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.,\bstrnct ,'vlalerials Development Program (X). Similar motivations

resulted in the inclusion of ferritic/martensitic steels (E*I].2,

Ferritic-martensilic stainless steels exhibit radiation stahilitv DIN 1.4914 and FV 448) in European fast reactor programs

ariel stress c¢_rr¢,siotl resistance tllnt rnake them attractive as well. In general, this meant that super 12% Cr steels

replacement materiais t'or nustetlitic stainless steels for in-core intended for high temperature applications were studied, but

;ipplicatim_s. Recent r:ldiati()nstudieshavedenu)nstrated that it also inchJded DT02 and DY005. 14% Cr dispersion

9% Cr ferritic/'martensitic stainless steel had less than a 30"C strengthened ferritic steels.

shit't in ductile-tn.l,rittle trailsitit)rt temperature (DBTF)

[.ollc_wingirrndi:lti¢)n at 365"C to a dOSe of [4 dpa. These The restilts of those efforts was the selection of

steels also exhit,it ,.'err low swelling r:ltes, a result of the rerritic/rnartensitic steels as the prirrmry candidate alloy l'or

i_licrt_structttral _tahiiitv _f the._eallf_ystlurit_g radiation. The l'ast l._reeder reactor applications (3.4), nod inclusion of a

tl Ic_12e,_,Cralloys nlsoexhihitexcellent c(_rrosion and stress ['erritic/martensitic option for [.usinn reactor structural

,:nrr_sit_n resistance it_ ¢)tzt-_)l'-cnre npplicati¢_ns, materials applications. Data bases ['or irradiation etTects on

Delll_nstr:ttit,n ,,t" rl_e nr_lflicnbililv nF rerritic/martensitic properties have been established both for fast breeder (5) and

st;litlless _leei_ i'¢_r in-cc_re I.".VR npl)licaticm ,.viii require [.usinn (6) applications. "1"lie major advantages of

veril'icati¢_l c_lil_e irr:_di:ltic)n assistedstresscnrrc_si(_ncrackillg ferritic/martensitic steels in those applications are ilnproved

I_ctuivi¢_r. llle:ieureinenl _)1 I113"I"I' I'l_ll_,xing irradiation at swelliilg and irradiation.creep resistance, as well as better

_,qg"[", ;tail c_rr,_i_ rate n_ensurements [._r in-ct_re water thermal cnnductivity and improved thermal fatigue resistance

cl_en_islrv. ;tn(l hetter cnrrnsinn resislnnce in li¢ittid rnetnls.

In-('_e [-xliel ience ¢,f Ferritkw:_lnrtensilic Steels I_i,ight water experience

I':tst renct¢_r..',:l'_eri___.'t'c_e Ferritic/mnrtensitic stainless steels lutve only been use(I in a

few al,plicatinns in I_",VRsand none _t" these illclu¢le in-care

,\!_l_licilti_i_ t_l nrrii,,:,",_InttellsilJc ,_teels l¢_r tt_e in intet,,:e use. lhe_e materials are wi(lelv ttsetl l'¢_r_teanl tilrhine

r:ltli:lli_l cox ir_c"._l_ '/irgt e,.'_l,.'edfrnnl f;ist I,reeder renct¢_r hl;uliog I_ecau_enf their strength ;intl c¢_rrnsi_n resistance

c,_i_erieuce. Itiiii;_i e,:l,eritlletlts Iw l l;irkness el :ll. ( I)g:lve file v,,'lliielligher cllr_mitiln [.errilic stainless steels have heen used

first _lcmt_ll_lr:llil,l_ _ll;It lerrilic/_nrirtensltic _leel_ i_rnvi_le_l in ,reetiw;ller henler.1. I'ype 41/5 ;loll 4(1(1,hath 12,rr/nCr steels.

enl_n_ce_l ._,,veI_,,, ",,"_t_n_ce. :l_(I l_;isetl ,_ Ill;It re';lllt. Ihe :ire I,e_ng u_ed I_v I].S. tuanufacturers t_f recirctll;tting stenln

!c,,-tllic.t_;_rtc:;¢:t_c ,,:_t:,_n. ,,_inu 'l_e, hilt,, I11'-'_ ,.,.n_tnclu_le_l _,_':'erntnrs,.,_hecnl_e t)f the imprn,,e_l ctlrrflsi(lil resistance of

