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assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
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process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of -
California. The views and opinions of authors expressed herein do not nccessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
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. ENHANCEMENT OF CRYOGENIC FRACTURE TOUGHNESS
THROUGH MICROSTRUCTURAL CONTROL IN A FERRITIC
- Fe-12Ni-0.25Ti ALLOY. SYSTEM.
Sungho Jin
Inorganic Materials Research D1vision; Lawrence Berkeley Laboratory and

Department of Materials Science and Engineering, College of Englneering,-
University of Ca11fornia, Berkeley, Callfornla .

" ABSTRACT
A thernaIVcyclinthechniquelwhich-allows the grain refinement

of FeQIZNi-O 25Ti alloy from 40-60. m (ASTM-#S-e)-co 0.5 = 2 m

(ASTM #15-18) 1n four cycles has been developed ‘The proceSS'consists

of alternate anneallng in Y range and (o + Y) range with intermediate

air cooling. The transformation behavior; the change of microstructures*

‘and cryogenic mechanical prooerties on each cycling step are

- described.

N

'Duebto'the ultrafine'grain size,’the‘ductilefbrittle transition

vtemperature of this completely ferritic alloy was_suppressed’below

6°K even-invthe presence of a sharp crack. xSimplevand economic

'methods of Charpy 1mpact testlng and fracture toughness testlng.’

beélow 6° K were developed u31ng the styrofoam—luc1te box system.:

In fracture toughness testlng at 77°K, the mode of fracture was

: altered-from brittle.quasi—cleavage‘to complete ductile rupture

--Vthrough thegra1nref1n1ng : Fracture'tOughness testing of~grain

refined alloy at 6 K revealed essentially ductlle dimple rupture

fCryogenlc mechanlcal propertles of Fe—leTl,alloys.were:compared--

with two other commercial cryogenic alloys. = ‘ . .
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I. INTRODUCTION

The objective of this research is the design of néw_claSseé'of

cryogenic steels having combined strength and toughneés_at very

low temperatures. Current engineering problems_inélude the transport,
‘storage and handling of 1iquifiéd gas and thé.design of superconducting

power systems and transmission lines. ‘Available structural alloys

tend to become brittle at low temperatures, posing design and safety

problems which can be solved if new tough cryogenic alloys are,madé.‘

available.

Steels generally used for cryogenic service'are 1imited:ih o

number. Austenitic alloys retain their high'todghheSS'dowq to very

low temperature but ﬁheir strength is rather low,,4Eerri;ic'alloys-

become much stronger at cryogenic temperatures due to. the large

thermal component of yield strength:bUt tend to become'brittle,

espeCially in the presence of a sharp‘c;a¢k. If_the problem of

the ductile—brittle'transitibn can be overcome, ferritiq'alloys'

offer greater potential dﬁe:tb their higher strength.

The specifiCupdrpose-of this work is to Suppress_or’praétically
eliminate the D-B transition behavior of ferritic Fe-base allbys

through the study and control of miqustruétures.



II. BASIC APPROACH

: Cottrelil apd.Petch'éz.fheorét{cai'anélysis based on &islocation
theor§;-ﬁsing the energy balance bétwéenbthe work &one'onimoving
_dislocatidﬁs and tﬁe surface energy prééucéd-by opening a.crack,- .
relates the ductile—Brittle ffansition temperature 'to metéllﬁfgical

_parameters as follows.
1/2,

T « 1p |——L- e e , (1)
c.. . 2 . . - .

BGY - Kys
where Tc‘is7£he D-B transition tempéfature, q:is thé_grainﬁsize,.'
*Ky is’ the Hall;PetCBIQIOpe; G'is'thé‘shéar'mOdﬁlus, Y ié.ﬁhe §;tface-
energy, éndlB and B are conSténtsg Tﬁe tfahSitionitemperature of
"férrific‘alléys; therefore,_caﬁ be"sup§réése& by'l) féfining ;ﬁe
- grain siée,x2)7reducing tﬁe_Pétéh‘slbbé, and 3)-increa;iﬁg'the
surface énergy. "Theée thfee variables are controllable thrbﬁgh
cémpositiqnél'and ﬁicrostrﬁctufalvchangés. The physiéél ﬁéanings
of these variables are asvfolléws. ‘Thebgrain sizé, d, représents
the degrée of'lbgai stress_Concentfation at $ouﬁdérieé»(diélocation_
pile-up léhéth or'megn—free slip path). :rhe.Petchﬁslope,.Ky, h
represeﬁts,the~;esis;aﬁce égainstjslip bropagatioﬁ across thg.grain
boundaries> (or the difficulty in relieving the 1ocai'stress
concéntrétién at the boundaries), and is related to-the»impufity
1;cking of the‘disloéatiohvsoufcéé, humbervof availablé Siip systeﬁs,

