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which ia~uell aooye previously reported values. This high yield
atrengtﬁ is primarily dve to grain sice refinement and:not the -
interstitial | content. |
Ultra fine grained refractory metals, euch .a8 the V deposits

; produced in thie etudy. may greatly reduce void fornation and growth
v 1n 1rrad1ated materials in faat breeder and controlled thernonuclear

reactors. As void growth cauaes dimenaional changes and degradation
of nechanical propertiea 1n reactor structural components, it is de-
‘,:sirable to reduce*the_problem by removing excess vacancies (produced
by the neutron irradlation)‘which drive the void nucleation and
growtﬁ procees. A calculation shows that this may be accomplished
by ‘trapping thc vncancies at grain boundaries. For the V of this
study, at a. typical operating temperature of a controlled thermo-
: nuclear reactor firat wall (973K), up to 92% of the excess vacan-
‘}ciea are trapped at the boundaries for a dislocation deneity of 10B
em 2, This would reduce the dimenaional chanse by an order of mag-
nitude for a given neutron fluence. vwe suggest that EmPVD techniques
may be ueed to prepare fine-grained naterials having superior reeie-

tance to swelling 1nduced by fast neutron 1rrad1ation.
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Metals :l.rrad:l.eted by feet eeutrons between 0.3 ‘and 0.3 of the:l.r
abeolute -elting tenpereturee '1‘ swell by evoid fornetirm end growth
process as a function of fluence, tenpereture, gae covteut, end l:l.cro-
etructure. Thie 1e a nejor obetacle to dcvelopnent af faet breeder :
and controlled thernonucleer teactore, due to di.nenn:lonal chenges
and degraa-..ion of nechenicel propertiee of etructura:l, conponente.

In addition, . hydrogen embrittlenent end trenmtet:l.on (convereion of
one :I.eotope to enother) are expected to cauee problema. For exmple.,
- niobiuq one of the currem: reference etmcrural neter:lals for the '
firet wall of a theta—p:l.nch controlled thnmonuclear reactor (CTR)

design (F.'.,. 1), :l.s expected to euffer ewv.lling retes of 1-52/yeer,

a transmutet:lon rate (to. Zr, Uo, Y) of 1 4 et.ZIyeer, end 890 et ‘ppn/

year n produ ction ('I'abll I) et en ennuel fluence of‘i;' "¢4 x 1

om . 'I‘o euccesefull» : operate euch e reector w:l.u requ:lre developmt
of first wal mt rials that reeist ewell:l.ns, to n:lninize theds per:l.od:l.c N

and coetly Vreplecenent .
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f '['.l.‘he evaporant: was con- o

._\l..

: .‘.d:l.rect ot :l.ndircct rnuutmce hutcd uubltrnt:ea. The sub-

f:i-:ld- of i the s stram to nonitor condensdt:lnn 'tupnratute., . B

'.l'o lynthn:lze thue depoliu, the subltratu ure heated co the

fkf"du:l.rod depo-:lt:l.on tnpcratuu or to hut:l.ns the waporant b:l.l—




wvas v 0,3 mm, '.l‘hichnn varintiou- :.n ‘the ugc lcnsth wu'o ulully 4-6%.
‘ Vickera nctohardnnl m-urmnu wara takon on pol.:uhcd Iecalloguph:lc

spacinens, vith.ten :lndontationu ud. on both a lurtaco ang odgo:of uch
nnph to pcr-:l.t a -tat:ht:l.eal ttutunt. Bund tut: wcro pcrforud f '
accord:l.ns to ASTM cp-c:lf:l.cal:ion 3290-68 . _ |
‘The lattice paruetars ‘of lb dcpol:lta were. luturad for ulplu de- 3
posited between 673! and 1263!.» The roflect:lonq\_frun the ~(200) ;h:;oqgh _
the (400) peaks were uud, hoht:lng the K, sod X 02 "r‘c‘ﬂictioi’u Va.i:‘co‘rd'-
ing to the Rachinger tcchniquc. - The Nel.aon—nﬂey extupoht:l.on function
was used to obtain t:he ht:tice parlnetcr,l' ellpJ:oying a 10591‘:‘ lqun_rcs .fit} '

in each case. . L 9...-,'

RESUL‘.I.'S AND DISCUSSION

Ilpurity eoncentntiona :I.n__‘hc evaj "nntl and deposit-, are reportad .




