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DETERI_rN_T_ONOF_TH_ CREEP COMPtI_ANCE_ND CREEP-SWELLINGCOU_LIN(_COEFFICIERTFOR NEUTRON IRRAD_IAIEB
TITA'N!_UM-MOID_F_EDS_A_NLESSSTEELSAT -400"C - Mi.B. Telioczko.,U_iversityof Californiaat Berkeley,
F. A...Garner, PaciFi:,cNo_hwest Laboratory,.('_and_C. R. Ei;ho_llzer,West_nghau'seHanaro.td.Company

OBJECTrYE

l_heobjiectiveo,Fth_iseffort is t.oproviideiirrad!iati_oncreep d;a,ta and desiigncorrel;atiion_sFor appl:iicatiio_to
Fu_siionand breeder reacto,rdesiign,.

S_JMMARY

_r_'ad:ia.tiion_creep d.a,.taFrom FF3F-MO_Aa;t-400_"Cwere analyzedFor n_iine2_ cold-workedtitanl,um_modifi,ed
ty_e 316 staiinliesssteeICs,each o,F_whiichexhib,itsa 6iifFeren_tduratiionFor the tran_s.fen_tregi_meof sweIl:i.ng.
One_o,Fthese steel,s was the fu;s_onprime candida_teallioydesignatedPCA,. The ether_weTe varliousdeve:liop-

men_talbreederreactor heats. The anallysiswas based on the assuction that the Bo + DS creep macle;IC_ppl_i_es
to these steellsa_tthis temperature. Thiisassumptionwas Found to be vgltd. A creep-swelllingcoup,l_ng
coeFfiiciien_to,f0 - 0.6 x ]0-zMP'a_ was Found For all steels tha'thad deve}ope(la s_gnlff,ca_t 1:eventof swe11-
i}ng. Th_iisresu_l,tis iinexcell!entagreemen_twith the,resu,lts of ea'_li}erstudies cond_cted:iB EBR-IIusli_(_
annealied AISI 30eL and al;so 10% and 2(}%coital-worked AISI 3,16 stainless stee,ls. There appears to be solne
enhancemen_to,Fswelli,ng by stress,contradictingan l,mpo_an_t ass_,t_on in the analysis and leading to a.n
ap-paren_tbu,tm,islieadi_ngnonllinearityof creep w_th respect to stress.

PROGRESSAND S_ATUS

n_troduction

In a number o_Frecent reports the creep.-swelliingre!ati_onshiiph_asbeen i_nvestlgatedfor annealedA_ISI
30'4_L(_ and various thermomech_aniicaltreatmen,tsof AISI 316_stai_nl_esssteel.'(__ These stadies_ere con-

ducted i_n_EBR-IIand showed a remarkablleconsistencyi_nresults, ind'licat_ngthat irradiatiioBcreep at mast
temperatu,reso_Fiinterestcou,Id be describedas con,sistingof severalminor con_trlbu_cions(precipltat_on_-
re?ateddiimension_alchanges and transien_treiaxati_onof co,lid-work-iinduceddislocations)and t_o major com-

tri,bu'ti_ons.._ The major con_triibu'tiion:swere associatedwith the creel)compliance,87 a cluaBtityunrelated
to void swell:ing,and a swelli_ng-drivencreep co_q_onent.Although swelling,itself .s very semsi_tiveto a
large variety o,Fmaterial and environmen;talvariab1!es,the instantaneouscreep rate appearsto be propor-
tional only to the appl:i,ed stress and the i_nstantaneousswellingrate. As discussed in other publi_ca-
tion:s,__) the instantaneouscreep rate can be written in the Form

• (_)
B = e/e - B_ . D_,

where 6/6 is the effective strain rate per unit stress,6 is the effectivestress- (_/2) eN_,_,B_ i.sthe
creep compliance,D Is the creep.-swellingcoupling coefficientand S is the instantaneousvolumetric
swell.ingrate. This equation app.liesprimarilyto annealed material that does not develop any significant

phase-relatedstrains or density changes. _rX_e316 stainlesssteels are kno_m to exh,_i_Itdensity changes,
however, arising From carbide precipitation"_; and Formationof i_ntermetallicphases._''; IF the material is
cold-worked,ano,thershort-livedtransien_tterm.i:ssome.ti_esrequired to describe the relaxationof the dis-
locationdensity to its equilibriumlevel.

