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This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
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liability or responsibility for the accuracy, completeness, or
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disclosed, or represents that its use would not infringe privately
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otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
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The fused Huoride-Inconel reactor systerm was studied under 1rra-
diation with nominal 19 Mav detterons as supplied by the Barkeley &0-inch
cycloiron, Chemical, melallographic, wagnelic suszepbibidity, oleciron
diffraction and X-vray difiraction studics were made on the as-yeceirved

materials: oune vontrael rup and bwo irpadiated runs., No changes in the

fused fluoride fuel were nuted. Accaleraled infergranular corresion and
inereased grain sine were obgerved in the irradisted lncone! specimens,

This report is based upon studies conducted for the Atomic Encopgy

Commission under Cantract AT-40- 1w ?E.‘? 1064,

I, INTRQDUCTION

Ag part of the ANP Proyram, # sludy was underiaken of the fused

X

fluoridg-Incone! veactor sysiem under trradiaticn with neminal 19 Mev
dewterons, while mainiained at or near the ARE desipn condition of 15067
(8157 C). The objective of this project was the determinalion of: {a) the
possiple radiabion-~induced decomposition of the UF  -NakF -KF eotectic and -

{v) the zecelevated corrosion of Inconel by K}F Nab BE under irradiation,

Preliminary irradiaiions have been made witii the Berkeley 80.-.1nch
cyclotron, ulilizing existing capsule designs and apparatus with only minoy
alterations, Deuleran enposures of approximately 204 a hours on dhe tare
get weore obtained in twn cases and 3 third {eontral} run was made al the
garne tempersture without irradiation,

The fused {luoride mivture was contained in an nconel capsule ander
vacusryy and irradialed theough a window which was approxa z":::.‘ir::«'iy 3,005 tnehes
thick, The rapge of the deblerons bl the feoride charge was 6,024 o
0,024 inches, Tue approximate power densities in the two frradiais 1 rute

wers H50 and 1000 wolls/cubic centimeter

The detection of free fluorine fovmed by decompogition of the fuel

was abtterepied by placing & polished nickel rod in the capsule just shnve the

UNCASEIFIRR & 5 i
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fused fivoride., Any decomposition producis corlaming fluorine formed during
an irradiziion should renct with this nickel o form a very thin jzvyer of
aickelous flucride, Nif&‘z, This is the only compound formed between nicksl and

fluorioe and is very steble, having a free energy of formation of - 147 K ezl/mole.

The following analyses were performed after esch run as well as oa the
stock matevials,

h

1. Chemical Analysis, The fused fluoride charvge from the capsules
was savefetly analyzed for {a) vranivm and {luorine and (&} Uiz wajor son-
stituents of heorels mickel, chrominm and iron. The resaits of {a) would
provide an indicailon of the decomposition of the {luoride iy, whil
{6} was n megsure of the corrogion of the Toconel by the fused flucride, In

sddition to the above determainations, the stock material was also analyzed

for sodium end potassivm. A v b oo Bt

2. Metallographic Exaraipation, These studies consisted of an examina-
£;¢%9.t§§4a4hﬁ

tow of the Inconel windowAor grain-growth and/or corrosion,

3. Magnetic Susceptilility, Measureoments of wagnetic suscephibility
were propossd a5 one means for followleg radiation da-m:&g& to the fused fluc-

h

ride fuel, Bince the specific suscephbility of U Fq bout 10 = 10 Y, wihle
that of U‘E‘é is vanishingly small by comparison {-0,1 x 10 ‘? srnall changes in

4t tons wiight be detected, limited only by the pre-

A
(4%

the sitate of ioninstion of U

ciston of the measrurements,

&, Eleeclron Diffraction. The surisce of the nickel rod was examined

for Yraces of Ni&" % @ mezaus of detecting decomposition of the fluoride mix,

5., Kervay Diffvaction., Powdered flucride specimens were examinegd for

erystaliographic changes

I, EXPERIMENTAL

A. Materials

-

Two bars of wrought inconel were available, Capsule hodize were {abri-

cated from | 1/2-inch dameter bar stock while a I-inch bar was used for
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the windows, The composition of this material, az determined by chemical
aualyeis, is given in Table 1.