_ 'i,,' I_.'_: l_,-!, ,:".1,,:!I ,_I l_nor_;' ¢",;t_l,lil_'._,:llul [)ltcI lhe_e ;_eeI_ re!nitre 1¢)carNm steels. AI,_o, .',,h_lan_ter and
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l:i!-ure I' (..'harpy inll);Icl energy as a ftlllclitin ()F lest

lenll)eralure I'()rspecinmns irradiated it) 1.1dpa in comparis(_n
it) c()nlr()l c()m.lili()ns t()r nl II'I "-() I'mse ilmtal and h) I"9 base
n_etal. Figure 2. Charpy impact energy as a Function of lest

lemper;tlure Forspecimens irradiated at 365"C to 10 dpa in
c()mparis(mtoc(mlrolc()tl(lilions Fora)Fe-7Cr-2Wa11(lb) [:e-

ill 'I(). It is tll()ugllt Ill,It tile sltifl in DB'I'I" is (lue t() 0Cr-2WVTa.

i,rntliali(ill-illdtlce_l Itnrdcniilg FI'()111diglncaii(_n and l_recil,ilate

_lc_,el_l_ttlcltt (15). l l(_',vever,il Ires I'men argued ileal Iteliuln response in l,,v() itlngslen stabilized sleels are provided in

I_lil_l_lc(le,.,cl(G)nu'llt is il_ lmrl respt_nsil'_le(Ili). l:i.e,llre 2. This resislance to irradialion hnrdening arises I'rmn
lira f;icl Ilml precipilali()n ()f ,x', nickel silicitle and X l)lmses

.\Jlj__3L!)C',___j£_ILG)LI!eIllf()i l,_cduccd ,,kcliv_ttit)n (l(ms n()tnccur lind tttngsten a(Itliii()ns Senti It) remain in s()li_l

snluti()n (2()). Further demlmslratit_n is 1)rt)vi(le(l in Figure 3

.,\_: I_;lIt (_1"Itle I_,si,_,_:,lrticl_rnl innterinls _le,.,el(,l)n_ent efl()rt, sh()wine, ctmll)ar'is(m()f llltimate tensile slrenglh and I)BIT its

iIt;li !e,lsitic slnil)lcss steels have I'm(,n (lesigi_('.d it) leimwe a t'uncti()n ()f (lose ft_r lhe range of 5 I() 9C'r re(lucetl aciivalioll

nlcmenls Ill;it l)t()tlllce I(_n.g-lix'c(I,;l(li(_acii:'e is()l()pes (17). steels(21), lrradiali()n tetnlmrrtttire is indicaled flirlhe tensile

llli,_ lies led I(_Icgtilte, (_1llli_tp;ien sl;thilized m:tiIcilsilic sleels dale wlmreas Ihe I)II"IT (lala ix I'mse(It)n irra(tialinn at 370"C.• , ,

II1;ll trove sll(_wll _r¢;tt prt)ll_ise (I,g. 1()). /\ll()vs willl 7 It_()'7.;_ lJllimale lensile strength increases ()nly mt)deralely t'()ll()wing
,1,_0(., wilh sol'tenirtg r()und fl)llowiilg(Tr :llul .s'"',.,\V Ila',,e been l(nim.I Ill give lvpical. 12-%(2r irradiatinn at .",6S..and " " _

_lll_(,rnll_w l_r(_perii,:g, but l)ll'l'l" shifts f(_ll(_win_ir'ra(ti:ttinn irra(liali(m at <lgS"C'. (:(mcurrenlly, I)II'IT shills remain

:ire lu'e,lil_il_le, _ller(':ls l l'l '-_)(Icvel(_p__llil'ls (_nthe (_r(ler ()f small.

12.()°('filr _iillil,li il'r;i(liali()ll cnn(lili(_ll_. I_x;llnplt's (if l)ll'l'l'



velocily in 100"C 1120, according to the data in Figure 4

sh¢_lll(I have heen substantially less thnn 108 mm/s.

"_ 1000 -
ca. 365"c It ll;is been derllonstrated that hydrog.--_.n-inducedcrack growth

200 _, 420.C

is very teml:)erature dependent. A schematic of the

10o _ temperature dependence for hydrogerl-induced cracking of
"" -_ { fel'riiic steels is shown in Figure 7. The maximtlnl crack

_- _ soo "_ ,, velocity for ferritic steels occurs in the temperature rnnge

from 25 to about I00°C with a rnpid decrease in crack
5

velocity _t teml_er:ltures a _ove this rnnge, lk,lol_lntler and
o

.IO( Rosborg (7) found no evidence for stress corrosion cracking in

s. _icr s. 9cr Type 43_)for tests conducted at 210° C in water with 1000 ppirl
I i ,, 1 I _

0 s lo is o 20 ao CI" and I00 ppl) (3 2 and at a strain rate of 104/s. Therefore,

Dose(dpa) Dose(dpa) neither Ilydr_gen-induced crack gmwlh, whicll decreases

rapidly above about [00°C, tier anoclic dissolution type stress

Figure 3. Ultinl_lie tensile strength a) arid 131Yl'['b) for 7 to corrosion are expected to occur at 288°C.
!)% Cr Imv activatic_n :_llo,,,sas a function nf fast neutron dose.

