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A STUDY OF LEFECTS PRODUCED IN TONGSTEfJ BY 800-MEV PR13TONS USING rIELD-ION MICROSCOPY*

David J. Fa-num,
●*

Walter F. Somner,
● *h

Osmn T. InAl,**

ba Alamon National Laboratory, Loa ALamos, NW. 87545

kfects ~roduced in tungnten by 800 HeV proton bombardment have been studied on the atomic ●cale
wlLh ● Field :;n~~~r::~pe. The material was ❑ubjected to a fl”ence, an meaaured by
radlachemiatry, (.0.1 dlsplacemento per atom) at a temperature of 300K.
concentration of 10 A ‘“”Wwas observed (calculated thtrtmul equilibrium vacancy concentration la -10
at ● c~lculated temper~ture of 300KJ. ‘0 Va=”n?+e” ~=r’ obnerved in the unirradiated samplea.
Since vacancice are eanentlally immobile (Dv - 10-’ cm /see) at the irradiation temperature used jn
tnls study, it la believed that the observed concentration are those of the radiation produced
\acancfe# that did not apontaneo.)nly recombine. The observed interatitlal concentration ua~ lower
than the vacancy concentration consistent with a hlgt,er diffuBlon rate for interatitiala.

Mdltlocally, n depleted zone was obeerved conaiating of approximately 300 vacancle~. This
“voit” vOl~e lles along ● [121] pole and ham an elongated shape. It is Postulated that this
damaged region was caused by n recoiling W atom after it had undergone an “internuclear aacade”
after collision with ●n incident proton. Thin type o: defect may be the nucleus for subsequent void
growth wl)en the Irradiation Is carried out In the void-growt}] temperature regime.

The irrndiatlon wan conducted at thL Clinton P. hdtiraon Ima Alamo@ fieaou Phynica Facility
(lMfPF). ‘fie Flrld Ion Fflcroecopy wan performed with ● microscope at LAflPF that in dedicated to
otudies of trradlatcd material. The study forma a b~sellne Ior other planned experiments at LAffPF
vfrlc.h alm to provide f~rther un’3eratandinR of the atomic-acalc dnmaRe caused hy medium-enerRy proton
bcnme. The application of medium–energy ~roton damage aa a ulmulatlon frr
in t!nrounte red in advanced energy uyatemB such an in magnetically
lhcrmnnurlear react(rrm, haa been nddresa?d ● lmrwhere.

1. INTRODUCTION

fiaterlala auhji-ctrd to t~radintlon

en\,lronmrnLn fwve been otudlcd LO predict their

phynlcal and morpl)oloRlcnA chnnura. Irradiatlnn

of metalm reriuicn in the production of point

rf@felLm n\ld LrmummuLnLlon I;rod,lrtm. Subneque~t

lilffulllon or Ille rmdla[ ion-produced drfoc.a

Ecncrnlly Ienrfn LO ❑ lrrontrurttlrnl cIInnErn in ●

rrnlrrlnl Wti’ mttrndnn[ mrrllnnlcml nnd phyaica]

prorvrLy Cllhnupm.

TIIc life of [I,r flrmt wmll W1lI h. drl.rndenc

on Lllr grnernl I,BII ❑nli t rmnm~>orl t.)f poln[

drfec(m, Iml,la[itnl iof) 01 :vmn ic>nm, nnd ryrlic

~I14(~rk p(rr,~rm”o”~ ,Irtdcr i I,F n,,mpl(.rn of tlIr Un] ted
S[n[en I)rpnrturnl nf f?(,ergy
*6NPW m~xlc,, ln~( [I,, (c ,,f H!nluk all<: Terllnolo RY.
SOC4>1r,>. Nov tixlcn
***[J, a Almmitm Nml I ‘I16! [al,<$~p! (>JY, ,,0- Alamo~,
N-w %.! (-,,

fatigue reOiaLance of

-.
14 UeV neutron damage, aa
and inertially confined

t hv firnc wall andfor

cOatfnRm, cauned by radlntlon and thr attendanL

th?rmal cyclic mLre>n. Tl)c klnct!cw of

mlcrontrurtural evolutlon uncle r irradial Ion

requires thr deterralnntlon nf the rate of

trnnfiport of thene defectn to ❑ inkn such ● m void

nuclri , dinlocatlonm nnd Rr=ln houndarleu. Thi#

.-ate Is jn turn depend?rrc 1)n thr’ rate of

production and concenLrmLioll of point defecL~.