Thae fused fluorids sulechic mixiure was supplied by Gak Ridg
National Laboratory and identified as "ORNL Batch No. 1855, AR, Na. 60392270
It had a reporied nomiual composgition of 27.5 mole - % {JF s 2H, 0% BKE and
46.3% MaF.

MNickel vod, 99,99 per cent pure, was ocbhiained from Siground Cohn,

New Tork.

B, Capsule Construction

The compunent parts of 2 capsule are shown in Fig, 1, The windo
thickness was 00,0064 £ 0,003 inches, The uniformity of the window was deters
mained by messursmments with a ball oricrometer at sintsen gvenly spaced

locations. Any windows with thin speis were discavded.

The chamber jost behind the window coniained the fused {luoride mix.
tare, Tols chamber had » volaome of approximetely 0. 7% cubic centirmeler,
The nickel rod extending indo the {ree space above the fused {lunride mwtur
was metallopgraphically polished on the flat end surface prior fo being press
fitted o the rear ping, Singe the rod was net wn direct contael with the charge,
any corrosion obsevved afier 2 zun must have been cauvsed by {luorine or

volatile flucrides,

A
i
o
4
L2
T
Lt 4
34
i

The capsules were assembled by Haliare welding and all seals wq

fully leak teated for vacuurs bighiness.

-

C. Capsule Loading

Two aud one-half glams of the eulectic misture were used for eacn charge,
corresponding to & volume of €.54 cubic centimetar 2t the operating teraperaiure

3 2 rp . .
of 815° C, Only small (about ) rillimeter on a side) pieces wers used,

The asserobly and loading procedure was as follows, All Inconel surfaces
L L
were well cleansd with solvents and vacuum dried. The resr plaug was pudn
place and Izak tested. If 1t was nol tight, fne seabt and plug were rowaorked
A sy dioht senl was ohizdned. The piug wsas then removed and ihe
until & vacuwn dight seal ¢ oblnined. The plu th sved and Lhe

window Helisre welded into plaes (usiug <hiil blocks to pravent an undus rise
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in temperaturs of the faconel}. 'his weld was lesk tested and re-welded if not

sstisfnctory, The fused fluoride was then dropped inty the capsule theough the

stem end. The capsule was subseqguently nlaced in a Weoor tube which exiended
inie a furnace and waz fonnected $0 a high vacuum line, The temperatere was
slowly raised to 8507 go 575% C and held there for 15 to 30 minutes to allow the
minture to melt and flow down inds the window charmber, Some rigs in prassure
during iz process was noted, bul as the pressuare relurned fto near the original
valaz {about 1%"5 millimeter Hy) after 2 fow minutes at 350° £, ihis indicated

only an sud-gagsing of the mixture,

After conling o rotm temperabure, the capsuls was placed in 2 vacuum
B J . P ¥

-3 o
londing rig, evacunied to 2 pressurs of less than 10 7 milimeter *:?’ig?,, and the reax

plag pot ivto place by means of 2 modified sorew driver working thyough a Wilson

seal, To insure a tight seal af elevated tomperatures, the plug was welded tu
the cxpsule body.

D, Irradistions

The irradiations were made with deulerons having a nominal initial

energy of 17 Mev as produced by the 60-inch Berkeley cyclotron, The capsules
were mounied in a slpeve-shapsd henler of typse 347 stainizss steel, which was
held belweoen water-cooled electroies contained within 3 water-<ooled target! box,
Grade A heliure, fed directly from o gtorage cylinder ab a rate of several cubic
feat per hour, provided the circulating atmosphere which was isolated {romw the
cyciotron chamber by 2 series of two windows couvsgisting of one €, 00025-inch
tentalom and ons 0. 0014-Inch duval il The tanizloms {bil was sslected {or its

aigh meliing point, 1 was lecated 0. 922 inch {rom ¥ie heated targel, and iy

(R P S AR N L T TR U - I N T S W S R AN BTS2 RV - WU I L R S PN Y - S-L T S
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dering the vuns necessitaled inlerchanging the recovder units o oblan suilabls

control of heater power.

A peam {utegration unil was used o record the tobal exposure in micre-
ampere hours recelved by fhe {arget capsuls, This unit was calibraled before
and checked aller ench run to obialn e correct wial exposure on tue capsuie.