and evaporant composition is the oxygen .content (mm 1I). The in-

creased Sxyg'oni content of the deposits-is consistent _lv:I.th the predic:ions’6

that a Mo u].'f. will dooxidc' by !brouboxi.cic volatitilization, thus trans-
fcrr:lns oxygm to the dcpoa:l.t and ruult:lns in a higher content relative
to the _gvgpo:nn:, The hishct :l.-pur:l.ty contonn in the Mo-A-5 dcpoa:u:
-ldn frm 'rhcm khcttop -mek as ‘compared to [ Mo-E-3-3 made from
CIMHObedanul q('..oek‘mgutl that the vendor analysis supplied with
H the for:lu:‘ is incorrect.
‘ luob:l.\n. The chemical mly'l:ll‘ of niobium evaporant and deposits
© (Table II1) ahow a marked pickup in 0 and Ta in the deposits. This also
agrué v:il.th thc pted:l.ction 3,6 of sacraficial deoxidation of the melt
-' by tl‘ao lnd NLO volatﬂ.:lut:l.on, thus concantrating oxygen and tantalum
‘:I.n thc dcpoc:lt n lho\m :l.n thc lnllyl:l.l.
. Vaud:h-. 'I’ln oxygnn contniution of vanadium deposits during de-
o poo:l.t:l.on u due to uenﬁcm dooxidlt:lon of MoO, as svidenced by the
lybdcnu- nnd oxygcn eoncentutionin t:ho deposits. Molybdenum has a
mch lonr_ vapor prunuu clun vmd:l.u- and thcrcforc the Mo concentration |

__cpos:lt cnnnot bc duc to cvapoution o! Mo atoms from the melt.

m -otpholozy ot dcponitc :I.a atrongly 1nf1uncod by condcnution

u:m‘ Huvchm and na-ch:hhin 7 thud th- tqcratutc de-

'f lorpholociuvof.'li, 'l'i, H. Al.z )3s and z:oz d.poo:l.u. Bunshah

o :un' found this .m to spply for T4, Wi, M-20Cr, snd TC.




it
They found three Inrpholozy :onu dcpcndont on ho-olaxoul tnplnmre
(Fig. 3), with ttmit:l.on t-npcum'aﬂl and Tz bcmon the .zones of
1 0.3'1' and 1'2 - 0.3-0.45! fox' utalc.- Zone 1 (T<0.3'J.‘ ) has a
domed-surface structure w.tth tapcrcd sra:lnu, the do- d:l.au:cr 1.ncruc:l.ns
with temperature. Zone: 2 (0.3'1‘ <'!<0.65-0.5'I ) cxh:l.bi.ts n~eolu-m.' guin
morphology with a mot.h matte lurncc. In zonc 3 (M.AS-O.ST ) nn
squiaxed structure in both lurtnca and cross nection wu reportcd. _ Such

transition tonpouturucnlenlat.d from thc:h: -odcl far netal: of :Intcrut -

here arn g:l.von in Table V,. .
Holybdcnnl The rang. of depmli.t:lon tcnpeuturu invut:l.gltod wu 673 to

1263 X. PMgure 4 ohon thc chnuct.rictic do-d uorphology u prod:lctnd‘ :by -

the Movchan-Demchishin -odcl. At highcr tupeumru. the colulnar -orphology
characteristic of zone 2 is to be- oxpocud and vas confirled :l.n the invcntiga—

tion for deposition t-pcraturu of 1188-1263 K (0.41-0.44 'I' ) with thc zn:ln
size mrmm with tqeutuus ' Hanvcr. in the zange 973-1188 K (0.32-0.44

T-) epitaxial growth oecurud on. th. rolud Mo nheet nub-tute. and the‘snin
moxrphology was idontical to thc elongctod gra:ln -tructure typ:l.cal o£ rouod |hutj‘
with no increase in :uin diautcr w:lth tqcratute. l':l.gure 5 shm a‘mtacc -

gous temperature nngo ¥or hnvc oxamlu ‘o7 cp:l.uxhl gx:owth o! ch:l.ck.depoc:lt- '

been rcpottul.

mbn-. When dopo-:tud at o.37r (1023:). uouu- uh:lb:lt.d an cquimd
structure in both surface nnd cron ucthn (:l..c.; a m 3 mrphlou) ; ‘ "
rather than the yrod:lctod eon-ur -o:puol.ogy (u;. 7). nu .uu .u. o!j
mmiuamma-w.n-. | R _‘ 'f g
" Vensdium.' The mm mn.q at 540: (o.srr ). Mﬂn
dmmmmwmldngnhcmof O.TI-hthphnofth t-:u