vand_thé ease ofvﬁross slip ofvdislocations; The surface enérgy, Y,

© in Eq. (1) is the sum of yY{(thermodynamic) and Y(ﬁléstié deformation).

By
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It can be increased by removing- the boundary segregation of impurities4
such as' P, S, Sb etc., and also_by.préventing,the formatidﬁ of.grain
boundary films of brittle précipitates.‘ Andthér pdssible-way.of‘lowering

the transition temperature is by the introduction of small amounts of

retained austenite. This aspect will be discussed in section IV-D.

A. Alloy Composition

'AnvFe—baSe alloy composition of nominally 12% Ni and 0.25% Ti

‘with low impurity (S,P,etc.) content was used in this research. The

small amount of titanium scavengés*the interstitials (carbon and

nitrogen), which is believed to reduce thé'Petch'slopé, resulting

in a lower transition'temperature. This point requires further

invéstigation. Most of'the'Fe—base.cfyogenic.alloyé contain
appreciéble aﬁounts-bf‘nickel. Nickel as well as‘other elements

in the platinum group are known to suppress the traﬁsition'temperature

'ofvferritic,alloys.4 Several explanations have beén,suggestéd.5'

1 Nickel enhanées the cross-éiip of'dislbcatiohs at low
_températurés;
2)'vNickel_may havg'the'effect bf sCavenging.interSti#ials
.v(i.é. decreasing ﬁhe étrength of:diélécation pinﬂing.By
-ipterstitials);
"3)° Introduction. of disloc;ted maftensite.bf.alloying iron with

-8 - 25% nickel increase thé mbbile.dislocation density.

~



Even though the main mechanism responsible has not been clearly

identified, the beneficial effect of Ni on cryogénié toughnessvis

well established.4’6’7 Fe-Ni alloys are known to possess about the

lowest value of Ky amohg the Fe~base alloys. According to Saéaki,8

the Petch slope of Ti-scavenged Fe-12Ni-0.5Ti alloy is ~ 0.15 ksi/mm™}

:»a; 25°C and ~ O.56_ksi/mm_l/2’at - 196°C, which is'conéiderabiy

9,10

smaller than other steels. " This low valﬁe'of Ky should be

'beneficiél according to Cottrell-Petch's prediction (Eq. (1)).

B. Alloy Processing

. With a given alloy éomposition,qu. (1) reduces to

o 12 o |
T,=C +C,1Ind o i : (2)

where C; and C

1 are cbnstants.'.Experimentaliwopkéfll also éugggétéd

2

other relétionships‘like,
Y €

Whatever the equation is, the dependence of transition temperature

on grain size is cleérly established.12’13f8

Hence the major focus
of this research has been on the design of ﬁfocesses which accomplish

significant grain refinement.

-
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~ Previous work14_l§ establishedlCWO'techniques'for refining;the

grain size of Fe-Ni alloys of moderate nickel content. *FolloWing

studies by Crange,l7 Porter and Dabkowskila'demonstrated grain
refinement through a thermal cycling orocedure which inoluded"

repeated cycles of rapid austenitizing and cooling.: Grain size as

- small as 3-5um (mean’ intércept length: ASTM #13- 14) was obtained

éaul et‘al.15 also observed graln reflnement 1n maraging steels on
Simple reoeated austenitizing'(from ASTM #2 to #7 in‘4 cycles).
An alternate technlque was used by Mlller,lGIwho reported ultrafine
graln ‘size (0. 3 1.1 um' ASTM #17 19) in an Fe—Nl alloy wh1ch had
been severely cold—worked and then annealed in the two phasev
(a + Y) range. | |

'In earlierlwork iﬁ this thesis project; varients of toth‘theSe

process1ng techniques were used on the alloy Fe—12N1 0.25Ti. - THe

- results have been reported (ref. 18). Both technlques led to alloys

- of exceptional strength'and‘duetility:at cryogenlc:temperature.