n) P ❑ c)mt impor[mnL conmideratlorr for

●iItimaLlr,g mlcrontructurel ●voluti[)n kincclca 10

Lhr cclncrn[ rmLlon of l,olnt drfrrtm (VnCllllCie13

mn(l lnLrre[ [t Inlm) ●nd lile L#-:41,rrntu1-e. in m

mrlal urr<ler trradintion. tl)r ,-(],lrrntrntlnn of

point Ilefmcta cmn chanu~ wlt II t Imr dvp*IIdl TIg on

I he rmlv of prod)tvl [(III, mllnc,rp[ Irln ml nlnhm, nn,l



temperature of Irradiation. The number of point

Iefecto grnerated IS dependent upon the flux of

parciclea, the interaction crona-oection ●nd the

●nergy transferred throush Collioinno. The

total number ponsible I- deocribad by the

(’tnplacementa pr ,c- (dpa). Thin number

includes che number which recombine in the ●hort

period’ (<10 -12 secoudc) foliowing an initial

displacement caacade and/or thermal. @pike. The

nu.~ber that recombine 18 important in

determining the number of point defectfi which

remain and ire ●vailable for diffualon. It hen

been theorized that aa few aa one percent of the

point defecto predicted by ■imple cmmcade theory

●ctually rrault in observable radiation

●ffects.
2

The vacanciea which ●re obaerv~d in this

●xperiment are uont likely those which did not

npontaneoualy recombine following ● csmcr.de

cvenc. The other ainkm for vacancleo ● re

●ffectively eliminated from contributing to the

reduction In r’~e number of vacanciem becaune of

the low diffusion rate of .qcancien in tungsten

at tl}e temperature of Irradiation.

The thermal vmcancy concentrmtlon cmn be
3calculuced from:

cv ? exp(-P,F/kT)

where Cv f- the thel al ●qulllhrlum vncancy
~PConrentrntlon, . im the ●ntrgy of formation. k

in Boltzmolirl’a conmcnnc nnd T In thr L@mparature

in K. For rungotell , the Vmlue of Ef’ i.

mp,lrnximmf~ly 7.1 9V. I-i.mmm walsbmm .{-1{1, –—— -

Lhr I mal vncanc-y roncentrmtlon of ,()–56 *t 3r)oK.

Cl rrn tllfn 1(IW Clllctllnt-d thrrmal vacnnry

cnnrrnt rml [on , (IIC vrncanclem obnervrd arm ~nt

Ilkely IIIr renul[ of Irrsdlntlo,i. Th* vmcmncy

dlff~lnlon (.(~pfflrir[l! mny b- ,-mlctllatrd frmm: 4

1),, - llv,,rxp-P.m/kT)

●nergy for vmcancy mobility in aV. The valuen

!02- tungsten are: 3,5

Do - 3.5 x 10-2 2 ‘1co ● ec

Em - 3.3 av

k - 8.6 x 10-5 ●V/K

T- 300K

At 300K, Dv is found to be 1.33 x 10-57 2 ‘1cm ●ec

and from x = (bDvt)0”5 , where x la the dlffualon

dlotance, it im ●stimated that the vacancies

will 90ve 1 lattice apacifig (3.165 A) in 6 x

1033 yearn. This ●xtremely ●t-all value for the

diffusion distance lndlcatea that vacanciea are

Imobile ●nd will not diffume for the cond.tionn

of thib ●xperiment.

The ●quation which deacribea the

concentration af vacanciea due: to irradiation

Ie:(b)

Cv - (1 - C)P -tic,cv - CvDv(4wrvN,, + ZVIP:

+ 2m(ri1Nil + rvlNvll)

+ 4wr N D Co ●xp((2y/rv - Pgjb3/kT))
Vvvv

+ ZvCvD~(o~ + 2m[ri1Nile~p(–(r,f + Fel)b2/kT)

+ rvl~vlemp((ymf + Ft1)b2/kT)]).

This ●quation describes the dource~ of vacanciea

from irradiation and their pomeible mlnkc. The

symbolm’ meanln~n are dpflned in Table 1. Thin

equation can be ●lmpllfied for the condition- of

this ●xp~rluent ●ince D,. is very umll ●nd the

flucnce wam low. Tht ●quation reducem to:

~
v - (1 -C)P -ncl(v



11. EQuIPHKm

ha ●quipment usr hlo study W#O ● Pieid

Icn Illcroocope. Tti& Almmom, Clinton P.

bdaroon He-on F%ysicm ‘icy, (IAKPF), mm

tbc courca of proton- umed A he irrndlmtion.