Since the vxpagure recertved only by the window was somewhat legs than the {otal

expesure, a correction factor wae applied by wee of the monitoring foil which

provided the necessary horivonial and vertical exposure profiles obinined by

suitahle slicing and counting technigues, lignment of the monitorinug proliles

were ﬁin Hy checked by comparison with auim&fimgr&p: of the sectioned window,

& £ T
A - ‘.

E. PFPast f“rmﬁs& vint Expminations

Following an irradiation, the vapsule was sel aside o permi_t deeay of
the short-lived induced aotivities, {Cag;su'ie No, 1 measured several R/ e
shortly after Et was removed from the cyclotron, but &’Te:(-aymi to 200 my/hr in
30 days. The ac chivitr of the fused flusride was only 1 to 2 mr/he when 3t was

vewnoved, the majority of the activity being in the Inconel window, )

3 g

The capsules were opened by culling off the vear plug with a pipe cutlier
a2t the indeniation nn the stem, The nicke!l rod was rermovad and storved 1o s
Avsicentad jar to awall clectron diffraction studies of the suripce, The window
was then cut off ip the gams mannsre and submitted for metailographic ewvamina-
tion, The charge of fused fluorides was ramove?d and fwo sraall (few milligram)

ay ditiraciion

¥

g

satnples wore used {or magnetic suscerntildiily measurements and

work, The balance was wsed fov chemical analysrs,

1. Chemical Aralysis. The chemical analybical methods used for the

Y

determinations in the U?émHFvNaF mixture were the {ollowing:

a. Potassiwrn, Sodivm and Urarduro, By one procedure, ine roivivre was

dissolved in perchlovic acid and, in sewguence, polasswam perchlorate and sodom
chloride were separated and weighed, while vrandum was hydrolyzed oul walh
hexamethylene telvamine, {ived, and weighed as U Qg. A mixbure of nitric and
boric acids resdily dissolved the comuplex., This method of solubhion was used as

an alteroate solution technique,

Urasniurn was also separaied and werghed as oxyguinoelnie,

f‘ Eﬁ
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., Fluorine. Ths sample was fused with sodiure carbonate, dissolvad

- in nityic acid and the {luorine precipitated as Jead cbhloride {luoride at b 3,6

nd weighed,

. Impurities: Chrominm, Mickel and Ivon, Using the niteic and bovic

Cacid solution method, iron and chromium were determined colovimetrically

while nickel was separalsd snd weighed as glyoxime,

2. Mebtalographic Bxarminalions, These studies consisied of ap examina-

tion of the seciioned fwconel window for sigus of gradin-growth or covrosion, The
windows were sechtioned vertically through the center normal v the face, mounted
in plastic, efched with & _glyrerine-ayus regia mjx;iig)am: snd exarpined, The zame
exarination, plus a pholomicrograph of the mutiide surface, was made on &

window which bad nol been uged for & run, in order 40 have a compavison.

3, Magnebic Suscaptibility, Measurements were performed in an apparatus

. which provided a constant magnetic fovce over a velume larger than the specunen,
snd. as a Tesulbwocuraie tormparitons of guscephbilitiab were ablained, The coatre
Bution of vaviable degrees df ferromaghetic impirity, thal wmikhd hove bean addad
on handling the specimens, was removed by making abservaticons in two different,
, pracisely known ficld strengihs above thail requlred for saturstion: e, g., 8,600

and 16, 800 cersieds,

Initlal shservations on chips of the stock material revealed n measuradble
anigoirdpy when the specimens were rotated in o magnetic fiekd, Differences
of the order of 5 par vent in the susceptibilily were shserved. From this it was
concluded that the crystalline forms present were nod entively of the wubic

gystarm,

To search for changes of less than 5 peyr cent due o irradiation, a more
complex procedure was adopted, Messurements were made of the sum of three
suaceptivilifies observed in mubually pevpendicular directions on the same

