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ABSl RACI

Fe-15Cr-XNi all()ys irradialt:d al I_oth low (0.66 Lo 1.2) and

very high (27 t() 58) iielilml/dpa levels exhihit significanl.ly

different levels of strengtllening due Lo an unprecedented

refinement of cavily micr(),,lrll(:tlJre at the very high he]illm

levels. When ctm_pc)lJn(le(l vlilh the nicke] (tependence of

helium generatic)n, the cavily (lislribution for some

irradiation condit ions and alloy (ompc)sil. i()ns can be driven
i

l)elow the (riti(al ra(lilJs f()r l)iibl_le-|_ voi(l conversion,

leading to a (lelay in svleiling, lhc critical radius also

appears Lo be del)e_cl{;rbt orl the ni(_kel leve]. The refinement

may not have restilte(l from the high helillm ]evels alone,

however' but also)may l_ave l_.en infllJenced by differences in

disp]acemepL rate and temperattlre history in tile two

experiments.
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l. Introduction

A variety of experiments are underway to assess the

interactive influence of helium generation rate and other

important variables on the radiation-induced evolution of

both microstructure and mechanical properties oi:simple

metal_ and Fe-Cr-Ni austenitic alloys. One of these

involves a comparison of tile 'response of a series of Fe- i

15Cr-XNi and Fe-YCr-35Ni alloys in two reactors, EBR-II and

ORR. The details of these experiments were puhlished

earlier by llamilton, Okada and Garner. (!) lhey sllowed that

significant differences in both swelling and mechanical

I)roperties (lev_,l()l)_:d between tile [BR-li and ()RR sl)e(:imens

(l) _/hile the swell irlg vallles al higller irra(liati_n

temperatures vmie (:(mlparahle, and exhibited Ille expected

dependence on ((,nl)()_ilion and teml)erature, swelling was

s_Ippip, ssed in ()RR at lower temperatures and l()vmr nickel

levels, as shovlfl i_l Figure ]. Even thoilgh the swelling was

less in tlle ORR Sl)eCi:!,pn_, the radiation-in(llsced changes in

yiel.d strenglh vmro mu,.h larger in ORR lhan in (FIR-II, as

shown in lig,_e 2.

2. E__xpe!_i_u_te!tl_a I lJ(_t ai ]

lhe AD-! experiment vJas condti(:ted to (loses of 9.5 to 11.3

dpa in EBR-II at relatively low helium/dpa ratios typical of

Fast reactors, life ratios range From 0.66 tr) 1.2 appm/dpa
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for nickel levels of 25 to 45%. The MFE-4 experiment was

conducted at a lower displacement rate in ORR to doses of

12.2 to ]4.3 dpa at calculated helium/dpa ratios ranging

from 27 to 58 appm/dpa (2) A recent measurement on the 34.5%

Ni alloy from the ORR experiment shows that the actual

helium levels compare well with the calculated values, being

only 4-8% lower (3) For a given irradiation temperature the

displacement level was relatively independent of nickel

content in EBR-II, but this was not the case in ORR, where

the SBNi(n,y)SgNi(n,c_)S6Fe reaction that produces the large

helium levels in this react_)r also makes a measurable

contribution t(_ the displacement rate (see lal)le ]).

The microstruFl_j)al (_rigins of the t)el,avior shovm in Figures
L

l and 2 we_e s()u(ll_t using I r'ansmissi()n electr_)n microscopy.

lhis paper preserlls ll_e restllls of ll_e ar_neal(:(l Fe ]5Cr-XNi

(x = 20 to 45) alloys only. Analysis of the interactive

effects of helitm_ generation rate with cold working and

chromium variatio_is is still in progress and will be

puhlished late_

3. Resu] ts

lhe analysis eff()_t has concentrated on specimens irradiated

at 330, 400 an(l 500°C in ORR and at 395°C in EBR-II. lhe

EBR-II microstructural data at 450°C were reported in an

earlier l)al)er. _' /_ co,ll)arison is shovm in Figure 3 of the
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swelling at 500"C ill ORR as determined by both immersion

density and microscopy, showing relatively good agreement.

No precipitates were observed in any alloy. As can be seen

irl Figure 4 the ina.jor difference between the two sets of

irradiations is reflected in the cavity density. Whereas

the EBR-II cavity densities exhibit the usual trends,

decreasing both with irradiation temperature and nickel

content, tile densities reached in ORR not only increase with

nickel conteI_t hLJt reach levels that are two to three orders

of magnitude iar(le_' lhan irl EBR-II. Cavity densities are in

excess of I02_ ms at 400°C and they are even larger at

330°C. These arn s(_me of the largest ever observe(l in

reactor irradialion stii(lies, llle cavity (lensities at 400"C

increase with nickel level, but show saturation at higher

nickel contents.

lhe width of time size (listrihtllion of the cavities in the

ORR experimew_l al 500"C vJas ol)se_'ve(l to become progressively

smaller as ll_e ni(kel ((_ntent increase(J, as shown in

Figure 5. lhis (:_f_trasls with the behavior ohserved in EBR-

II, whele cavili_,s ale ir_ general larger hut whose sizes are

relatively in(lnl_e1_,If..'nl of nickel content aL a given

irra(lialion l_Hil_eralLare.

