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ABSTRACT 

The available l i te ra ture has been reviewed to determine the possible 
influences of strain rate and temperature on the y ie ld art fracture 
toughness behavior o f selected steels suggested for use In an LMF6K 
Spent Fuel Shipping Cask- Based on this information* reconro citations 
have been made for further work which 1s intended to al leviate 
potential problems pr ior to their having a najor impact on the ship
ping cask program-
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Kffcet cf c'T-iin m - on V * VC^ <" t^nri i*: p r o p e r t i e s 
of typ* ^fc '-<£l * 'V- ' i l 'tn'J typ»- "">* r f t i n l e r c r t e ^ l 
b ' lre *»*tal i i L *l. 

71.*?l'i r t r ^ r s *i^rz .c <-hr-tV s t r a i n r^*; for --'*' r*ti** 
^r-iln T.irtenrrit^ f r- J. I * 

B'i-e-temperature c o r r e l a t i o n of the y i e l i s t r eng th or 
ASTH A5^3, ^ r a i * * f c U r s 1 s t e e l frcta =SST pl**-fc 0? (:-*:), 

flitc-te^perature c o r r e l a t i o n of the yieVS str**flgtv of 
t - r e e ASTtf A53«-P Eubmergei-are v e l i s ( ' 6 ) . 

pa te - te rper f i tu r* c o r r e l a t i o n of +>.e y ie ld c t r e w . K of 
AS3! A508, c l i o r :• forgirif.- K b ) . 

F a t e - t e ^ e n t u r e c o r r e l a t i o n of tV- y i e l i strenp*> of 
AST.-: A51o s t e e l (*9)» 

7 S~CT Syndic t a i / h n e s c of ASTT^A?"* r ra^p ? , c l a s s 1 
a t e e l for m t e s between K -= 10 ani 1C"' ' C : - " ^ / r '^ec ( ? : ] • 

f Fracture toughness of AST?-: A^05 c l a s s J fcrein** ' £ 9 } . 

q Fesul ta of frictyre-*-oyghncss t e s t s r i t c e n t e r / C ? c-
of ^ 9 . 5 C cr. tMcfc vel-irent (Sutserpe- Ar« Frceer-^ of 
AS7M A5*; f g ra ie P, c l a s s 1 s t e e l p l a t e < ? . r c cr. 
t h i c k ; s t a t i c t e s t e ; n c n i r m M a t e d - ' U ) . 

^n Te-npemture -iepen*ence c ' *he w»11 *rn " *'•> -e f fec t ** 
zone f r ac tu re toughness of n ir In f?~ . c <-~ ' V !<•»: 
v e l ^ e n t (Sut>?.ereei Arc procesc) of A^-- , ^-ri-ie ? , 
c l a s s 1 s t e e l p l a t e 12 In ('JO,1? c*r.) t h i c k ; c t n ' i c r e r t c -
nonirrf* Slated (31) , 

\\ I r r a d i a t e d and un i r r ad i a t ed f r ac tu re to-jghness as 1 
funct ion of temperature for AST!' A533 r grade 5 , c l a s s 
1 a t e e l from HSST p l a t e 02. Open data p o i n t s a re plane 
s t r a i n , K , r , and closed ire lower bound toughness , 
ho <*)• 

\? Inc rease i n t h e t r a n s i t i o n temperature of s t e e l s 
r e s u l t i n g frora i r r a d i a t i o n i t t e m p e n t u r e s below ^ c 0 & P 
{2??° C) ( 3 ? ) . 

p Fracture tcughnes* VCTEUF temperature f c r e l a t i v e l y 
r ad i a t i on i n s e n s i t i v e ASr: A1???, c lasc f s t e e l r i nc ' 
forging {*l)m 

In Fa raxe t r i c represent &t ior. v* f r ac tu re -ouphnecs of 
se lec ted s t e e l s (39 ) . 