; specimen, The surp is known o be invariant, and independent of the degree of

anisoirapy,

. To give the specimens the cabical form desived for these ohservations,
waighed amounds of the powdered material were cast in stvrene resin, The cubes
: were one-ienih inch on edge and the (luoride weight varied from 7 to 1% malli-
g B

grams, The siyrens had s comparatively asgligible susceptibility,
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4. Rleclron Diffraction. The nickel rodse were faken fo the ARC group

at UCOLA for electron dif{raction of the surface. This work was performed with
an RCA sleciron micrescope egquipped jor diffraction work, Avn untreated nickel
vod was asad {or obiaining the pure nickel patiern, while one which bad been

treated with broming trifluoride was used to determing the Hi?z palicrn,

5, Xorvay Diffraction. Bzmples of irradiated, unirradiated snd original

fasad {luoride were sublected fo Xeray anelysis, Slandard leohnigues weps

syoploved veing a powderesd sampls,

ill, REBULTS

Three runs were completed; two irradiated and one control, The dala for

these rans are shown in Tahlie I,

The results of the chemicyl analyses are given in Table U, The error in
the uraniurs-flucrine ratics is 20,04, g0 thal these date indicaie that there was
ne change in thie ralie. A small increszge in the chromium content and slignd
gecrease in irvon content were noticed, The nickel content of the material frowm
the irrvadisted runs was only half that of the stock material, while the unlrradialed
control had denbled in nickel content.

e

Pactomicrographs of the Ingonel windows are shown in Figs, 2 through &,
The grain siss in the window aused for the control ran is similar to thai of the
original maierial, bul the grain size is much larger in the bwo windows whien
were irvadiated, The corrosion of the contrel window is very siight, but thers
iz considerable intergranular corrusion in the irradiaied spechmens, The out-
gide of these latler two windows also appear slighily atlacked, probably due o

impurities in the halium which flowed over the capsule during the irradiations,

The results of magnetic gsusceplibilily measurements on the fused flusride
fuel are given in Table IV,
The tsbulaied arrors vary becanssz the powdered and cast Sr;&Lt?.”}l‘.f‘Dﬁ
G TEYE
X ik
soeguived considerabls ferromagoetisry in thely preparation, ‘é’rer‘{ur‘ww Mhe pre-
cigdon of the determinations, The cube formed from one pwea of the stoch

materizl displayved a ferromagnetic contribution of less than ong tenth of

1 per cent of the susceptidility, thatl iz, zevo within the premsion of the ndividual
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force determinafions. This is equal o ose-half part per mnlfion of metaltic trvon
or iks ferromagnetic eguivaleni.

T

--..n.—

Differences between the material from run 2 {(heated ur iy} and run 1
v
f "

{irradiated and heated) are not io be considered signi

T s .v"y‘ o /7,.1%- LRSI W
AT, s ‘{' T ¥

Elecireon diffraction work on the nickel rods was invonclasive, Some of
the fuserd fiuo-ride roixture had distilled onlo the vods, bet very litile of fae
rods' surfave had any coating and only a few almost imperceptible gpols ware
cblained for & diffrasction paliern. The DrF, treabed nickel rod gave only a faint

patiern, No patiern was oblained with pure nickel,

Accerding to ¥-ray diffraction resulis, all of the samples (stock
material and charges from the three runs) were ldentical crystallographically,
A simple hexagon&l crystal structure with congtanks a * €. 20 kwand «© = 7, 78 kx
was indicated Dy a Hull-Davey chart fit, Fuorther work is requived io establiah
whether this fil represents » single phase, or a pure coincidence. An séieclic
mixture is indicated by the phase :iiag:rmns for the romposition used in the

presesnt experiment.

IV, SUMMARY

On the basis of the resulls from chemical analysis, magnetic suscepii-
bilily measurements and X-ray diffraction studies, there appears to be oo
change in the fused flunride fuel caused by deuleron irradialion in vacuo at
815° €,

Metallographic examinations indicate an increased intergranular corrasion
of Inconel by the fluoride mix under the above conditions. Considerable gran
growth in the Inconel was alse noted, These results could have been due to »
highey window temperature in the irradisted specimens, although the thermo-
couple just behind the fuel chevge might be expected to give a goud approxi-
mation of the fuel and window teraperature, Subseguent experiments may in-
clude a record of the window temperalure curing ir:'m:ii:s} icns. Unirradiﬂtaﬁ
"o 10007 C) to see 1f the

ffects noted in the {rradiated Inconel windows ran be duplicated,

contrel runs will he made at higher {emperatures {9
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TABLE 1
CE%EM?I(:AL AMNALYRIS GF INCOMNEL
Bar Use |81 % |Mn|Cr % | Cu | Few|Ti %] mia
i} tnetes] Capsuie | 0,18 {0.03 14,2 | 2.17 16.7 }<o.1] Balance
& Bodics
T-inch Gavsule | 0,30 10,068 14,2 G,15 14,8 £0.1] Balance
Windows