However;'both processing techniques had undesirable features. When

the cyclic austenitizing process was used, the grain size séemed to

stabilize at 5-10 um. ‘A further improvement in low temperature

‘dnctility'might:be obtainable.wlth_finer:grain'size. A mdre'refined.

structure can be achieved with mechanical working, but mechanical

working is often an impractical or undesirable step in. final alloy

prooessing..'Therefore an alternate thermal treatment which would

1accomplish.a grain‘refinement comparable to that obtainable with

meChanical work was sought.



III. TECHNICAL APPROACH . = - 2

The{technicai approéch‘leaAing to the-grain refinemént | ' &
prOéeéSES«used.héfé may bevbriefly déscribéd as féllows: fhé"
Fe—lZNi—O.ZSTi‘allby”is expected. to show roughly the samevtransfbrmation
behavior és the Fe~12Ni binéry.alloy, Bécause of ﬁhé émall émount_of
Ti pféSent and its partial'COnsumption'invséavénging intérstitials.
Prévipus.résearchvon the transformation behavior bf Fe-Ni alloys
in this'ﬁompositionvrangé (summarizéd, for example, by Flbreéhlg)
indicates fhaf'whén ;hese alléys’éréirépidly héatéd.pf.éoéléd Betweén
room tempéfature and the Y—field both the a + y:éﬂd the Y > a
.transformatipnsfoécur primarily through a diffuéiqﬁlgss éheafv ' _ -
.mechanism,'whilé if the alloys afe aﬁnea1ed Within:the'tWo phéée~
@+y) fiéld the transformation pcheeds through.a'diffusional_
ﬁucleation and growth pgoceSS'leadiné-tofan eqﬁilib;ium paftitioning
of nickel:betweén the two pﬁéses. Either tfansfbrmatioﬁ mechénism.
ﬁay be used for grain refinement. If a'is(heafed to the YFfiéld

and then cooled to room temperature, abdecteasé in apﬁarent gréin
size (or éartensite pécket siée)_fesglts,’presﬁmaﬁlyv;o relieve
the internal strain built up during tﬂe shear franSfofmatiéh.ls»‘
. if 0 is annealed inside the two -phase region a véry'fine lath-like

structure results, preéumably.from preferential Y_nuéleation in_the‘ _ -
boundaries of the martensite blateé.l6 |

The fine lath-like strﬁcture obtainéd aftér.two—phése:anneal

.is, however, not a desirable structure for high toughneés, énd may

even cause a decrease in toughness due to‘'easy crack propagation.
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parallel.to‘the 1athe. ’InbMiiler's research16 the'stored,energy of
prior cold work seemed effectlve 1n destroylng ‘the ﬁreferentlal
alignment .of those laths. It seems plausible that residuel strain
from a cyclié-shear'tranSformatiOnuﬁay.accomplish=the'semeJefrect,v
particuiarly if the strain is allowed to accumulate thrdhgh repeated.
cyclihgtk o |

This-researth -therefore' has'been concentrated‘onvthermalk

'cycllng treatments of the type 111ustrated schematlcally in Fig. 1

(the Fe-Ni equllibrlum phase dlagram 'was obtalned from Hansenzo)“

" in which austenite reversions are.alterneted with two-phase

decompositions. The annealing temperatures were chosen fromvthe

. results of dilatometric studies of the kinetics of the phase

,transformatlons, with the gulding pr1nc1p1e that the austenitlzing

temperature "should be low, to ‘minimize graln growth whlle the

, two—phase decomposition temperature should be high,'to maximize

the rate of decomposition. The ennealing'times and total number ofr_t

cyclesxwere chosen from metallographic studies of grain refinement and

low-temperature mechanical tests of the resulting alloys.