THE INFLUENCE OF STRAIN RATE AND TEMPERATURE ON TOE YIELD 
AND FRACTURE TOUGHNESS BEHAVIOR CF SELECTED STEELE FOR 

AN LMFBR SPENT FUEL SHIPPING CASK - A LITERATURE REVIEW 

The primary purpose of t h i s survey was r.y -user : the present s*'i*** r f fcr.-tf-

lei L :e QJ ^ the Inf luence or s t r a i n r a t e ar.J ^ - j v r i i * - - ^ -̂ - *-r:u —" v ( i : : ^"*»'*-"" 
'hnr ic ter is*. i^s of ^ e l e c t e i r>"elG i n t e n d ! f i r JC* in * u e ^•*rr*h. ccerv" ' ^ 1 

fhippinr c i s k . The s ' . n i r . r i t e s tnd temper**, re r ^ r . r i ' ^ r ' - j v-»»-*. rf"_e j -. r t*-'c-*-
-\7icr1l of cask a p p l i c a t i o n s , t ha t i s s t r a i n r a t e s l e r s than 10 ' s ec an! tesper-i t , r c : 
between -Jo* a n J ?00* C , + Heutron I r r i d i a t i c n e f f e r ' s vere only ^ c n r l i T ^ 1 Innc-

t"ir i s th*y affec* mechanical response; i ?.ar** Je*atl**'i l l s ' - i - r r lon of *h**ir ! - pc r -
*;'ir.ce wi l l be *he s-ibjec* of future work, 

r i m l l v , t h ! r l i t e r a t u r e s^r /ey 1^ tic, ir.'^n!*": -o t--* a r e r t a v - ^ r . * rf 
i l l ava i l ab l e informat ion, r a ' h e r I t i s in eva lua t ion of : r**via.c Irv-r-l**a* irr.~ - -. : 

I :*r \ t i f ies those areas where, in the a u t h o r ' s opinion, : rejer-t kr.^'.-.-lr- r»"^j'.rv.: 
fu r ther reinforcement 

VJiTERTAt:: 

Table : l i s t s -.he cher.ieal cor^poaU'cns of ',-• p r i n c i p a l s t ru r t i - r a l = '{t : r : ' : ; -
be i -g considered for the UIF=? shipping cask- There ~ a t c r i a l c say t * ^efic r a l l y 
r l ^ s s i f i e d as a u s t e n l t i c , r s a r t ens i t i c p r e c i p i t a t i o n hardening s t a i n l e s s or f e r r i t i n 
s t e e l s . The a l l oys designated A516, A : ] ? , A ] > t air! A350 are qu i t e s i i i l a r in 
composition nni a re supp l i ed , depending upon s ec t i on r l z e , In e i t h e r t v " ^ o r r - a l l ^ " 
or luenched and t a p e r e d condi t ion- The ^ar.poc.tlon cf A-^- rufyes ts t - v f T V / >-
-•;~-:eptible t o t e r p e r er .bri t t lement *' if expos-= for lon>? h Ir.er -it t e r j T - I - j r e / 
between "f^° - f-50c C. For tuna te ly , the * iTes lnvciv^d ar^ 'n excers e* vc:*" f<- r 
-he L":^P ^pent ^-©1 shipping cask, " ' ibier IT thr^ ; . - - TV prcv! ie 9pprcj t ! i t e r-r' : ' 
for^i d e s c r i p t i o n s and s p e c i f i c a t i o n s . 