2.1 Field Ion H.icromcoP

I%e Fiald Ion PUcroscopa wae ~ lit ● t the b~

41we Naclonml hboratory for .he ●tudy of

radiatioo ●ffecte to wterislo. It 1s ●

●tainlams steel ●yltam con~Iscing of two cold

trape which une ●ither IIqulu nitrogen or liq,lid

helium ● m the crycSenlc llquld. me outer cold

trap pre-coolm the tizging W- while the iuner

cold crap COOIP the tip. A ticro chmnnel plate

(XT) io incorporated Into the ●ymtem to reduce

photographic ●xpodure time ●nd Allow for

controlled field-evaporation of the tip. ~o

●ymtem Im diagrawd in ?Iguia 1.

rv
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TABLE 1

*old radiue

number of woidm

diffunlon coefflci-nt

concentration

●urfaca •rrarc~

Internml gas presoura in m woid

Burgerm vector

Frankel pair productlnn rata

ramcmda ●fficiency for producing

wacancy loopa(c (< 1)

temperature

blare fmctor

dlr*rt recomblrution coefficient

■tac~Ling fault ●nergy

●labtiC retrain ●neray of ● curwmd

dimlncmtlan

n~cwork dlslocmtion linm lmn~th

■uperucript for thermml ●quilihrim

2.2 Irradlmtion

The irradiation wam conducted with the LMPF’

bmem of protnns in Line D. The ●rerage

lntenmity of the bemm in thla ● rea it 2 MA. The

calculated temperature of tho ●pecimene sc thin

currant ia ●pproximately X3CK.

111. PROCCDUIU!

Tna aperimental sequence i- km followe: 1)

irradiation of the annealed tungmten ●nd

companion aluminum wiroc; 2) imaging the

irradiated tungoten wire ●nd the unirradiated

control in the FIM; 3) ●walumting any induced

dmmege; ●nd 4) obmrrving the tranamutntion

22Ne by it? decay in cheproduct ●lutinum

●mmpla, r.sasuring an sccurate fluence for ths

tqmtan.

3.1 Speclman Irradiation

Thin

tungsten

pre~aure

htmting

wirac (7.6 x 10-5 m dismaccr) of

were vacuum ●nnealed (residual ~am

< 10-6 torr) for one hour by ramimtiw

co approxiutmly 2300K prior to

~<::::’::’’’’:”’:”
IL ,,,.-,,,.,.l. rmr

%’A
.—1 1..

—. n- .“” ”’””’;:::::”’.:.+

d.;,/’ –::;:::’.:””’-/ .....
,,-”, +>51 J:‘:3., (!-

‘( ‘-”-’-- 6’ ‘( \ I . . -—–x-

T\
,Cz, ---

\

.

\

,.. ,! 1.?
,, .,,

-,, . . ...!

/,~4fl:~\ ..,..,-.r...’. . . . . .

. . . . . . . . . . . . . . ,

6., ,.” ,“-,



irraulstion. The wire wam ●ectione~ into 7.6 x

10-2 n lengthm ●nd mounted in ● holder (Figuro

2) for insertion into the proton bream for

irradiation. ICec:, tungmten somplo was rnuppliad

with ● comprnion •l~ln~ umple to detemlna ● u

●ccurately meaeured do-e by determlrution of the

●wuut of
22 Ne produced in the ●lumlnrm.

3.2 S~cimen Autoradlography mh

tidiochenlatry

?ollowlng Irrsdlmtion, the ●pecimene were

removed from the ●smple holder. They uere

placed o~ ● photogra~hlc plata ●o that the

rarlloactive transmu!atlon Floductn ●xpoee the

film. The reeulc 10 ●howu in Figure 3. This

procedur? determined thr region of N8heat

●ctiwicy ●id therefore the higheet fluenca.
22 Nm in e tranemutetlon protiucc which men

occur by t’ne ●pallatlon of L helium ● tom frm

aluminum. From the mctlvlty of thlm product and

from the known croms-oectlon for its production,

c he flue~~ce can be determirwd. The

displacements per ● trrm (dpa) cmn than ti

calculst~d for the tungtiten yielding sri implied

damage lFVC1 In the tungsten. Thle procecn tuc

been dcscribcd al.ewhere. (’)

Flgurm 7

!i.lit-bntlc of trind:nLlcn ●rr*nR*Unt

Pigura 3

Al~coradiography of W tire

3.3 Specimen Propmrstion

Tile tungcten wire wam first ●ectloned mt the

center of the ●rea of hignemt Cluence mm

determined by mutoradiography. A cmmple was cut

Croo the cantrr (0.5 cm langth). This wae

attached with ● silver pemta onto ● ulchrome

wlrm loop. The wirm loop, in turn, -- ●70c

welded onto m 3.18 x 10-3 ●ceel rod which could

be lrrmerc~d into thm tip I.)lder in the

micromcopa. To ●chlevc a .uttabla ●nd Ioru, th<

tungnton wan ●lactrochemlcsily pollmhad in m 1 W

~otmmnlum h~droxlde ●olutlorr uelrrg 2 to 6 voles

A.C. By rrl.?ecad immermlon of the ■ampl.e into

thm ●olutinn, ● ■hmrp, conical ●nd form could bm

●chitvmd. The tip form-d Wmfi cimually checkad

● t 160 1 in an optic-l mlcroncopa co werlfy i.