,(u; 8).‘A1ﬁ¢o£—11p1ﬁolumhwmmm“ '
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lhchan:l.cn Progcrt:l.u
i l\blybdnnul. -The- yhl.d and ululuto tcnn:l.lc strengths are prueated

as & function of :l.nmu lquan root of grn:l.n diameter :ln F:l.gs. 9 and
~;;.10 l'o:lll weu tutad ati cronhud npuda of 0.05 and 0.005 cm/min to

_ ':l.nvuuutc f.he effcc:.ofv- s:u:l.n un on tens:ue propcrt:l.ea. Hall » .
”and Pctch 10 propoled tha following nht:l.on between grl:l.n size and yield

or ﬂov streu of polycrystallino lonll-
o=09, + kd 1’ 2 1)

where - ‘ o= yicld 0T flow streus,

uo- function’ ‘stress,
k= Ball-Pctch slope,

d= grain duutet.

Mo- obcyo th:lo relnt:l.oulh:l.p for ynld and fnctun at both crosshead
opnds m eonsmto % uul k, obu:lncd from a least squares fit, are
listed i.n hbh VI \d.th other. uchan:l.cll ‘property data on Mo deposits.

’v m probh- of npauting th- ctfoctc of strd.n rate and impurity con~
| tent on y:l..:l.d and un.:l.lc -tungthc 1: utroducod by the substantial differ-
neu :ln pur:lt:l.u of dopoo:l.to tutad at thc different crosshead speeds.
ro:l.h mthuizod !ro-hm noetm mpornt stock wers tested at 0.05
on/uis, snd those from the purer Clinex Mo at 0.0003 ca/min. Briggs
| -do-qbc.uufo.um1my1.1a-tm.o£w:oury1mu1yn:h
th ln' of stru.n ntc at roa- uqoutm, with &' ll.op. of 7.5 hl-
logue Hn“thtﬁhhlﬁformdquiuduurm.
Mﬂtrmmtnmmncwwwumdlton
Mwhuuhmo. tbncahonldh?.'ohl- gruurnt )
-o.os-lﬂ-u--to.oos-i-n m«mwmn.sw- |
mzﬂmmmhhummrmdhuntumw:ud
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the fact that the normalized crolaﬁnd opeed (op‘udlgaso length) is
somevhat larger thao tho tnie strain rate. The rotuito of t}tl.,o work are
consistent with those previoosly 'rooortod. 12-15 44 larger strain rates |
were used in thoae :I.nveat:lsations, thus :I.nereaa:l.ng o . -
Upper and. lower yield strengtha previously teported for Mo 12415
7 were not obaetved in’ the atudy. ‘This may be due to a pre—strain -"'eff'ect .'
. introduced while. flatten:l.ng sanples in a fixture at 473—573!! to hold thel
in place while mach:l.ning tens:l.le specimena, thus obliterating the yield
po:l.nts.

Niobium, The'y:l'eld otr‘etigth's of niobiimi deposits are ‘ptesented‘in‘;a
Boll-Petch plot (Fig. 11), vr.l.th tesults on wrought nater:lal included for

coqparison. A wide tange of Ball-Petch pnranetets 0 and’ ky have been

obtained 16-22 due to: varyi.ng etta:l.n utoa and 1npurity contento of the

test qpee:l.mns. s:lnop:lak 2z reviwed tho effoct of oxygen»and nitrogen, L

the most prevalent intetlt:l.thls, on [ and k . He concluded 'that the

:lnctoue in yield cttongth for contu- "'oined opoc:l.-one was 2 x'.10 2 r

wt. ppm oxygen and- 4.14 x 10
creasing o, mdlont:l.ngk .v
stress to vary non-l:l.nutly w:lth ]

strain tuto.

these results.

be due to the same pruttn:l.n
de:lu. !':l.guto 12 pr
with findings of prcviouc ctud:loc