The l i t t e r teinperature should be experienced only under a hypothe t i ca l f i r e 
assoc ia ted acc iden t , the norxal opera t ing temperature bein^ "90* C, 
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cay he desc r ibe ! p r i o r t o cav imt l cn by: 

& -pf»l / l0 1 7 j " (I) 

ti^ere fr« i s the i r r a d i a t i o n asaoclate^ yield G t n w t h inc rease t ?• th/j *-c*il f'l^t 
r^t-tron tfose, -iilJ C ic i function of the p r e ^ i m ' f n t Ire r e t - a l i u r p l c a -arMtSen, 
dource analyt ic of e. typ ica l U-'S*f shipping cicfc curves13 t h a t , over ^n an*Iclptt*."! 

it 
ten-yeur l l f e t i n ^ t wi l l be less than if* J n / c a ' . If we ftrruse th'*» 

? 1Q 
r - 100 - 1M> M N / E ' , then the expected radia t ion asat : iated yield r t ren^th iscreace 
v i l l tie approximately 1** !ifl/nf, i . e . , l e j s than 7 pc rce i t of t h e r t m i » l rceei 
temperature yield s t rength of 30'* s t a i n l e s s s tee l* These na~e Authors note that the 
yield s t rength i s tho aost sens i t ive indicator or lew temperature mdifltlcn ' J az^e , 
the ul t imate t e n s i l e etrength and t e n s i l e d u c t i l i t y bcth exhibi t l ever percentage 
change a t equivalent radia t ion l e v e l s The abtnre observation! indica te tha t the 
neutron i r r ad i a t i on ettJctfl on the primary a u s t e n i t i c Steele being consider** for 
the tttFBB shipping cask should be eiinisial* 

F e r r l t l c Steels 

As noted above, the s t r a i n r«te s e n s i t i v i t y of bec ferrews al loys IF q,*l*e 
large when compared t o fee mie ten l t i c s t a i n l e s s s tee l* icwouer, as the absolute 
yield s t reng th , 3 y Increases , t h . 3 rate and teenperature s e n s i t i v i t y tends t o i e -
crease and, when a Dtrength leve l of 130 ksi (896 KH/n c) in reached, l i t t l e sens i 
t i v i t y remains- This suggests tha t the s t r a i n r a t e s e n s i t i v i t y of bV*0, **•*.", nni 
17—lipi-f should be ninlwal, Kendall ' has showr tha t thiz assumption appear? to 
be valid for fclbo and U5U0 (Fig , 2). However, there Is no information avai lable en 
17-UPK- Indeed, r e s u l t s on 18 Ki(30G) Maragtng a tee l f c enother p r ec ip i t a t i on 
hardening a l loy system, indica te a 27.5 rftf/m per decode change In s t r a i n r a t e in
crease a t roco temperature and a s i e i l a r decrease at ;lf , e c , 

Scce years ago, Bennett and S inc l a i r ' proposed t h i t the l o w t c ^ e n " -r* 
yield s t rength behavior of s t r a i n rflite sens i t ive bc<* s e t ^ s ^vi^ht be describe-! 
by a simple ra te equation of the fora 

rr = RT l n ( A / 0 (j) 

Where -T i s the f lcv s t r e s s corrected for loading node va r i a t ion , 7 the absolute 
temperature, G the s t r a i n rate, and A a frequency fac tor which Is general ly sssier.e'i 

IS 
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i vrtluc of 10 - / ae r for 1n:n, ."***!chen in> y j l l i e = s i r * " ' C j h a « shewn that thte 
rcrr*l '»t icn ^ives i f ' l i r lv icr-^nv- r tpr t - rsntat icn Of the yie ld behavior Gf A5** r - l , 
A^C8, and »5U (Fl#c« ~--M« >ivi vvrc not foun^i for the e ther candidate, ta t^r ta- ls 
[i*-*-.* A350, A313< 2 jt. }| whl^tr - ? ~ h * 1 ^ 1 ^ * e tha* «i»«r s ' r a ' r : rat*/**?-r*r*vjr-
s e n s i t i v i t y ccul i be le icr !b*I ty " i - ' I \ Tr. a l l ' l ' ^ r : , *he influence =:* sv*.~' 
- P ^ A - T ^ * - / * n-i »M -o-r<:*? t J ? ! T . * 7 -5* ••he cnr.it l*it* - i t e r !* ! : : is u r^ le*- ; ! - 5 ^ ; , 

aninp: and H s occanpmylnr <l*?cr**&ce in t e n s i l e Sujetiiity fero a stror.f r ^ ' . t - l ' . v / -