Yield Strength, TYS, R [kst]

Stress o)rrasit_n heh_lvi_r _1 fcrritic/Niartcns.itic stairllcss steels po.287100120140160180200220240260

oao_,o,o,,,m"'._ / /
l:crrilic/nlartcNsitic staiw_lesssteels exhihit very good corrosion _' to.S _ (27-s4k,lV'Tn) / / - t.o
resistance iN tl_iMIvc(_rmsiv'e em,.'irr)_Nlents. Iligll cltromium _ 21X2OCrMov2SNICrMoV127(A4rl)121(55422)/t_/ //

3 x22cmi_ss43_) / _/ ="
_ 441StNiCrMVTor(_4OMl¢ "-'/ tO.if > 1,"4'7".eCr) ferrilic stainless steels are _l'len _it li7.ed [or very " 10"6 -- 5 17Mn4 --

"_ 6 22NIMoCr 37(AS33-B) 1/_ / "

" r _o...o.iSS(ASOO)/(_ ._
c(trtosive elwin_nmenls, l l(twever, the cnrrosi(m resistance of _

- . • -- IO .2'l'.vlle 4()q ;tNd .t 11'1steels at 2S%>(.-:in ;l .solution (>fNiCI? (5800 _ 1°'7- o
giG,m CI) is ;I I'acl(tr ,ff I()I,etter than cnrhon steels. 'l'he

c(_rl'lmi(tn r;lte ()f tilt'. I'ch (.'r steels is I()() illg/cnl 2 after _l2,'4 'i
ii

Ilv(Ir(wc_l i_t_cc_l clilukillt_ i,.; otu_sidcrccl lilt', in(rot seri(,_s i l /f-,(_)_SXS_CrNICuNbI74(lr'4PIt) "
' o'l l /_) ('_¢" 94OCrMo 5_

c_wir()n_lt'ni;_ll,,,-it_(l_,.'c_l (.'l;It'kill o CfllICCI'I1 r()l. t '}n'.:.,,o ('r slcc[s. / /tj) '_ lOlSMnNi
- IO'10l-- i (_ II 2ONICIM*

/ /._ _ 1217MnNiV -- ;0"S

'l'llc c'r;ickgrrt_vlh I;ile,; ()1Ic.rlitic slcels, illclu(ling the I_cc (:r / J_'_"i¢ 13 X55MnCr
,'r,' J _ 14 fOCrMo g 10(2 WCr-IMo)

,.'clsi(_lls, ll;I,.'c I_Cell <_l_(_,,,.'llI¢_ I_e ;I [llrl(.'li(_tl (fl tile yield lO'li[/"D'7 I t l I
600 RO0 |000 1200 1400 1600 800

slrt.'ll_lll ;Is sli(_wll ill li_ure 1. "l'Ilis dt'l)enclence ,)n yield TeneileYleldStrength, TYS, n [MN/m 2]
po.2

sirellgth is c'(_mislel_l willl a Iiv(Irc_._en-indt_ced cv'ackin,u,,

mecllnllism. l'lle results sl_<_v_in l'igtlre _ I_y.l(_nes (23) ;llsr_ Fi_4ure 4. Crack vel(tcily versus tensile yiel(I strengill f(tr ;I
" ' variety ()f steels leste(l in water at I()O"C. including i'",,. ,o Cr

illtmlrale lilt' (l(',illiil_lvll cl'f,.tcl ,_l c;llll('_(lic]_()lelllials relative t() c()mp()sili(ms.

