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R. D. Brown and J. R. Costl

MECIIANICAL PROPERTIES OF 800-McV PROTON-Irradiated METALS2

ABSTRACT: Accelerator beam Iinc components and spallation ncurron targets

operate in an irradiation envirorlmcnt where chan~cs in mcchilnical properties

can advcr”cly affect component integrity. Thc present work presents a pre-

liminary study of the rffccts of low flurnccs (lO1!} to 102[’ p/cm21 of HOO-

McV protons on the yield strength, tensile strength, and ductility of samples

of 304 stainless steel, Alloy 718, molyhdcnurn, and tuntiilum. “Iunsilc samples

(0.7S or 1.() nnn thick) were directly w,ltcr coold during irr:ldiation an(!

were tested at room tcmpcraturc. For the 304 stuinlcss stcul and anncnlcd

Alloy 718, the yield strengths incrcasrd by about il f:ictor of 3 ilnd 1.(,,

rcspcctivcly, while the ductility dccrciiA -3(I tind 40 prrcunt, in thr IJL-C

metals (tantalum and mu]ybdcnum) the yic]d strengths incrcuwl by ilt l~Sil~t

n factor of 2. TantaIum samples rctaind Significant ductility at room

cnvironmcn?s.

‘LM Alamos National Lnborntory, Los Almos, !01 R7S45
Zuork pcrforncd under the mJS~)iCCS Of th Il. S. lk-piirtmt*nt of I;nurtiy.



KEY WORIE: accclcrator, spallation neutron source, proton irradiation,

tension test, strain hardening parameters, stainless steels - 304, tantalum,
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Iligh current particle accelerators such as the Los Alamos Meson Physics

Facility (L.IUII’l:) can produce significant radiation damage in beam line com-

ponents that either intcrccpt the proton b~~:lm directly or rcccivc a high flux

of scattcrud particles. At

separates the vacuum of the

flllx, which, after a nlunhcr

10JS p/cln~. Irr:ldiation by

LN’I-’F, compui;cnts such as the beam line window that

main beam line from air reccivr the di,rcct proton

of years operation, can reach a f’ucncc of

the direct proton hcurn UISO gcncrtites significant

internal h~’sting in such components, requiring th:lt they bc wntcr cooled.

The I)rm Iinc bindow, for L’XillllplL’, consists of two ().J-m-diam plates,



In addition to the components considcrsd above, interest lms been

expressed in using high atomic mass targets irradiated by the proton beam

as spallation neutron sources []]. These targets, using such materials as

tungsten and dcplctcxl uranium, cannot be directly water cooled, because

radiolysis of the water can rcsu]t in high ccrrosion rates. Since these

components and targets must maintain structural integrity in this hostile

environment of stress, temperature, and irradiation, there is n need to

characterize the property changes under the.e conditions.

in this pnpcr, wc examine mechanical property changes in ;04 stainless

steel and Al lo)’ 718, both useful as structural materials ~or beam line com-

ponents, at low proton flucnccs. Type 304 stainless steel is the mat~riill

used for the’ bc:lm stop cylinder and faces, while ~ill(-iY 718 w:l~ ~’hos~~ll ilS il

higher strength mutcri:il ttliltcould bc Welded :Ind was USud in s~’v~’rul mcnl~lls

Of til~ b~’ilm lint’ window, ‘1’illlt~lllllllh’:1~l)t-int~rcst ilS :1 SpilllatiO1l llL’llt~Oll

sourc(’ tilrgL’t whil~’ tl~’in~: dirt”ct ly K;ltur uoolLIJ, sinct~ it is not :+trongl!’

corrodvd hy the products of cool ing-l::ltur r;ldiolysis. ~lo]yl)tl~.llllm, :llt]]~l;~h

strongly :Itt;l<hc’d hy r;idiolysis plwdilcts. K;ls L“IIOS(’11?U ;11 !(IK L-mnp,lrl SL)II tit”

mt’cl):ltlic-:li l)ropl’rt)” tin;lngcs with t;lnt;llllm.