£t rnin fte.te^Tgmper-.ture/Fracture Tou*;hneflfl 

When the i n t e g r i t y of a s t ruc ture depends upon th€ avoidance of ca tas t rophic 
f a i l u r e , two a l t e rna t ive design philosophies a re a/a 11 ab le . One 1B based jpe \ 
prevention of f rac ture i n i t i a t i o n (li«»» *ht firfit «r tenslon of an ex is t ing f ievj 
end the other upon the prevention of t o t a l creek propagation through the s t ruc tu r a l 
iiexber3. In the present ins tance , the l a t t e r philosophy involves select ing 
materials ani designs t h i t a r rea t cracks p r io r t o t h e i r penet ra t ing the ensy v a i l . 
For f e r r i t i n s t ee l s the toughness in the ful ly shear (duc t i l e ) xode ID f*r grente.-
t*:an t h i t in the cleavage ( b r i t t l e ) noite. Thus, t o ensure tnaximua res is tance t c 
propagating craefcs, s t e e l s Ghould be selected tha t e i t h e r do not exhibit a * ,a«h ' 
b r i t t l e t r a n s i t i o n ( U e « s s t a i n l e s s s t ee l ) c r do chow a f racture mode trans i t* 1:3 at 
temperatures well below the anticipate '* Tinien-T operating t'--zperati:rG, Kcw*ver, 
i t should be noted tha t under ce r ta in condition::, vhere t h - stored avai lable 
energy of the s t ruc ture i s high, even the toughness ^rsorlated with fu l l shear 
Fracture aay not be suf f ic ien t t o a r r e s t prcpngati^g cracks* 

Crack I n i t i a t i o n 

Fracture toughress evaluation which considers i n i t i a l crack e^teneicn is 
well established ind i s based upon l i n e a r - e l a s t i c and e l a s t i c - p l a s t i c fracture 
mechanics wherein crack i n i t i a t i o n ia described i n inrzs cf a c r i t i c a l «treE* in ten
s i fy f ac to r . Figs. 7 and 8 i l l u s t r a t e typical r e su l t s for ^21 B-l and A50fi c t e e U ; 
the plane s t r a in fracture toughnees, K--, increases with Incre t r ing tespera ture rr.2 
decreasing s t r a in r a t e . This s e n s i t i v i t y t o s t r a i n r a t e and temperature again 
-ec-£ tc decrease with increasing yie l3 s t rength, , ; Thiti suggests tha t the effects 
of s t r a in rate and t e roera tu r t en the f racture toatnnesE or *!LiD, UJUo, and 17-«F-r 
-.ay be Rin iaa l , at l eas t at low temperatures. Tn addi t ion , s t r a i n rate-temperature 
e f fec ts should a l so be lew in aus t en i t i c s t e e l s , although th i s auggeation la r a the r 
d i f f i cu l t t o assess since no f racture toughness data p resen t ly ex i s t for theae a l l oys . 
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Tt should be reccgnize* that X is not uniform t h r c w h i heitfy sect ion, 
<. , e - B i t Increases with Incr-nzirw *H stance below *n* surface* The l o t t o r v ^ r l i t t o n 
!H -.rcentuitert vhen v e l f z e r ' j ^re consi ' ierr ' l . Althau^Ji the fracture tou^hr-ess f 
« •• wellse^ta la #*er,er*tlly h!**ht*r tiysn that of base Mtnl» fltf* 9» there i s a 
V,-— <i-™ir:* «f s*nt*^r tt**.Wtf**r* ln'-'± taken fran different v e l i r e n t s . Fig. 10. ThlJ 
*" -•*-*!-i lnrlv true a* *;v *oi* 'enpernture-