;li_,_(lic l_)tetlti;ll,; (_n lilt, q i;liii t(_ r;lil_re (tt" :1 .,_,,,

[crrilic/lll:lrlen_ilic _lcel. (':ill_l_lic ll)'dr_)gen also tlrotluced lhlleniini IIl.¢(il'e L%'R Allllliealii)ns [()!"

c()n_i,lerrilflv lligller t'r:_c'kveiewilies th_n tests conducted in I?erritic/Mnrtensitic Steels

II,() :It If)()"(' llle resll]l_ irl Figure (i sll(_w ,1 _l;ige II

vel_cilv _1 3 x Ill (' II1111/_it ;I verv sli_llllv eaill(_(li¢ l)()teilli;ll 'l'he _)I_ ""' ,' I. ,.eCr ferrilic stainless, and irl [mrticul;Ir tile ()c,_Cr

I'(,r ;i <;reel willl :_ vit,l(I <;tror_<.ztl_r)f 5()() _'ll':l. I_ut Ilie crack steels, exhibit attractive ra(liati(m resistance in terms ()f
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R,oslx_rg (7) have evaluated tile stress corrosion behavior of swelliu B rate in ferritic alloys is thought to be inherent in the

Type ,100, ,139 and 444 as alternate reheater tube materials crystal structure; the reduced packing density of first nearest

and concluded that the Type 430 staillless steel wasa suitable neighbors in body-centered cubic structures (cornl_ared to face

substitute. Syrett and Colt (8) noted that I_igh-Cr ferritic centered cubic structures)reduces the difference between the

stainlesssteel (AL29-4C) condenser tubes exhibited hydrogen- effective strain fields of vacancies and interstitials, and reduces

iuduced crack growth in a few instances. '111ecause was the bias that promotes void swelling (13).

thought to be hydrogen generated by cathndic protection.

l-towever, no in.core experieuce exists on which to base a Concurrently, precipitatedevelopnlentoftenoccurs, depending

proposed tlse of ferritic/martensitic steels as replacement for on alloy compositions. Most ]2% Cr superalloys rely on

austenitic stainless steels. M23Cci carbide stability for higll teml_erature strength, but

i newer alloys also incorporate MC formation by additions of V
i

Rn¢liaticm Response_f Ferritic/Mnrtensitic Steels and Nix These precipitates remain stable under irradiation,

hut the MC con_p(_sitionis often R)und to change, taking up

S.welliug more Nix I-Iowever, irradiati(m-enhanced diffusion encourages

the formatinn of Cr-rich (_' when alloy compositions exceed

,,\ primary advantage nf ferritic/martensitic steels for 10% Cr. Additions of Ni and Si can R)rm nickel silicide

irradiation envir(_nments [s high swelling resistauce. This phases, and ;¢ (chi) phase of two types (Fe,Cr, Mo and

includes not only a high incubation fluence required for the Fe,Cr, Mn) has been observed.

_nset _f void swelliug due to the complex tempered martensite

microstrtlcture, but also a very low steady state swelling rate Many of the precipitate reactions are undoulgtedly enhanced

(~0.05c;b/dp_l). l:or examplc, fIT-9 develops less than 1% by radiation-induced solute segregation. For exarnple, silicide

void swellillg following irradiation to I I0 dpa at the peak formation is a consequence of interstitial drag of silicon to

.swelling teTuperature of 420"C (!)), and even for simple Fe-Cr point defect sinks, such as voids and dislocations. Segregation

I_inary nll_ys, swelliug as ineasured by derlsitv change is less has been shown to affect void shape and dislocation evolution

than 5% (1()). /ks swelling :lad irradiation creep are coupled, (14). However, results have been contradictory with regard to

irradiation-enhanced creep is also low (I I). chronlium segregation. Some exl_eriments have demonstrated

chrolnium segregation to voids and grain bourldaries, but

l_licrnstructure aj)_tl__n_icrochenlistry, others have failed to show such segregation. Therefore, it

appears necessary to study a given material in the correct

l_,atliatic_n _l_mage iu the peak swelling temperattlre regime irracliation environment to demonstrate chromiunl segregatiml

restlltx it1 c_hserv:lhle micrc_structur:ll clevel_lmlent (12). "l'he effects.

micrc_slrtlctural cllanges include ¢lislocati_m, void and

precipitate clevcl_q_meut. Tile dislc_catit_n development ,,ks defi_rmation in body-centered cubic alloys is therrnallv

i_r_duces interstitial It_nps with hoth a/2<lll> and a< 100> activated at temperattlres below about 0.3 Tin, a change in

Burgers vectors. With incre:_sing dose, the Io()ps grow anti fracture mode can occur at low temperatures in

iutersecl, formi_g a COml_lexdislncaliot_ netw¢)rk, l lowever, ferritic/martensitic alloys, defined by the ductile-to-brittle

the preseuce _f tempered m_rteusite sul_grain I_ot_u¢laries transition temperature (I)BTI'). It has been generally found