IV. DISCUSSIONS ON PROCESS OF GRAIN REFINEMENT

A. Materials Preparation

A low carbon alioy"df nominal composifion'Fé—l2Ni—0.25Ti’waé
obtained_ffoﬁ pure'Starting.matefiais'(99.9% pqrity)'by‘induétion
meltingbin.an ineft~gés étmosphere. Twé'twenty ﬁoﬁﬁd'ingots of
2.75 in. (7.0 cm) diamgter were preparéd by"éiéw ééstiﬁé in a rﬁtating
cOppér chill‘ﬁold. Ingbt‘composition Waéﬂdetermined to be (in‘wéighﬁv
percent): 12.07 Ni, 0.26 Ti, 0.001 C, 0.014 N, '0.003 P, c;oo4 S, |
with the bélén;e Fe. Thg ingots'were_homqgeniZed_uﬁ&ér vaCﬁum ét
1050°¢ for 120 hoars,'crossQfofgéd at:;1100°C to thick plates 4 in.
(10.2 cm) wide by 0.75 in. (1.9 cm) -thick, théhvairécooled'to-fodm
temperature. “The plates were:then‘anneéiediatv900°C‘f&r'tﬁo hours
7t6‘rem§9e most of the prior déformation_étrain and aif.cooled to
 room temperatufe, This final.annéal waévincludedvto establish a
staﬁdard initial state'for research purposes; ear]‘.ier'work'18 haé"
“shown that'the-ﬁrotesséd'alloys have,sdmewﬁat-bétter crydgeﬁic mechanical

properties when grain refined directly from thé_aééforged'Cdndition.-

B. Phase Transformation Studies

Iroh énd.nickel forﬁ two typés of solid solutioné,'i.e.,‘a(BCC)
and Y(fCC)l- Over'a‘widevrange of compositibns anditempéfaturés;'v
Fg;Ni alloys.in eqﬁilibrium éonsiéglof.a‘mixturevof the two phases
as shown_in>Fig. l.- Oh'isothermalvholding for a lbng eﬁough time

to reach the equilibrium, the transformation obeys this phase diagram.



On cdntiﬁuous heating'dr cbéling,vh6We§ef;'thé phasé”ﬁranstfmation.
'fsllod$ thé metastabie;diagram ra;het t£an the'eduilibrium.phaéé ’
diagram. Théréfore,vin é cbmplicatéd'théfmai.cyCIing théh'iﬁvolvés
both‘continﬁous and isothermal heat treatment,vthevphése tfansfofﬁation'
behavior can not be éasily predicted. Aé.thé nickél contentvvaries
from d to ;30Z, Fe;Ni base alloyé quenched ffom"ﬁhe aﬁs;énife;range
show thrée'differenﬁ'struétural<feétufeé as ‘Owen et a1, %! feportéd.
From 0 to ~8% Ni, they show -equiaxed ferrite Structures,vfrom |
~10 to ~25% Ni dislocated martensite, and abo{ze'zsz 'N_i'vt.w"in’nfad:
ﬁarteﬁsite. 'The present alléy system féllé in_theicatégory Qf‘
‘dislocated martensite, as is the case Qf,ﬁaragiﬁg'étEélS;ﬂ Typical
tfansmissioh-electron micrographs of the”Fe—lZNi—O;ZSTi'élioy
(simple-~austenized énd cooled), Figs; 2 and 3, cénfirmé thé 
disiocaféd'martensité‘type étfﬁctufe; 'EktensiQe reéearchﬁ' 

haé béen done oﬁ'phase-transformétiqn'behaVior and'ﬁiCrOSthétures Qf
theFe—Ni system and many classes bf maféging steels;' The genéfally‘
aécepted view is ﬁhat.ﬁhen these alloy systems (contéining'lO}ZSZ Ni)
aré heéted or cogled‘c0ntinuously bétWeen room_tehpérafuréfaﬁd Y
1range; the phase_franéform?tion éccqrs by'a_qifquiOnleSS shear
mechanism,‘while if'fhey are'anﬁealéd ﬁithin'the two phaseiraﬁge;

the tréhsformgtion occﬁfélby’a‘diffusionél processltd'réagﬁ the
'Aequilibritﬁ alloy barfitidningr

| Dilatometrié'studiesxwere conducted td‘deter@ine phaSer
.trénsformatiqn kinetiés in thié alloy._vIube—shéﬁed di1étometry

_ _spécimens 1.5 in. (3.8 cm) long and.O,ZS in;v(0ﬁ64 cm) in“diémetér



with 0.04 in. (O.l,cm) wall thickneés.Weré ma;hiqed from thé anhealéd_
starﬁing.matefial. TempéfaFures Qere mbnitOredfwith'a éhréﬁei—alumel
thermoéoﬁple 'séot.weldéd at thé mid—pointjof thé.speéiménllength.
:Tﬁe expériments were éarried out with ﬁeatingvand cboiing rates of
approxi@ately-lS°C/min.; roﬁghiy duplicgting’the~ré£es'uséd'in thé heét
._ﬁréatmént'of:the élloy,v | | | ' |

