occupied by the fuel.
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were 0.63 mm (0.025 inch) and 0.43 mm (0.017 inch). In the vicinity of the
bulge of each pin the burnup was up to 100% higher than 180° from the bulge; and

the bulge was located toward the test reactor core during irradiation.

The fuel-clad interaction layer (composition similar to UWC,) had a
maximum thickness of 0. 38 mm (0. 15 inch) for the 90-10 fuel pin and 0. 15 mm
(0.006 inch) for the 50-50 pin. The layer thickness was temperature dependent
for the 90 -10 specimen, reducing to about 0. 15 mm (0.006 inch) at a fuel

temperature of 1825°K, but was essentially constant for the 50-50 specimen.

At fuel temperatures below about 1850°K there was essentially no
clad deformation. The maximum clad deformation and interaction layer
thickness both occurred in the region of maximum fuel temperature and towards

the bulge (core) side of the fuel pins.

Fission gas release was found to be 66% for the 90-10 fuel and 85% for
the 50-50 fuel. Due to fuel swelling, the fission gas venting holes, which
were machined in the fuel, deformed by different amounts. The holes in the
90-10 fuel underwent substantially more deformation than those in the 50-50

fuel at similar temperatures.

10. CONCLUDING REMARKS

In applying the information generated in V-2C and V-2D fuel pin
irr. diation to the prediction of the irradiation behavior of a fueled proto-
typical emitter in a thermionic reactor core, one has to bear in mind the

difference in the configuration and the operating conditions of these
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fuel-cladding systems. Table 7 compares the configuration and the operating
conditions of V-2C fuel pin with that for the fueled emitter in a 120 eKw
thermionic reactor core for electrical propulsion application. The V-2C

fuel pin contains the same fuel material (90UC-10ZrC + 4 wt% W) as that in
the prototypical emitter and has attained in 11,089 hours the burnup equivalent
to that for 40,000 hour operation of the reactor. However, from the point of
view of cladding dimensional stability, the V-2C fuel pin design is more con-
servative than the fueled prototypical emitter with respect to specific cladding
thickness (i. e., cladding thickness per unit diameter) for restraining fuel
swelling, and the specific surface area (i. e., geometric surface area per

unit fuel volume) for releasing fission gas. On the other hand, the high fis-
sion power density (about a factor of four higher than that in the fueled proto-
typical emitter) and the lack of a central void for accommodating fuel swelling,
tend to offset these advantages. A more detailed analysis is needed to deter-
mine the net effect of such variations in configuration and operating conditions

on emitter dimensional stability.

It was observed that there was no significant change in the size of the
fission gas venting holes and the dimension of the cladding in Samples V-2C-5B
and V-2D-5B, both of which were operated at fuel I. D. temperatures of 1885
and 1820°K respectively. This implies that the amount of swelling of the fuel
material was small under these conditions. Since no significant cladding
deformation is expected when the fuel swelling is small, irrespective of the

diameter of the emitter, it should therefore be possible to keep the cladding
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TABLE 7

COMPARISON OF FUEL-CLADDING CONFIGURATION AND
OPERATING PARAMETERS OF V-2C FUEL PIN WITH
THAT FOR THE PROTOTYPICAL EMITTERS IN
A 120 eKw THERMIONIC REACTOR

V-2C Fuel Pin

Prototypical Emitter

Cladding diameter 0. 625 inch 1. 100 inch
Cladding thickness 40 mils 40 mils
Fuel length 1.8 inch 2.0 inch
Geometric area per unit 5. 70 to 5 ~1 cmzlc. c.
fuel volume 6.91 em™fc. c.
Central fission gas venting No Yes
void in fuel body
Fission gas venting holes Yes No
and grooves in fuel
body

Operating temperature

Fission power density

Burnup

1761-1973°K

260 W/c. c.

3.0 x 1020
fission/c. c.

1805-1880°K beginning
of life

51-71 W/c.c. beginning
of life

6-8 x 1019 fission/c. c.
in 10, 000 hours
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expansion of a prototypical emitter to a minimum if the fuel body has a
specific surface area of at least 6.91 cm?/cc. and the maximum fuel tem-
perature is kept below 1850°K. The lowering of the fission power density
from 260 W/cc to 60-80 W/cc and the incorpcration of a central void in the
fuel body to accommodate some fuel swelling should further improve the
situation. Irradiation of prototypical emitters should be planned to evaluate
these possibilities. To minimize nonuniform radial distribution of fission
power density due to self shielding, it is highly desirable to use fuel of low

enrichment or to irradiate the capsule in a fast neutron environment.

If the 90UC-10ZrC fueled prototypical emitter is to operate at a maxi-
mum fuel temperature of 1873°K, the cladding temperature is estimated to
be no more than 1750°K. It is therefore necessary to improve the thermionic
performance at low emitter temperatures (circa 1750°K) to meet the design
requirement for the thermionic fuel element. The use of high work function
emitters for better thermionic performance, equiaxial tungsten barrier for
minimizing fuel transport effects on electrode work functions, and rhenium
coated niobium collector for absorbing the deposited fuel components and
thus maintaining a clean collector surface, are currently under investigation.
The operation of fueled emitter at lower temperature should help to minimize
fuel-cladding interaction. The results obtained on V-2C fuel pin showed that the
loss of tungsten cladding thickness at a fuel temperature of 1860°K amounted
to about 0. 10 mm (0. 004 inch) in 11,089 hours for a 90UC-10ZrC fuel of

C’U = 1.04.
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While the irradiation of V-2C and V-2D fuel pins was carried out
with the fuel in an inert gas (argon) of about a few hundred torr pressure,
the fuel in a prototypical emitter in a thermionic fuel element operates in
a low pressure (~ 20 torr) inert gas environment. Difficulty in the transfer
of heat from the fuel to the cladding causes the temperature of the fuel body
to rise to such an extent that appreciable fuel sintering and vaporization occur.
The loss of open porosity due to sintering is detrimental to the dimensional
stability of the emitter. The differential vaporization of fuel components may
change the composition of the fuel material in contact with the cladding and
thus the emitter work function. Irradiation of prototypical emitters is being
planned in both capsule and thermionic fuel element to study the effect of
gas pressure over the fuel body on the dimensional stability and electrical

performance of the emitter in the temperature range of thermionic interest.
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APPENDIX A

FUEL AND CLAD TEMPERATURES

Use was made by NASA of a two-dimensional computer program for
determining all fuel and clad temperatures presented in this report. This

.

program, designated as STHTP, * is capable of handling two or three-
dimensional geometries involving internal heat generation, constant or

temperature-dependent thermal conductivity, constant contact and film

coefficients and heat transfer between solids by radiation.

The as-built capsule geometry was laid out using 416 material nodes in
a two-dimensional cylindrical (r, z) configuration. Gamma heat generation
input was fixed since there were thermocouples included in the capsule to
measure gamma heating. The fuel heat generation (fission and gamma) was
then adjusted until the node temperatures at all capsule thermocouple loca-

tions agreed with the actual data within + 10°C.

>“Mollerus, F. S., Jr.: Steady State Heat Transfer Program (STHTP).
Rep. HW-73668, Hanford Lab., General Electric Co., May 12, 1962
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