•t)itmhl~ sharp ●.rd form.

3.A lm~ln~

m- (PO wra lmag-d in thm FIM at liquld

nftroficn (7tlK) cempmrmtura. Initial ●ymtam

vacrrum wan 10–8 corr. l%- lmmglng gnu usmd,

hellum. -S he.kflllcd into tho ●ymt,m to 10 -3

torr.

~.= ~~F === c=:l~~$~~fi=~ %Y f:=~d =::Pc~=~~c=

In the ?IM to ●rhlavm ●n st,,mlcally emootll ,



regular ●urface on the tip. Thie surface, and

●ach subsequent (110) la~er waa photosrmphed.

xv. EESULTS
4.1 t%ttrol

To ?erify ttut any defecte obeerved were moot

likely the result of irradiation, ●eversl

control ●emplee of eeme tungateo were mot

Irradiated. Theme were imeged in thd FM and

their micrographs ●xemined. In thie unner, the

initial$ unirradieted vecancy concentration

could be detemined. The four moot prominet

(112] nre examined for defecte (wacancieo end

interatitielm). Out of ●pproximately 5 x 103

atomic aftem exxmined, no point defects wre

obnerved in the unirrsdieted, control ●pecimene.

4.2 Irradltted Specimens

Bombardment with 1300 MeV protone caumed

damege to the tungsten ●nd s low concentration

of vacanciem (approximately 10-3). In ●ddition,

a void and interstitisle were aleo obeervmd.

The stable vacency conccltration in the

9crartlated nwteriel Wm● found to be
-y

approximately 2.5 x 10 . The number of ●tomic

eltee examined was about 5 x 104. The

displacement- per ● tom (dpn) for the irradiated

●amplem it calculated to ba 1.13 x 10-1 ● t

detallmd below.

ma void , Fi&ure 4, conmisted of

●pFrOXimSt@lJ 300 vacant lsttice eitam. The

void in three dfmenmione nppemrmd to hmve ● n

eiongmted pear shap.

the vecsnciee could diffuee to ● sink. Only ●

few interatitiels were obeerved iudicatin~ they

● re sore ●obile ●rid diffume ● t lover

tempersturee.

For ● metal it ie poecible to provide an

implied demege level in dtmpluceoentc per ●tom

from ● ❑edified Kinchl,m end P~eoe ●quetion:

dpe - 0.0ad/2Ed

where ad i- ● displacement ●nergy crone section

●nd Ed ie the displacement energy of the ~tal

● tom. Multiplying thic ●quation by th~ fluence

g,ivea the totel dpn. Some cnnstents ●re:8

‘d - l&78 berns-keV

‘dw = 47 ●V

which givec ● dpa of 0.113 for the fluence iL

thie ●xperiment.

From the tilculeted Jpa, ●pproximately 2% to

3% of the displ~ced ● tomm am calculated from

●lmple cascade theory rmtrlbute to the finel

vecancy concentration. These ● re th+ vacsncieo

●vailable for vacmncy ●ctivated mechanioma, ●uch

am void growth ●nd vacancy loop formation. The

increane in vacancy concentration an therefore

be ●pproximated for this experiment by the rate

dependent ●quation given below:

where Cl is the intermti ~al concentration, ~

ie the Vacsncy concantr~tlon, a is r he

recombimetfon coefficient and P fm the

productlc,n rnta of vacunclen. This implteti LhAt

~PP!oxfm~t@lY 97% of the vmcsnciea *O predictad

by the dpa calculations abcve racomt,ln~,. The

rata at which Vol(tm and IOopm gro~ unda r

irrtidiation in proportional to tha nurnher of

vm{.mnctam mvailnbla tc, thma, which correapondn

to ❑ppr.xlmat~ly 3X .)f the dpe.

The void obxrrved im thou~ht to bm ~he rmmult

of eithar a prlmnry proton or ●econdary Pmrticle

intrrartion. Ihlr to the .mell .T!ff,>mlotl rate of

the vacanclom, it is like ~ thtt rt,e VOI,I (.,, t,jd



Void in sungmten, Figures A - FI ● re aach 1 - (110) layer ●pert

not have nucleated and grovo to this SICO by

vacanc~ condensation. The void lo not ●pherical

in ehnpe but rather ●ppear. to have ● n elongated

pear shape. It is postulated thmt such ● weld

would provide an idesl nucleation site for rol I

grOwth uncle,” conditions Jf temperature whrra

vacmnciea are mobile, (T > 0.3Tm, Ta ic lle

temperature ● t the melting point).
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