Experime_TtalDetails

In this study, the Fusionprime candidatealloy (PLA heat K280:)and eight other titanium-modifiedtype 316
steels From the breeder reactor programwere irra.di.atedin FFTF/MOTA. For three of the alloys,2.24-cm-long
helium-pressurizedtubes were used with outer and inner diametersof 4.57 mm and 4.17 mm, respectively. The
other six alloys had tubes that were some:_h.atlarger, with a lengthof 2.B2 cm,,and S.B4 and S.O_ mm outer
and innerdiameters. The difference in size alone does not influencethe creep rasults.(_e) The composi-
tions of these steels are shnwn in Table I. The specimenswere removed periodicallyFrom the reactorand
their diametersmeasured at Five equidistantpositionsusing a noncontactinglaser system,c_} The three
middlemeasurementswere averaged to calculatethe diametralstrain. During any one irradiationinterval
the temperatureis actively con_trolledwithin _+S'C. The tubes For any one alloy were placed slde-by-sidein

(a) Pacific NorthwestLaboratory is operated For the U.S. Departmentof Energy b_ BattelleMemorial
Instituteunder Contract DE-ACO6-76RLO1830.



Tab,lieI. Compo:s_tiion(w_%,)o,fStai_n_liessSteel,s _ed linthls Study

Fe NI O _ I_ SI C P Ta

K280 BAL t0.._ 14.3!1 1.95 1.83 0.52 0.048 0.Cli4 ....
83508" BAL 15.77 13.70 1.85 2.03 0.80 0.0,_ <0.0(]5 <0.01 <0.01
A_;4" BAL 1_5.6_ 13,34 2.21 1.52 0.81 0.038 0,04_ ....
A0_" _ 1!5.5g 13.58 1.8.1 1._62 0..82 0.038 0.O38 ....
C38 BAL 15.03 13._8 1.82 2.20 0.82 0.048 0.032 <0,01!0 --
C39 BAL 1!5.50 13.59 1.82 2.19 0,78 0._ 0.088 <0.008 --
C_ _ 1_5.SO 1,363 1.8,1 2.20_ 0.81 0.044 0..088 <0.0(_ --
C42 BAL 15.79 13.62 1.8_ 2.30 0.8t 0.049 0.030 <O010 --
C44 BAL 20.0e li3.64 1.80 2.30 0.83 0.046 0.032 <0.0I:6 --

Cor_I_ued:

Hmmt S Y Nb 1_ Co, Cu N B N

K21_) 0.025 004 0.62 0.31 0.04 O.02 0.05 0.001, 0.008
835(_* 0.003 0.01 -- 0,34 <0.01 <0.01 <0.011 6.0005 0.004
A0e4" 0.00e 0.020 -- 0.28 0.03 0.02 <0:0_ 0.0_41 0.0_
A0eS" O.05_ 0.011 -- 0.211 0.04 002 <0.01 00047 0.003
C38 0.0G4 O(:13 <O010 0.27 _.03 0.02 0.O3 0.0033 0.002
C39 0.004 0.03 <0.038 0.27 0.03 0.62 0.03 0.0029 0.005
C40 0,00_ 0.02 <O.OOe 0.27 0.03 0.01 0.03 00084 0.0(_
C42 0.005 0.62 <0,0tO 0.26 0.03 <0.01 0.03 00062 0002
C44 O.005 0.02 <0.Or0 0.L_ 0.03 0.62 0.03 0,00el 0.004

* Thee _ hm_ amd_es_,e,of58_ (:X)x S.OSrmnlD x L_ammint.mg_i Ali_ are4.5_
OOx4. t_ rOx224mmI, Lerlglh.