The f n ; - / . r . t c - f tne r - of k™. **y i l « be / e r l o ^ V r iegrade* by l r r v l t v . l c n 

e *• v-.*-n* cf *. i s J'tr.'**-- !*pen3o -pon bet- i r n d l a t i c n temperature ^n ' 
^T ^ »7 

riser.ee, ?*V, I. in-? Tible 77. hecent Invefitlgatlcn*- p * indicate t ^ t t - e 
n i i i t ' . c n r ena t t i v i -v cf A^ 3 : r-L tf\n b* v i r tua l ly e l i - l M t e i by control l ing v * 
r * 5 i ! ^ i l , impurity content, Ll~itin>* <"X t o less f,*n ? r l wt£ -*n-i J> t o l e s i t-*n 
"."1 :/t* oppe^ir* t o be bo*- f u s i b l e in production i n i 18 been founi t o a l n l s l z e 
- l*e r e l a t i o n effects notel above. TntereatinKLy, i r r i g a t i o n 1w*ge in A508 does 
not see* t o be as severe i s In AM? (cotpare F l « * 11 i n i 1"*). 

Atte~ptr t o eons H e r v e c t n l n n t e an-J te=per*»tur* r e n s H i v i t y of K 
in A***(«iO -ml A^5C were unr-iccessf-l , no lata b ise «nlfltr for these s a t w i a l a . 
: « ! * i i l *-prej:rlc^r v^r*? * n*. * **?* s ' l ' ^ r j - t l r , v • - t r r ^os-.-i t ' iHy Fe-C-Mn a l l o y s , 
v*:i *- T**'e r i - . ' . n r *o A rl- TT.1 wcul ' ' • • r e f e r * t - - c r - cenr 'Mv* t o fltrain rtte 
-r.: *^Tf**nture r irv** * ^n M* »-r A*iO- cr A r ' ' ' . 

"trial!*/, "or <T. tr-1 c---'if.vr r/e BMvrerte-* * ** • * ** previously propose* 
; a r a « t r i " reprer'T.-'f ! rn of ' *? flo-j ^ t r i c r o r i r t i c r of b-e r>" i la c in jrive »n 
n-S*T-*** Jescr i^ t ion of * .e Irf luene* of te tp^r i*ur» ».T? J*:r-kin ra te of K_* JTT 

•̂ c tppli*-^ *ric *^^ ?•*.-;•'- wr r* r*i*.rr 1!^!**! *^^perT.n* ir.i = t r d n r*te regime 
*r A' l ' ^ r i l e * ~ r. ; " . " ' -, ! - , «-••— • • - 'irr***^*»n* i-.feira quite fiood. Since 
r* —i!i: n*^ ter*er '* t - r" • r,'*!*!cnr ^cnrl »*»r̂ i b v Jn-r^r <r* f i r re^ored frot: t^oce 
nntlcipate ' i In V e U*?rr rp-nt f.^1 o Ipplrw cioii ( -*e ^^n-^ril Tnl i^ i ty of t*ii» 
pur^netr lc rcpreaentat ian for c ; r present purposes cinnot be assesaed^ although I t 
Jc*r ippe*iT pro-io'-riff-

' n r ) ; ArreBt 

T e "cnr! ^*-r"j* !'r; cf -*l**rnitlv* f r i^ t^r* •.o*#?1ne"s i r i l y s i s , v e r e l n f-.e 
p r ' r ^ i p i l c r i t e r i a Involves cr-ick prcp i^ i t ion ind n r f * J t f la hampered by t^e absence 
of j ^ne r^ l •nit^er.'-.tlc^l formulftricns TOT runMnff er%chs v^le1". take In to account ^.e 
l n e r t i a l i n i <*y,i«ie effects for •rtrio-js a t ruc tu ra l geocetrlea* Hovever# sote; ln-
ye5tifo*ors ^^ve sug^este^ *hnt i. «; ;eefl in tenni ty factor does exis t belov 

e 
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which ft crack w i l l net propagate (Hahn, e t a l . ) • * coielu^ed tha t th ie art-eat 
f a c t o r , K j I s not a t sa t e r i a l p rope r ty but depend? upon t^e e n t i r e h i s t o r y of crack. 