A roportod by Lindley and &dlun appurs toboducto thoh:lgh

'I.ho abuuco of uppor and lont y:lold po:l.nt s thought of‘ e
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content (1700 ppm) of their samples. Elssner and Horz 24 determined

that the lower yleid of the recrystallized material obeyed the relation:
I 2 .
‘_’_LY“B"" ) = 3.0+ 2.0(:“ + 5c.oco (2)

vhcrc Se 0 :ls the value of Oy for zero gas content, and ON and c are
the nitrogen and oxygen concentrations in atom percent.
For a dcpoe:lt containing 84 wt. ppm nitrogen and 470 wt. ppm oxygen,
thc :I.ncrcase in yield- fron the last two terms of Eq. (2) is 7.6 kg/m .
ktrapolct:_l.onof the q;ta_of D. H. Sherman et, al. 23 to d -y, 38 mm -1/2
(thi’a vwbrit) and adding thc impurity correction from Eq. (2) results in
.a.cvalculated yield of 35.6 kglmz. This is only 0.5 kg/m below the
B msured y:l.eld, well with:l.n experincntal error.
None of the ‘samples. was loaded to fracture. However, one was strained
‘to 142 clonsation. ‘This :I.s scmewhat wore ductile than the 122 strain re-
4 Vported by Van Fossen 2 ’ for d” l - 7 3 -l 1’ 2 at a stra:ln rate-of 0.00SIm:Ln.

“_.It cupcres favorably w:lth L:I.ndley and Smallmﬂn 8 range 26 of 6% to 22%

'ford 172, =197to116m1’2

llardness

Belomyteov‘:et. al. {_27 -casured the nicrohardness of Mo con-

olybdenum.
Ll oo rate temperature. The ha‘rdnese

‘ well w:l.th' ,hosc of Paxton and Sheehan 28




who rcpotted a V:I.ckcrs hnrdncu of 120 kslu- for a 350 ‘Wt pp- oxygon

content .

deim. An:l.lotropy :I.n lurdnun wu obscrved Thc nvcngc licro-

ﬁhardncss 1s 115.3 kghnl on the. -urfae- and 107.7 kg/- on che cdge.

N f"' Bend Ductilitz

Holybdemn. The bcnd duct:l.l.:l.cy of. thc dcppn:l.cs vas 1ov, w:l.th :

- elongat::l.on under 12. The percent elongation 1s.

E = 100'1‘/(1) + T)

deposit + subatrate' '
D nandre]. dimcer. :



A

. J.
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grain boundary area and hence the effectiveness of grain bound-
aries as vacancy sinks :'iel_.et::l.ve ‘te d:l.eloc_at:l.ons q_?x‘d, vo:.l.da..‘_- If
one can bias vacancy migration t:o*.'sinke other than voids, one re-
duces the void growth rate. | o
Harkness et. 31;33 .have deveidped sink terms fde’sc;:'ib:\(vng vt:li‘e '
flux of po:l.nt. deie..ts to vo:l.da, d:l.slocetions, grain boundatiea,

at_xd precipitates. The reletive eft:lc:l.ency of a sink :le sinply:
i ‘."v,‘ji "" Qv,j/ }i: Qv,k ' (®

where fv j is ithe efficiency of sink j, and
. ] .

Q,; is the flux of vacancies to sink k.

Applying (4) to thege flu:;‘:em..» 33 one obtains:

£, = (L +TLRER /3 1n(R /R) +2 "vavngkal (5
- fv’di [ +3 1n(R,/R )/nm R+ Lr X 1a(r /)17 }{?(6)":_
9, votd = [+ 3/2mmk, nvx + I./2vav1v_!"n mort 91‘(7’) "

where Rg = grain rad:l.ua - 3 5 x- 10 =3 cm for the V ptoduced in thie‘ -

study,
ll8 = half the average epaci.ng between point: defect sinks
- 3. x10° 6 ca o
R, = core tad:l.us of a dislocat.ion - 10 cm,
R, = woid radius = 1.15 x 107 ™6 ca at 873%,3* |
‘X, = void denstty = 3.2 x 10" a3 at 873%,% and
8 2 ' '

L = disloeation density o 10 cm




, =14~ )
Solvi.ng the ebove equat:l.one. the sink efficiencies for vaned:l.un

at 873K with a grein s:l.ze of 0.7 ym ere.

fgb = 92,32 ' - | (8)
£41s - 0.3: . (9)
£rosa ™ T+4% : o)

‘ vo:l.d

*

The void deﬁeity eipetimentally obteined by Wiffen® was

adjueted to account for the presenee of a void depletion zone ad-

. ,jecent to the grain bmndary.;’s

Por the same naterial w:l.th a high d:lelocation density of 1010

cm 2, at 8731( the efi-:l.cieneies beeone' -

£ " 7078; ‘ ’ Qa1
_fdis‘-Pza.zz‘i: o T Q2)
; tvoid = 6. oz _‘ B Qa3

. Fro- th:l.s eelcuhﬂ::l.on we ‘gee" that the gra:ln bouudery area traps
' the bulk: of ‘the’ exces- vacaneies, reducing swell:l.ng by 70 - 922.°
.“Thi.l effect hu been etper:lnenully demnetrated by s:l.ns'n w:l.th a

. fine-grlined mtenitlt. stainlees steel. If one can produce depoeits
_of refreetory -etale with th:l.s very mll grei.n size,. then the prob-

- 1- of vn:ld fotlnt::ton end grovth in reactor atructurﬂ mter:lals '

uould be grutly nlleviated.