r_{D,TAaltho_;ghdiFFeren,tal,l_oysets experliencedsl:igh_tlydi,Fferent temperaturesand neutron fluxes. For each.
g_-oupof tubes there were small cycl_e-to-cycl_evariati_o_:sin temperatm-eand neutron flux that arose as the
g_o_9 _F tubes we,re pl;ace_Iat somewhatdifferen_treactor level:sroll.ing each MOTA reconstltui:iion(see
Tab,l'e2). Preli;m_i_,aryresults For PCA and one o_fthe breeder reactor alloyshave been reported
previo_.sl!y.¢v,

Resul:tsand Oiiscu_ssi_on

Figu_reI sh_ws for three alloys the total diametralstrains for nominallyiden_tIcaltubes irradiatedside-
by-s_de For a n_;mberof consecutiiveFFTF irradiationcycles at -400"'C. The data For the other six alloys
are very si_miliar,varying only the _uration of the transientregime of deformation. The separatetubes of
each alloy variedonly in their i_nternalgas pressure,which yielded hoop stressesranging from 0 to
300.MPa. No,rethat these data are plotted against the neutron exposuresexpressed in units of dpa. An
earlierrep_rt containedthe data For PCA as a function o,fneutron fluence for energies greater than
O.I MeV.¢;_ B_,ththe neutron Flt;enceand dpa values For the first several irradiationsegments have been
revisedrecently. The revised values are reported in Table 2.

The diameter ch.angesof the zern stresstubes representprimarilythe contributionof void swelling,but
there may also be some secondarycontributionfrom precipitation-relatedstrains. The strainsof the
stressed tubes includeadd_ti.onalcon,trib_tionsFrom irradiationcreep and possibly the stIze,ss-.enhanced
portion of _welling,since applied stressesare known to acceleratethe onset of swell'ing.T_-_) Figure 2
shows the diametralstrains of the stressfree tubes For all nine alloys, indicatingthat the transient
r__gimeof swellingvaries somewhat with composition,fabricationhistory, and irradiationconditions.

In order For the creep data to Fit the B_ + DS model, it is neces._aryfor creep to be proportionalto the
First power of stress and to increasedirectly in proportionto the instantaneousswellingrate. If we cal-
culate the midwall creep ._trainsand divide them by the stress level, the validity of these assumptionscan
be checked. First, the creep strains are separatedby subtractingthe zero stressswelling strains. Fig-
ure 3 presents a comparis,_nof the stress-normalizedmidwaIl strains for three steels. The latterfigure
shows that each of the steels exhibits acceleratedcreep rates that coincidewith the onset of accelerated
swelling,but that the stress-normalizedcreep strainsdo not appear to be completely linearwith applied
stress. However, this appearance is probablymisleading,with the slightbut steady increase i,nnormalized
creep strainwith increasingstress arising From the somewhat incorrectassumptionthat swell_nq is not
affected by stress. (Similar trendswere observed in the other six steels.) In general, increasingthe
stress level progressivelyshortens the incubationperiod of swelling in cold-workedaustenitic
steels._Ta;_) lt appears in this study that there is also a small but persistenteffect of stresson
the incubationperiod of swelling.



T,abl_e 2, trradiiat.iion M_.i_story of Each Heat

- MOATA-tA MOTA- lib MOnA - _C MO3TA,-lid MOTA- tEi MOTA- 1iF

K280 _PC._,_

-Cal_iSter/Iga_m 1:03 1i0_ 1F5 t F5 1.F5 1!Fli
Temp.,,"C: 405 401; 396 386 384 3'86
4% x1(6_2:Nem2 (E>Q_tMe_: 46 6.6 1i1:,..9 l(5.& 19.2 24.8
C,umulatNedpa 20.4 29:.3 50.2 65.3 8.1.1 110:6,.8

_l_et 2F 1, 2F 2 2F2 2F4 absent absent
Teml_..,_C _ 427 _3t 420 404
dh,.x1!022n/o1_2_>0.tM_V}; 6.0 9.2 li6:.7 21!.g
_ulat_ve d_0a: 27.8 42.6 77.2 101.2

,_-_
Ca,=,_ister/Ba_m ab_m_t 2F4 2F4 2F2 2F1 2F4
Temp,, _C 431 429 4 liO 4li0 410
dh, xli022 Nem2 _IE>0.tMeV) 3.1 li0.3, tS. 7 23.7 30.5
_t=_N_ dpa 114.1 47.2 72..2 109.2 141.2