In contrast t.o tile l)ehavioY observed at 500°C, the cavity

sizes at 330 and 400°C are very small, but increase with

nickel content as shown in Fig_IYe 6. Note that the cavity
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sizes for the most part do not change significantly between

330 and 400°C.

Figure 7 compares loop densities as a function of nickel

content from the 500°C ORR specimens with those of another

comparable experiment conducted in EBR-II (s}. 1he

dislocation structure in the OrR experiment was dominated by

a high density of l(_ops at all nickel levels, while the EBR-

I I experiment contained mostly tangled dislocation segments,

especially at lovler ni(.kel levels.

4. Discussion

In the range of 400 500°_: lhe swell in(t of le (.r Ni ternaries

in EBR-II is k_lown Io _,xhibit a transient regime of-10 dpa

prior 1.o swelli_bci al a vatn. r)f - l%/dpa. 6 If lllis trend also

perLains Lo sw_,llin 9 al ltir: l()wer disi)lacement rate of ()RR

then these al l(_ys w(Jtll(I have accllmulale(I 280-580 appm helium

I)rior to veacllir_c.i the !0 dpa level. Ihe laY(.le decrease in

swellin9 at IovmY temperaluYes al. ali nickel levels relative

Lo that in EBR II may tefle(:l tile impact of the veYy large

and almost Unl)te(edent(_d _lensit.y of cavities arisi,_g from

Lhe high hel itlm levels.

1he swelling in ORR at 500C increases with declining nickel

content as the caviLy density decreases fYom the 1023 to the

1022 m3 level, l)Lit at this tempevatt,le in I:BR li ii. is known
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that swelling also increases as the nickel level falls.

Note in Figure 1 that swelling leve'ls in tile 24.4Ni alloy at

500°C were comparable in the two reactors, lhus the

behavior observed at 500°C reflects a lesser impact of the

helium-induced refinement, while still responding to the

nickel's influence on swelling via its effect on vacancy

diffusivity and dislocation bias. z'9

lt ,s significant l hat tile cavity sizes at 45% Ni and 500°C,

as well as at all nickel levels at 330 and 400"C, are small

enough that most of them are probably llelium bul_hles rather

than voids. AI. these sizes, tlle cavil!es may have been

driven below !he critical radius for l_Jbble-to-void

conversion, i° Lavity dens!lies and sizes increased with

nickel contenl at lhese temperatures, bu! were not

l_roportional l_ eilller l.he i1ickel level or lhc helium

content, lhis suggests II_al tl_e critica] cavil y radius for

bubble-to-void conversion increases with nickel content.

This experimental evidence is consistent will1 the results of

other studies, in which a variety of nickel-dependent

Hiechanisms of swelling bellavior _,lere proposed. (s'z9'll) lhe

extensive refinemer_t of the cavity microstructure is

probably the major reason for the milch larger level of

strengthening observed in the tensile tesl.s on specimens

irradiated in OI_R. ll_e microstructural results indicate

that, at all irradiation temperatures studied, the

refinement of cavil!es (along with a smaller refinement of



loop microstructure) is sufficient to account for the higher

levels of strengthening observed in tile ORR experiment.

lt is tempting at this point to attribute tile observed

refinement in ORR solely to the higher helium levels, but

there appears to be other contributing factors, tlamilton

and Garner have recently irradiated the 25 and 45% Ni alloys

in FFTF using SgNi isotopic doping to study the effect of

helium in a truly single variable manner jP'i_ In the

absence of displacement rate variations, a helium/dpa ratio

of-15 appm/dpa yielded no significant variations in

swelling or tensile properties at 365_C. Yet in the ORR

experiment a helium/Cilia ratio roughly twice l his level (34

appm/dpa for the 24.4Ni alloy) caused near-lotal suppression

of s_,,_elling at 330 and 400°[. lhis change in behavior is

too abrupt to exl_lain confi(lelltly in terms of helium only,

anti would requi_-e invoking some very sensitive tl_reshold

behavior in which a factor of only two increase could

provoke such av_ exaggerated response.

llowever, there are two important differences between the

manner in which l.lle ORR and EBR-II experiments were

conducted, first, the C)RRexperime0_t p_ jceeded at rough]y

an order of magnitude lower displacement rale an_l

microstructural development and its macroscopic consequences

are known to be very sensitive to displacement rate (14). If

the lower displacement rate and higher he|ium generation
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rate in ORR retard the growth and infaulting of loops at

lower nickel levels, as shown in Figure 7, this could cause

the lower swelling observed. At higher nickel levels,

however, it appears that the higher helium procluctinn raLe

is the main reason fc;r loop refines;lent.