(liscm_rages the f()r_u_ti_)n (_f dislocali(_u In¢_ps and network that irradiation causes an increase in the DB'I"F for

evolution. "1"he excess vacancies that _re created during ferritic/martensitic alloys. Figure 1 provides an example of

disl_c:_ti_)l_ev_luti_u _ln recnmlfine t¢_form voids, and _,r_itl 1)B'I'I' behavior in I.IT-9, in comparison with an imprnved

swelling evolves conct_rret_zlv, The retluced steady-state allow denoted To. "I'he shift in DI_'I'F is consideral_lv smaller



microstructtnral stability and DI3"I'I'. The improved less stvsceptible to IASCC than are atvstenitic alloys. For

microstructur,21 stabilily relative tc_ austenitic slainless steel inslance, Jones (26) found vers' little surface segregation ira ion

st_ggests 1tl;.11these steels c¢_t_ltlbe more resistant to irradiation irr_lcli_lled [TT'-9 and IzE +01.% l_ allc_ysin the same study that

assisted stress corrosiorl cracking(lASCC), l-l_w,,ever, further f¢_tlnd significant P segregation irl Type 316 SS and Ni.
I

wc_rk is needed to verify the TASCC' behavior of the K.imura et al. (28) found a moderate increase iv1 the grain

ferritic/martetlsitic steels, the DB'I'I" following irradiation at botlndary Si anti a small increase in the grain boundary P

288°C and the corrosiorl resistance of the 9% Cr steels, concentration ira a 9% Cr-l%W-2%Mn steel irradiated at

365"C to 10 dpa. Whether similar levels of segregation will

Irradiation assisted stre_ss corrosion occur in Mn free steels or whether the 0.15 monolayers of Si

and 0.04 monolayers of I" observed by Kimura et al, (28) will

Irradiation-assisted stress ct_rrosion cracking is a phenomenon affect stress corrosion is not known. Jones (23) found little

th_lt has been observed in _lustenitic staivlless steels and nickel- effect of similar grain bottndary concentrations of P on thei

b;rsetl all_ys f¢)llowing irrncliatim_ at arotlnd 300 ° C to a dose stress corrosion cracking of a 12% Cr steel at either anodic or

of abottt 1 dl_l. This phetlc_menon is a concern fc_rseveral in- cathodic potentials.

care components ira I)oth BWRs atld I'WRs. It hqs been

de_v_onstr;_ted (24) that this prc_cess requires an inctJbatic_n Chromium depletion by the inverse Kirkendall effect occurs

irr_tdi;ttit_vl i:)eriod for Non-sensitized ntaterial but nc_t for because of an excess vacancy flux to grairt botlt_daries. The

sev_sitizetl n_aterial. It is believed that the incubation period low swelling and microstructural stability of irradiated 9 to

is _tssoci_ted with ;1r;`_tliatior_dam_ge process that recluires ;`tn 12% Cr steels suggests that large microchernical gradients do

accumulated fluence of about I dpa. not occur in these materials. Low swelling in ferritic alloys

has been previously associated with the bcc crystal structure,

Sever:_l ratliati¢_n damage processes have been considered as but recent studies of binary bcc alloys indicate that this low

the cat_se ¢_f IASCC: 1) radiation-induced segregation of swellingis not inherent in the crystal structure, but rnay be the

iml_urities to gr_in bound_ries, 2) radiation-induced depletion result of imptxrities, In any event, the combivvation of

_f Cr fr¢_m the gr;`lin boun_l_lries and 3) r_diation-induced impurities anti complex microstructure of ferritic/martensitic

hardness i_cre_ses, l?,acliation-incluced segregation of steels results in a very radiation resistant material. This

eleme1_ts tn internal and external surfaces has been the subject radiatkm resistance is also dernonstrated by the small increase

_f extensive stoutly Iw Okt_l_ol¢_ et al. (25). .l_nes (26) also in hardness sllown in Figure 3 for tnaterial irradiated at 365

f¢_nd c_nsiderable I" surf;_ce segregation in iou irradiated to 585"C.

Tyl_e 316 ,S,S_1n¢1Ni. l_adi;ttic_rl-it_ltaced ¢lcl_leti¢_n_)fC.'rfrrm_

iNlerf:_ces ¢_cct_Is lw an ivwerse Kirkentl:_ll effect, l¢_n- 'l'hercfore, impurity segregation, Cr del)leli¢_n :_nd hardness

irr:_diati_n rcst_lls I_y Br_0cmmer et al. (27) have confirme_l increase, which are considered primary factors in the cause of

titbit radi_lli¢_¢l-iti¢l_vcedCr _lei_leli¢_llocctlrs ;11111tirol it c;In he IASC.'C il_ atlstenilic alloys, occur to a nltlcll lesser degree ivi
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