Ca_ist_leasket absent 2F3 2F3 2F1 2F3 2F4
Temp_._C 431 _20 410 410 4 t!0
4% x_O_ r_tcm2(E>O.tMe_ 3. t lt0,.5 1i8.0 23.4 30.3
Cumulativedpa 14.5 48.4 73.9 1;081 1i40.1

Cardst_,/gasket absent 102 1:FS_:l_F4 1F2 1!F2 1F6
Temp_,,_C 401 39(5 38_ _ 384 3_6
_t,. x_0_ o/o_12(._>0.1iM_V) 2. S 7.7 1,2.1 17.4 20.6
c__p_ l_.s 3_,_ s_2.3 7s.s es.s
c_ (_.s,P.2)
Cards_lgasket absent 103 1_F3 1F2 1_F2 1F6
T_rr_, _C 401 396 386 3_4 386
dh, xlC022 n/_ (E>O.1MeV) 2.4 8.0 1'2.4 17.7 20.9
Cumufat_e dpa 10.8 35.5 55.4 7g._ 92.9

(osem- 3)

Can_er/gask_ abse_ 103 1F3 1F3 1F3 1F_
T(HqI_,,"C 401 396 38_ 384 38G
dh, xT022 n/crw2(E>0. liMeV) 2.4 8.0 12.2 17.0 20.2
CumufatWedpa 10.8 35.5 54.1 75.7 8g. 0

Canister/_asket absent 2F4 2F4 2F=J 2F3 2F3
Temf3.,_C 43 t 420 404 414 405
dh, x10_2 n/crn2 (E>O.1MEV) 3.1 10.3 15.4 22.8 30.1
c_._ dpa 14.1 =72 70s 104.7 13e.s

Canister/Basket aIDsent 103 1F3 1F2 1F2 1F6
T_., _C 40'1 3g6 386 384 386
d_t,x1022 nlcrn2 (E>O.1MEV) 2.4 8.0 1:2.4 1:7.7 20.9
Cumulativedpa 10.6 35.5 55.4 79.6 92. g

The PCA ('heatK280) alloy at the somewhat lower displacement rate and irradiation temperature is clearly
swelling and creeping, at rates comparable to that of the 83508 alloy at a slightly higher displacement rate
and temperature, but the onset of accelerated strain rate occurs with a delay of -10 dp_ relative to that oi
83508. This delay cannot be attributed to compositional differences al=one,but probably arises i'npart fro_1,
both compositional and envi.ronmental differences (displacement rate and t_perat:ure), lt may also reflect
some differences in _roduction methods associated with the two types of tubes.(_;z)Compared to the behavior
of PCA and heat 83508, the A095 heat exhibits an even longer transient in both creep and swelling.

IF both the small effect of stress on swelling and the possibility of precipitation-related strains are

ignored, one can calculate a First order estimate of the B, and D coefficients, using a least-squares
Fittilng procedure. There are limitations to this approach, however, that are associated with the swelling
level and the effect of stress. When swelling is low it is difficult to distinguish between and separate
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Figure I. Creep and;swe.lili_gstrai,ns observ'edi_ pressurizedtubes made from three titanium-modifled
staiin_l_esssteels th_atwere irradiatedin_FFTF/MOTA at -400°'C.
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Figure2. Oi:metralstrainsresulting From void in normalizedcreep strainswith stress level is
swelling at -400°C in _,rradiatedstress-freetubes thought to reflect the stressenhancementof swell-
constructedFrom nine titan_.um-modifiedstainless ing rather than a nonlinearityof creep rate with
steels, stress.
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the B_ and DS.cen_triib,_tlom_s,especiial!liy_when precipitatiom-reliatedstrainsoccu__early in the irradiation.
A_ sw_ll:i_ngincreases,theereTat'_vecontriibu_t_on_o,fthe non_-swelling-relatedstrains decreasesand better
estiimateso,Fthe creep-swel)li_gcou,pliingcoeffi_cieB_tbecomepossible, lt stress acceleratesswelling it
wi_lilappearth_atthe B_.con_tri,b_ti,om:insl!argertitanit act_al:liyis.