~ Sample dilatometricjcurvesvére‘giveniidAFig, 4l"'Figure>4(5)
-illuS£rafés trahsformation behévior &hen.én a(martensite) is édntinuously
heated_info the 'y region, then coéled to“room tembérafure. Reversion
to austenité bégins‘at é feﬁperatﬁre SIighfiy Beldﬁ thg maximum in
‘the dilati6n cu}vé at_673°Ci(which_we have taken as a measure of the |
aﬁéfenitélétgrt fempététurg;bAé),and.is édmplete&xgt a'téﬁﬁéfatute
slightly above ﬁhe_minimum in thé'curVe’at'7ISAC (which measures the
austenite.fiﬁish femperéture; Af);-'On cooling, the mértehsite‘
transformation beginé near 473°Q (M) and is iargely'compiete by.&lébc

(M,

). On cycling, the sample undergoes a small permaﬁent set, measured
£ . g a s , Dt set

by tﬁe offset'in thé coolihg'cufvevatflow—temperature. Ihis'offsgt
resuiﬁs from.tpéﬁsfo}matiéq strain of the sample énd»dbes nbt'signify
.the_preéeﬁce of retained aﬁstenite; no-austeﬁife ishdecectéd in.x—ray
studies of sémples cyclea bﬁék to room_teméerature. ,Figufe 4(a)
suggests‘an austenitizing temﬁératﬁre.of about 730°C to insure that
the‘trénéformatioh is completéd,'and a maximum two¥phése'décomp§sitiéh_
témperature of about 650°C to insurevthat shear fevefsion has not

become significant:
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‘lelatometrlc curves mon1tor1ng 1sothermal decomp051t10n at

650° C are shown in Flg 4(b). The M temperature is. essentiaily
1ndependent of transformatlon time (t = 30 min ) 1nd1cat1ng that the _.
nickel content of the Y formed is essentailly 1ndependent of the
Y volume fractlon. ~This y appareutly transforms completely to o on
eooling;'no retainedfaustenite'is detected‘in eray‘diffractiOn‘analyses
.v-of'samples oooled to room temperature.‘(Retained auetenite'uae detected;‘
-‘h0wever;-after_decomposition at:temperatures'< 600°C); |
Given’thevcuIVeS‘in Fié. 4 (b) ue can phrase a_rough eétimate .
- of the rate.of decompoeitionhwhiéh_is useful in selecting Anfanﬁéaling
time. If We.assume that thefdiiation is a linear functionIOf‘the
»fraetionftransformed andvestimate'the‘dilation onfeomplete'transforma—
.tion from the total offset in the eurves.of'Figf 4(a);.ﬁe.obtain(the_'
estimated isothermal'transformation'curve shown'in fig. 5;- This
‘curve “has" an.asymptote 1ndicat1ng equ111br1um with sllghtly more
than 80/ Y, whlch agrees roughly w1th an estlmate based on the Fe-Nl.
v-blnary phase dlagram. It is 1nferred from Flg. 5 that an anneallng
-tlme of 2 hours at 650 C w1ll y1eld a product Wthh is roughly
: 604 Y,'prov1d1ng_an overall graln_reflnement near the optimum. Thisf
vestimate iéISupported by-the metallographicuresulte given belou;

If the 730 C/650 C cycle is repeated after decomp031t10n at

650°C the klnetlcs of transformtlon are compllcated by the
. _/

N

inhomogeneous'dlstrlbutlon of nlckel throughout the mlcrostructure.
The change of phase ‘transformation temperatures on this alternate .~

thermal cycling is given in Table I. A sample annealed for two hours
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at 6SO°C will consist of roughly 60% Y of composition ~13%AN1
v(estiiatee'from thé Fe;Ni bihary_phése diégram)_together.eith

~407% residual avof @één niCkel‘concentrétioﬁ-neer 10% (weli above
the equilibrium'at ~4Z‘.Ni)'whic'h may be heterogeneousiy'diétributed.
If the material-ie airvceoledlto room temperatufe and then reheated