irradiation

For irradiation, samples (sccurcd in their fixtures) were placed in

h. r-cooled t:irgct holders used by the isotope production facility. The

tar~ holders are at the end of $?-m-long horizontal, shielded penetrations

known as stringers, and arc inscrtccl just upstream of the beam stop. Target

holders are attached to the stringers remotely, and the stringers have no

provision for r]ccrricul fecdthroughs; conscqucnt]y, sample tcmpcraturcs

could not Iw dircctl? monitored. The high Wiltcr flow rate in diruct cOntilCt

with the sal;lplcs, together with knowlmlgc of volumetric hc~ting produced by

the proton hc:lm, allowm.1 us to calculate the maximum tcmpcr:lturc rise for

the various miltcrials. I:or this calculation, the bc;lm current K:IS assumed

to bc S(;O :IA am! a heat transfer coefficient of O.: K/cm2.0C bctwccn the

s:lmplc surt”:lcc and tllc flowing Willi’r h’:lS i15SUML?11. “I”he muximum tcnlpc’rilt;lrc



the gauge length for a stuinlcss steel sample was 20 pcrccnt. l:or samples

stacked onc behind the other in the proton bea~, fluenccs varied by at most

9 pcrccnt, but samples in different positions in the holding fixture rcccivcd

flumccs differing b)m factors of 2. I)ctcrmination of the absolute flucnccs

is expected to bc within tS(l percent.

Tensile Testing

lhc samples were highly activated following irradiation (often scvural

hundred R/h), requiring all handling and testing to be done remotely i.1 a

hot ccl]. l:ollowing disasscmtly of the specimen fixture and the gamm sc:inning,

the sp:icing of a prcvious]y placed pair of scribe narks was chcckcd prior to

tensile testing. Sam!)]cs were then placm.! i,~ the grips an-l the loading pins

inscrtud. An c’xtcnsom~ttcr k’as clipped onto the gaL’gc section und the snnp]c

pulled to 1 pcrrcnt strvin, at which point the test automatically h:lltcd. l“hc

~’xt~’nsonl~’:cr wils rcmovcJ ;“.nd the test Ku$ resumed at constant crosshead spcud



large incrcasc in the metal’s yield strength and a smaller incrcasc in

tensile strength. It was not possible to define the tensile strength for

molybdenum because only onc of four samples elongated beyond 0.01 strain

without fracturing brittlely. In al] cases, irradiation rcduccd the uniform

strain, with the greatest Uccrcascs occurring in the bcc metals. ligurc 5

comparus cnginccring stress-strain curves for unirradiatcwl and irrudiutcd

304 stninlcss steel. Following irradiation, a yield drop is present in the

stress-strain curve. Chiingcs in the strclss- strain curves for molybdenum und

urn follo~ing irradiation arc shown in Fig. 4. Ihcsc hcc metals show

drops prior to irradiation, and cxhihit low uniform strain following

:Ition, p:lrticulurly molybdcnurn.





strengthening the rnutcrial. A more valid comparison would require knowledge

of the neutron flucncc as convcrtcd to LJisplaccmcnts pcr atom.

Comparison of the strcss- ztrain curves for this study with others suggests

that the yield stress is roisct! by irra,liation-produced vacancy clusters

and disloc:ltion loops. The prcscncc of such defect agglomcrutcs has been

shown to prcducc simi]ar fc:iturcs in the stress-stroin curves of fcc and bcc

materials [5,(1].

l:or the Allo>- 71S samples, irrac!iation of the annculcJ matcria] rilis~d

the yield stress, while irrtidiat ion of hardened m:lt~ri~l lo~crcd it. l:or

the unllcalrd matcri:ll, thu incrcu::c in yield strength is undouhtcd]y cuuscLI

by dislociltion intcr;lction ~ith the irr:ldi~tion-produced microstructure. ‘I-he

dccrcdsc in y-i~”ld strength nnd tc-nslic strength following irradiation o!- the

p~~’~i])it :lti~n-]]ilrLJ~nl)L! m:ltL’r]ill is not presently understood. l’r~’viou%

r?sll]ts l-] ;1[ fllll’llk”c’s L)f :-1(1 .1 ld: ‘ n/wlJ ;lnd dn irrildi.ltion tcmpcrtittlru

of (1-.5 k, ~iih testing :It roum tl:~p~’riltur~,P h~vc shown (Iithur little ch:lngc

or un incrc:isl’ in the !’i~’ld :inLI K(’llsilc strcllgthsm our urlirr:lJi:lt~,ll hc:lt -

tru:itud m;ltcri:ll shlwL’J (illk-t];l l-:l~”trristic:ll l)- Iok cl(~ns:ltlon, whi(-h 171:1)1),.’ ..!lJt t,I

:In improper hl’at tr~l;ltml’nt .