p r cp iv ' i t l an . I f t r u e , t h e e n t i r e phl loscphy of us ing K oa a des ign c r i t e r i a t o , 
in t-:e r ev iewer ' s op in ion . In doubt. Un t i l t h i s quest ion i a answered, p a r t i c u l a r l y 
by a combined mater ia l s / f i t rea3 a n a l y s i s e f f o r t , t h e l o a t l o g i c a l approach t o des ign
ing aga ins t c a t a s t r o p h i c crack propagat ion , i«e .» a s su r ing th** the crack w i l l 
a r r e s t p r i o r t o p e n e t r a t i n g the cask v a i l , should r e s t upon F e l l i n i ' a FAD ^rocedur«s . 

fECOfttEHDATIOIS 

Listed below a re the rev iewer ' s re cairnendationa Tor cask b a s e l i n e m a t e r i a l * . 
In a d d i t i o n , those areao a re presented which w i l l r e q u i r e fu r the r eva lua t ion and 

which may have an impact on cask safe ty and dej i^n-

Base l ine Mate- la la 

Use Basel ine 

P l a t e A533 Bl CLad with 3 * L 
Cu < 0 .1 wt, p e t . 
P < 0,01 wt. po t , 

ro rg ine A508 Class * Clad with 3<*L 
F i t t i n g s AUQj Grade WP304 

Bol t ing A193 Tyv« BS 
Pipe A112 Type 30UL 
Tube A213 Type 3<M-

Process Parameters 

I* Examine what inf luence v a r i a t i o n s in chemistry wi th in al lowable A533 and 
A508 spec i f i ca t \one l v /* on underclad c r i c k i n g , 

2. Examine the poss ib le r e l a t i o n s h i p between temper e & b r l t t l e a e n t and unclad 

cracking in A508. 
3 . Es t ab l i sh appropr ia te we ld ing / fab r i ca t ion p r a c t i c e s fo r sub-scale and 

f u l l - s c a l e cask product ion . 

S t r a i n Rate/Temperature^Yl^ld Behavior 

1. E s t a b l i s h the s t r a i n r a t e s e n s i t i v i t y of candidate a u s t e n l t i c s t e e l s 

wi th in temperature and i r r a d i a t i o n condi t ions of i n t e r e s t t o LHFBH fuel 

shipment cask . 
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2. Establish effect of varying 6 f e r r l t e content a t • t r a in m « ana i r rad ia
t ion sens i t iv i ty or austenl t lc s ta inless s t ee l veldtents* 

% Establish Influence of s t ra in ra te and temperature sens i t iv i ty on yield 
strength be^ivlor of 17-**PH. 

hr Conflm adequacy of Bennett -Sinclair relationship for describing t-.c 
s t r i l n rate t*-perature sens i t iv i ty of lev strength f e r r l t l c {bec} 
Ateela, 

5- Examine the extent of duc t i l i ty loss *a a function of s t ra in rate en4 
temperature in candidate casks f e r r i t i n e tee l s , par t icular at tent ion 
being paid t o the temperature regies i*iere lynesic s t ra in aging la 
egpected. 

Strain Ratc/Tespcrature/rracture Toughneaa 

1, Confirm t?;e va l id i ty of the Corten-Shoeiaker parase t r ic representatlcn 
for K.. v i th ln the temperature range or Interest* 

?. Exaalne the Influence of s t ra in rate and temperature on the fracture 
toughness of VT-^Vl and auatenlt lc atalnlezs s teels* 

3* Establish the underlying causes for the large scat ter observed In heavy 
section veldsents and develop erthod* for minimising t h e « effects , 

ij, Maintain an awareness of the present crack ar res t programs, reviewing 
the i r Impact upon the ItfFBR spent fuel shipment cask at regular interval*. 
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