i

More recently, however, it has been shovm that details of

temperature history in .fission reactors can have a very

large impact on nlicrostrucl.uv'al evolulic_n, especially when

irradiation proceeds, even for very brief periods, at lower

temperatures (is 19) the ORR reactor had a low inlet

temperature and a high gamma heating rate, and thus

irradiation temperatures were closely tied to reactor power

level. One facet of ORR operation was the automatic step-

down of the power level periodically for periods of 10-30

rain, resulting in periodic temperatuv'e decreases on the

order of ]00-]50C. (;arner, SekiMura au_d lheir coworkers

recently showed experimentally that oniy 0.01 ¢Ipa

accumulated under stlch conditions can cause a significant

refinement of microstrIIclure. ¢18'_9_ lt ll_ay he possible that

helium bubble nucleation at higher nickel leve]s is

particularly sensitive I o refine0nent uvlcler sucl_ conditions.

5. Conclusions

Comparison of microstructures developed in Fe-Cr-XNi alloys

irracliated in EBR-II and ORR shows that very large amounts
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uf helium can significantlystrengthen alloys via their

effect on refinement of cavity microstructure. In addition,

this refinementmay have as one of its consequen(:esa

reductionof individualcavity sizes below the clitical

radius of bubble-to-voidcoi_versionfor some all()ysand

irradiationconditions, lt also was Found that the critical

radius appears to increase'vlithnickelcontent, llowever,

there also appears to be a l)Ossil)ilitythat the refinement

in ORR was assisted hy significantdifferences it_

displacementrate and tempe1"aturehistory compared to that

found in EBR-II.
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Table I

Displacement a_d Helium Levels (a) in the
MFE-4 Experiment in ORR

330 and 400°C 500 and 6il'O"C

C(_nposit ion, wt% dpa H_e_a,___aD_L_9_apl0m/dpa _ lie,appm _ai)pm/d_.p_a

Fe-19./Ni-14./Cr 13.4 311 21.1 12 2 332 21 2
Fe-24.4Ni-14.gCr 13.6 463 34.0 12 4 414 33,4

40.2 12 6 495 39.3
Fe-30.1_[,i,i-15. ICr 13.8 555,b) 45. iFe-34.5Ni-15.1Cr 14.0 ' 64/[ 46.2 12 I 5/3 (bl

Fe-45.3Ni-15. OEr 14.3 832 58.2 13 I 740 56.5

(al lhese values were (:a]culate(lusing dosimetry calculations and measurements

provided in Reference 2 for individual elements

(bl Measured values of helium at .14.5Ni and 33¢%, 4(_0,500 and 600°C were 4-8%
lower, at 591 __ ,l, l_ll I- I. r_33 -I- 3 and 552 +_ l re_.pectively



_.._--- Normalized to
,, 11.3 dpa, Assuming

. 4 - ,0 _% / dpa Swelling Rate
0,
°0
o
J
o
0
e

o_ 3 - ',,..,,,.1EBR-II0
o

¢:_ 9.5 dpa_
• .

3 dpa2.4 dpa

1 13.6 dpa /__..4 .......ORR

. l 1 )\12.4 dpa
300 400 500 600 700

Irradiation Temperature, aC

Figu_'e I. (.omparison of swe]ling behavior of Fe--14.9Cr-

24.4t1i in ORR and EBR-II reactors, showing strong

s_ippression in ()RR aL lower irradiation

Lemperatures I (_lisplacement |evels are shown

beside each datum.) Similar behavior was

observed ai: other nickel levels.
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Figure 2. Comparison of radiaLion-induce(l cllanges in yield

sLrengths ol r Fe-I5Cr-XNi and Fe YCr-35Ni al]oys

irradiaLed in the AD-I experimenL in EBR-II and

the HFE-4 experimenL in ORR. I
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Fiqtlre 3. Excellent agreement between two different types

of meastlrement of swelling irl fe-15Cr XNi alloys

irradiated at 500°C in ORR.



1024 :- MFE-4 Experiment in ORR
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F'igure 4. Cav:,ty densities observed in the Fe-15Cr-XNi

alloys irradiated in EBR-II and ORR. Ftean cavity

sizes are shown in nm.
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Figure 5. Cavity sizes oi)served in Fe-15Cr-XNi alloys

irradiated in ORRat 330 and 400°C.
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Figlire 6. Cavity size distributions observed irl Fe-15Cr-XNi

alloys irradiated irl ORR at 500°C.
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Figure 7. Comt)a)'ison of loop (lens ilies ol)se_ve(I at -500"C

in the t,IFE-4/ORR experiment and in ttle AA-7/EBR-ll

exl)eriment.(s_