111 :l~l,lit itul to l:lrg(I in~”rl’:lsl’s in )“irlJ str(.ngth, irr~lfli:ltion of th(’ tl~”c

111(’t:ll> tilll[,llUlll [111(1 lllL)l~hL]lllllllll l’L’dUCC(! th’ llIllf”OIW Stl”ilin for b(l[h IIICL(I]’ .

l(~r t:illtillum, :111 s:lml~lt’s %vr~J still ,-~11).ll)lt: (JI- ,il)o~lt 1.1 1~~’rc~lnt St 1’;11II



1.5 x 10]9 p/c712 (0.0S dp:I) the yield strengths hild more than doubled, but

only onc of four samp]c’s rcachcd ().()2 strain before fracturing. Other

workers [R] halrc observed similar dccr~’ascs in strain following irradiation

and room-tcmprr:lturc testing. It is likcl!” thnt the ductile-britt]c

transition tcmp, rature has hccn riliscd abo~’c room tl’mpcraturc by the irr:ldia-

tion.



“l”,\l;.Ii l---l rr:iklifltjon Conditions
}l:l~imum ‘l”lJl!l!)L’r:ltllrL’S :II)LI l’roti~n l:luc’ll CC

Samp 1c \lax i mum Proton
Thickness Temperature Fluencc Fluence

Mcta] (mm) _ (K) (p/rm2j) (dpa)

304 Stain Icss Steel 1.6 535 ~ ~ 1(319 0.06

All O:*’7)s 1.6 3.10 2.2 x 1019 (). f’

~lol!,b~crlum (-).8 ~~fl 1.3 x 1019 0.08



l,\l’11.f: 2—1’rcirrudiat ion and I’ost irradiation Mechanical Properties

— —.

Yield Strength Trnsi]c Strrngth Uniform Plastic Strain (%)..—

Prcirrmliation Postirrnclintion Prcirrallintion Postirrndiation Prc- Post-
Material Mra (psi) Mra (psi ) ma (psi) Mrn (psi) irradiation Irradiation

304 Stainless
Steel

Alloy 718

Alloy 718

Tantalum

Molybdenum

; 34 (19 50(31 583
Anncalcda

552 (80 000) 889
?inncalcdb

1 570 (228 (loo) I 410
[{cat T~eatcdc

I’ll (20 500] ~(J(J

Stress Relieved{]

~g~ (42 non) (19(1
Stress Rclic~’cd[l

51(1 (7-1 !)00] 602

1017 (147 500) 1040

1 70(; (247 000) 1520

230 [35 300) 285

:183 [5s 5(}0) -

(R7 .300) 77 58

(150 800) 3E 23

(220 (-)00) ~

(41 3s0) 36

19 7.

2

1.1

—.— —



,.,

TABLE 3 —Strain Hardening in 304 Stainless Steel

Strength Strain
Coefficient liardeni~lg Un i form

Condition K MPa (psi) Expo,~cnt, n Strain,cu

Unirradiatcd 1 170 (16!~ 700) (’).53 ().57
Annealed

Irradiated 1 ~-)o [174 000) ().4(,



FIG. l—dimensions of a typical tensile sample. Nonstandard specifications

wer~ required to fit the samples into the water-cooled target

holder for proton irradiation.
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1:1(;, 4- l“ypicol cnginrering stress-strajn curves for molyhdrnurn nnd

tnntulum, both unirradiuted and jrradi~tcd tu flum~.rs of

1.3 x 10]9nnd 1 .S x 11)2(’ p/cmJ, WSIWL*IIVCIY.
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