TABLE @I

g b T

IRRADIATION DATA

= N’i}&&}?’éﬁ . = son s == T
RUN DESCRIFTION IREADIATION CONTROL IRRA.E IATION
v Time 2t Tampervature, Hours ' 8, 5 B,9 2i.1
™y Tiene under }rrafﬁmttbm Hours | | i 7.5 g 12,2
; w‘{ni&ﬂxaifﬂ Bearm Current, {(Effective}, iga hrs 2‘3,’5 & 1%, 4
Average Effective Beamn Currend, fha 3,16 3 1. 26
Aversge Eifeclive Beam Currant Pevr ::mz, @af/cmz £,98 2 2.7 ey
Proubable Peak Beam CU!"Z‘?’WW, e, (Effective} _ 4,3 o 2.9 :".
Beam Encrgy Incident onCapsule Wi"n.:iéw, ;&’iev. ig. 9 Y 18,0 ceeeen
Bram Eansrgy Incident on Euteclic, Maw 13.6 o 13.1 e
m Averape Window Thickness, inches {cm) ' 0. 00608 {5, 0164} 0.008654 10,0168} {1, GBESE {9 01 6%}
@ Range in Eutectic, inches {om) 0, 0238 {0, 0605) 4 O §.0223 {0,045
Window Volume Irradialed, cm | | 0.90696 o 8. 00740,
Botootic Volume [rradiated, cen® ) 0.0274 4 ' G.,SBS?':“::
. Power Dissipated in Wi‘radm#, watts /om” {Avg.) 1998 ¢ B28 B :
NyPower Dissipated in Butectic, watts fem® {Avy, 1568 i 644 v
. s e 2 o2 5
Window Avea = 0, 250" high x 0.5825° wide = 0.1405 in” =2 §.9306 cm =

Tearget Avea = O, 125" hiph » 0, 55258 wide » 0. 0703 inz = (G, 453 cm

*This femperatre is believed o be Jow due to {aulty thermocouple cirsmi,

T ~OWHAN - EE- TN
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CHEMICAL AMNALYSIS CF FUEL

Run UHl FRl U/ Fa % Cr 9% Ni %

Biock e . Mot ‘s
Matergal | o0 | ¢8.71 188 0.01 Deteptos | 0014

i R3.7 4 28,7 b, B7 3.005% 0,02 0. o
. Z 53.81 £9.0 1 i,8% 6.0605 8.02 ¢, 27
3 53.7) é8. 28 i, 86 3.005 3,001 G, 05
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TABLE 1V

MAGNETIC SUSCEPTIBILITY MEASUREMENTS

o e
6 b 6 (b
Samople X, x30% | X, =10 | X, %10 XT x 10
Btock Material
{As Recsived, T 25 7.5 7.9 22,35 % 3,5%
not Fowdered)
Run i H.& 6.7 7 20.0 F 1%
Run 2 6,8 £, b 20.3 % 9%
Run 3 7.2 6.5 &.5 20,3 ¢ 2%
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Figure 2,

Photomicrograph of stock Inconel window surface,

Magnification 250,

o

et

L1 98eg

Z91-QINHW -dS-VVN

»
. ae

. -
']
Tavdun
save

) -
anndas






Figure 4.

Photomicrograph of Inconel window cross section. Run No. 1: irradiated
and heated, Deuterons impinged on lower surface. Fused fluoride was
in contact with upper surface, Magnification 250,
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Figure 5.

Photomicrograph of Tnconel window cross section. Run No. 2: heated
only, Fused fluoride was in contact with upper surface, Magnification 250,
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Figure 6,

Photomicrograph of Inconel window cross section.
and heated. Deuterons impinged on lower suriace,
in contact with upper surface. Magnification 250,

Run No, 3: itrradiated
Fused fluoride was
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