The i,n_itiialstep o,fthe first o_.r_fe,r es.ti}mati_onprocedu_reis to,fit the sr.tess-freelinrea_rswellingstrain

(S_}cui_veCF_g.u!r,e2) wICth_an.e.q_atio:n_of the fo_rmr

= - _ (2)
c (1 + b,)_e -_'

where x i'_sthee_ose i_n_dpa, a i_sthe steady-states,wel,liingstrainrate, b is the Incubatiionparameterand.c
iis.a p,arameter.c_m_tro}_li,ng the rate _f c_rvat_re between,t_ Sm_cubationand steady-statereglmes.

The second step is to_fit each cr.eepstr-ai_nc_rve in,Fiig_re3 wiithan equation of the form,

( --qx + _.zlog' (b + e-_) ]

N_.tethat i_tis assumed th_atthe iin_c_b,at_onand c_rv'at_r_parametersare iden_ticalfor both creep and

swellli_ng.This is a reason_ableassunq_,tionif the B_ • IS model is correct. The degree of fit to the creep
straim_curves ap_pearsto con_fi,rm_the val:_diityof th_s assumption.

Upen_i_ntegratiingequation (1) with respect to x

_IG- B,o.+PS + K. (4)

where S - 3S._fo,rsmall;S._. The parameterK _ 0, since ((O) : 0 and S(O) - O. When expressedin terms ofmid,_all strain and h O_ip S_ re S_S, _, , equation, 4) becomes

/o. = _/4 _,ox+ PSI. (_):

Substit_tingequitations(2)and (3) into equation (5) yields

qx + ,r log (b + e-_) 3 9Da (b + e
-_ --c,-. (_ +b) e -_-"= _ B_x + --4c log ('Z_'b-)e-= " (6)

Solving for Bo and g gives

Be = 4_ and D - 4r . (7)

The least-squaresFitting routinesused to determineq, r, a, b and c starts from an initialgraphicalesti-
mate of the_e values. Table_3 lists the first-orderestimatesof B_ and D caloJ1ated for each stress level

and each alloy. For the PCA alloy,the coefficientswere found to De -2 x 10"_MPa"_dpa"_and -0.6 x
I0_ MPa_. The average val,uesof these coefficientsare also shown in table 3 and Figure4 for all nine
alloys, lt appears that the vaTuesof D converge to 0.6 x 10_ when the swe111ng level is sufficlent1_
large,although significantvariationcan occur in the Bo term at convergence. The value of 0.6 x 10"_Mpa"_
For D in these titanium-mo4ifiedsteelsagrees with that observed in the low titani.umstainlesssteels (AIS!
304 and AIS.I316) at -400_C, b_t the B values found in this study for the low titanium steelsare somewhat0

higher than the usually assumed value of -I x I0"_MPa"_dpa_. The largervalues of B_ found in the
titanium-modifiedsteels are thoughtto be a possible consequenceof lower levels of _ensificationcompared
to the larger level of precipitate-relateddensific_,tionthat occurs in low titanium steels_here the carbon i
is not bound up in t_taniumcarbides.(_°}
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Table 3. Cal:c_liatedi Vali_es ef tl_e , Creep Cemp_ti_nce, Bo,, and the Creep-SwelTtng Couplt!_g Coefft.cten_t., B_

Heat S_,ess _etl B_, xli0-6 D,,xl_0_! Hem ' S_ess _ B_, xl:0_ D,+xr0-2
MPa MP_-1*_r_-t MPa:li MPa Mpa-lidLDe-1 MPa'l:

83508 30 3. t O._6 C38 60 1,.1 1;.04
60' 2.8, 0..63 1100 1.3 li. 1,g
1:.:gO 3.3 O.5,7 200 1_.3, 1,.15
200 3.,7 0.75, A_j 1.2' 1.113

hr_ 3.2 0.60

K280 30 2 1. O.50 C3g 60, 1;.1, 1,.4:1_
60 2.2 O.5,7 1,O0 li.2 li.37
1O0 2.3, O.64 200 t. 4 1,45
I aO 2. ¢ 0.60 A'e:J 1!.2 t.41;
200' 2:4 0.6,¢