3y
YR
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Caption 'I_;Qsend

Reference Thets Pinch Reactor. ctos__n'iéct:l.on of torus
(right); radial blanket segment Cefe). |
Schematic of deposition setup.

‘Structural zones in condensates (after Movchan and
Dgnehishin’)‘.

Surface of molybdemm deposited at 873K. Zone 1

. morphology. 1570X.
Surface of' wmolybdenum deposited at 1073K showing slongat-
ed grain norpl.:'ology.i 408X.
Cross section of ‘molybdenum deposited at 1073K showing
epitaxial growth of gw.m 540X.
Cross section of nfobium showing squisied grains. 500X.
Trln—illim electron uéroirlph of deposited vanadium.
34000X. '
Yield strength versus inverse square toot'bf grain dia-
meter for molybdemm. '
Fracture strength versus inverse squars root of grain
diameter for -olybdm.
Yield streagth versus {nverse square root of 81'81!“‘1!-
meter for aiobium. ‘ _ R
Yield streagth versus iunruj square root of grain dia-
weter for vanadium. ’ -
Lattice parameter of -olybdc.- coﬂmtu versus sub-

strate temperature.




TABLE 1

Miobiwm First Wall Parameters for the Controlled Thermonuclear Reactor

Definition Value
Flueace of 14.4 MaV neutrons 2.8% x 102 /ca’-yr.
Beliwa production 270 at. ppw/yr.
Eydrogem production 890 at. ppa/yr.
Transamtation rato 1.4 at. X/yr.
stem displacement rate 120 dpa/yr.
Oparatisg tempsrature 773 - 127X
Wobiwm m. 0.100 ca
Alunine imeulator thickness | 0.030 cm
Ingide radies of aiobiwm well 50.00 c=
Maergy doposition 494 I/cn’

Maxingm tengential stress 15 kgI-z



TABLE 11

Chexical Analyais of Molybdenum Evaporants and Deposits

Tharao ncctron]'

evaporant stock

m = ©o O

9

2

1
Cua -
e k]
) 8 -—
81 20
b e —

(ppm by weight)
Deposit Mo-A-5
(fxr. T. K. stock)
70
750
25
23

10
95

147

Climex Moly.
evaporant stock

40

uug

10
37

e

i

Deposit Mo-%-3-3
(fr. Climex stock)

0
150
8
8
&5

10

-1~
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IABLE 111

Chemical Amalysis of Niobium Eveporant and Deposits

(pym by weight)
Teledyne Weah Chang Deposit
evaporaat stock W=A-2-2
s 80
<50 350

§o88EE 8808008888088

-3

§188RAB84%80508840808

Deposit
¥o=A-2-3

70
360
8

k 74

<20
<1
<20
<5
<10
<20
<40
38
<30
<20
<20
50
<20
<20
38
10
826
56
<20

324
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Deposit
V-A=-3-3

140
540
99
9

70

<1
<h0
<50
<20
<20
15
<1000
140
<1000
<50
<100

TABLE 1V
Chemicsl Analysis of Vanadium Evaporant and Deposits
(ppm by weight)
Teledyne Wah Chang Deposit
evaporant stock V~A-3-2
125 120
110 470
110 84
<5 19
88 72
<1 <1
<Ah0 <40
89 53
34 <20
<20 <20
<20 120
<1000 <1000
539 . 135
<1000 <1000
<50 <50 -
<500 <100
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TABLE V .

Morphology Zone Boundary Tmperdturesl

Material Zous ) Zone 2 Zone 3

_ am (2) - :
Metals <0.3 7' 0.3 0.45 T, 0.45 T
_Oxides 0.26 T,  0.25 - 0.45 T, 0.45 T

1 #rom Movchan and Demchishin’
2 %. is the ahnoldtc melting temperature

Cllcula;pd Trlnsition Teaperatures

Molybdenum  2610°C 592°¢ ~ 1024%
2883 X 865 X 1297 K

Nicbium 2468°%c 549% 960°C
2741 K 822 x 1233 X

Vanadium 18%0°c 376°c 700°¢

2183 K 649 X 973 K
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