A_ 2'.3 0.59

A094 E}:O li. 4 O. 41 C_:O 60 1_..1 1.,55
t O0 1.4 O.40 1,,O0 1.0 11..74
200 1. li t. 05 200 O,g I:.,86

A_ t.3 0.62 A_:J 1.0 1.72

AO_5 60 t. 5 O.66 C_4 60' O.8 241!
1,0_ 1.4 0.65 li00 0.8 2.63
20¢J 1i.8 0.75 200 0.6 2.99

/b_j li.6 0.6g A_g 0.7 2.68

C42 6,0 1.4 0.40,
1O0 1.6 O,56
200 I 5 O.73

A'_J t 5 O.56

( 03508

3

t K2_IO

2

A
0t
• A095
_ o

o C42 • C3_ C39

Ao'_4 "I-_. • C40

1 _ C44

°o ; ;
D (avg)

Figure 4. Calculated values of average creep compliance, B=(avg), and average creep-swelling coupling
coeFFicien_t, D(avg), For each alloy. Two regimes of behavior are observed. The data on the left hand
vertical line describe alloys that exhibited a significant level of swelling. The other line describes
irTadiatii_ns in which the calculated value of B, declines as the swelling level decreases. The lower

derived v,aluesoF B_ for these low swelling hezEs are accompanied by corresponding overestimates of the D
coefficie,nt.



A.pa}ysilsoF_Data aL H:ii_herTem_e.ratu_res

B_,t.h_th_e,rm_.l'_creep _nd'.i:rradii,atiie_creep _ata from_FFTF-MO'TAare availablefor most of these steels at tem_
peratwre,sa,bQ_e _aQ_°,C.l_Qweve,r, iiii_s._i:fFficu_lltt.oext,ractmea_ing.E_lva}uesof B= and D from_these hiigher
_.em_,ratu)re d;ata. A_m,ove_rtempe_rat_re ev,emit im_MO'ITA-]Dfor t_bes irradiated at. tem_er'atu_res greater than
_50_"Cre.s_l(tedi_m_a pro_ramma_iicd_ec_s,i_o_m_to termJi_m_atethe iirradiat_onof many of the hl_ghtemlperature
t_be:s..At _he liowerfl:,_e_celevel:sreached by these high,teml_erat_retubes,the swelilimgsteal;nsof

ti_tam_m_-m_d!iF_i_e_steelisw_re _s_,al!llyt_o low to provide sepa.ra,bileestimatesof the Bo and DS cont.rib_,tions.

In.ad_l,_t$o_m_,:thermalicreep becomes a l:a_rgecomtri_l_Jt_rto the stra.im,at the higher temperaturesand tends to
obscu:r,ethe.DS c_m_tri,but_om_to,the iota) s:traiB__rate. Am_attempt is c_rreBtlybeing made to derive

estiimatesof.B=,a_mdiD fr_Imiother h,iigh_temipe:rature_ata sets rh,at rea,ched higher_swellinglevels in
iirrad,iatii_,_e_pe_-iimem_tsco_(I_ctedi]inboth_FFIF an(]EBR-II. 1Theresults of this analysiswill be reported
elisewh_ere.''

CO_Li_SIONS

Based_on the rosE,its of this and other' studi!es on various austen_ittic stainless steels irradiated at-400"C

_m;ei:the,r EB_R:-II_r. FFTF, _t appea_rs t.h_at the B +, DS m_Idel of irradiation creep is valid for applicat.ton asa de,s_gim_eq._atiiom_. This m_del_cam_be applied ,._, both PCA,and a_sten_tic steels In. general, providing the
eF_f_ectof stress oB swel;llt,r_j is relatively small. At-4'00"C the val_ e of D in the 300 ser$es of steels
appears_ to be -O..6, x I0 .2 M_a_, relatively i_nd_pendent of both compoist t ton and thermomechanical condttiion.
_fo,rt_m_atel_y,the_diataDm tlitami,_m_-moc_fiiedsteels_availab}efrom FFTF at higher irradiationtemperatures:
are ii_,s:_f.Filci_em_aL. presem_t to, establi;sh_ the. tempe,rature dependence of the creep-swelling coefficient.
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