‘to 730°C regionseof different Ni concentration will transform at

f e

different temperatures (and perhaps By'different_mechénisms) leeding
to the more complex transfofmétidn behavior illﬁstrated by the dilato-
meter traée shown in Fig. 6. .It nonetheless appearé that the pronouﬁced
shear reversion is essentielly complete‘at‘730°C.
'éraﬁsformatibﬁ.behéQior op'subsequent COoliﬁg depends‘on tﬁe
extent of homegenization at 730°C, and hence on the,time of'anneal,

as 1llustrated by curves (b) and (c) ‘of F1g 6. 3Aﬁ apneai of 2 hours
at 730 C is not suff1c1ent to homogenlze the alloy , The'COntinued
presence of reglone of relatlvely h1gh N1 concentratlon is 1nd1cated
by the suppre351on of the A temperature on reheatlng (curve (d) of
Fig..6). -However, after the second 2 hour anneal at 730°C the AS
‘temperature'ie the next-heating lies abeve 650°C,.iﬁdiceting that
shear revefsion to Y does not become pfbnOunced uﬂeil the fempereture

is raised above 650°C.

C. Microstructural Changes on Cyciing

On the basis of dilatometric and microstructural studies a
grain refining process consisting of alternate two-hour anneals at -

730°C and 650°C was selected. A four-cycle process is shown
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schematically invFig. 1 Where'thevsuCCessiVe steps”are'labelled’lA

(730°C), 1B (650 C), 2A° (730 C) and 28 (650°C) . The‘eVOIutibnvof

. the mlcrostructure durlng th1s cycllng is 111ustrated by ‘the opt1ca1

\

mlcrographs given in’ F1g .7 and by the scanning electron mlcrographs

in Flg. 8. After flnal cycle 2B the bulk of the mlcrostructure -

consists of a flnefmlxture'ofvplatelet gralns approx1mately 1f4
microns longvandha fraction of a mlcrnn in the short dimensinn.' The
preferential orientathn'df these'grains has been largely'eliminated.
The general features’ of the graln refinement process are apparent |
in Fig 7 and Fig. 8; Flgure 7(a) shows’the.mlcrostructure of the
annealed startlng material. The apparent graln size is 40—60 um

(ASTM #5-6). After cycle ‘1A the apparent grain 31ze (Fig 7(b)) has

rEduceditop?lS-um (ASTM #9),- These gralnS'con31st,of blocky'laths

of dislobated_martenaite as shown in Figs. 2 and 3. VDnring cycle 1B

the martensite is isothermally decomposed to give the microstructure

'shonn in Fig. 7(c) and in Fig..8(a); From the microstructure it

appears that the austenite transformation begins along prior austenite
grain boundaries, and the austenite then grows into the grains along

what appear to be the prior martensite lath boUndaries. After two

hours the mlcrostructure con31sts of a f1ne admixture of a w1th Y -as

platelets or lath shaped partlcles w1th1n grains, and w1th Y in a

. more bloeky form_along the prlor graln_boundarles.' The Y then

transforms to o on cooling to room temperature.
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The miérostfuctgre aftérvcfcle 18 is not a desirable ohé for low
temperaﬁure toﬁghneés. The”stroﬁg préferehtial orientation of_thé
microstructufal feafﬁreé proyides ﬁotential_paths fot‘easy crack
propagafion. Thisipféferential dfiéﬁtatioh'is largélylremovéd &uring | o
thé‘éécéhd 730°C/650°C éyclic treatment.

The microstructure aftér.cyclg ZAbis shéWn in Figf 7(d) and.v
Fig.'S(b); 'The eVident-microstruétural éhangeé'arev#wo.- Fifst,ién
homogenization reéctidn_initiates’along lath packet boundaries iﬁ
the microstfuqtdre 1B, giving rise to the network of the white .
régions in'Fig. 7(&).‘ Seépnd, there is some decbmpoéition of the
aligﬁed'lathS'of.the 1B'structur¢;v : | |

The interp;etatioﬁ3of theée,features séemsIStrgightf;rward;  On
heating,-the high.niékel laths‘shéuld tevert to Y; giving“rise to
the first peak in the dilatometer trace in Fig. 6(b). At slightly
higher:témperaturé'the IOW_Ni maﬁfix will 5¢gih'to'transfbrm,
cauéingithé discontinuity in the slbpe‘of:thé dilatdﬁetér‘t¥é¢e‘in
fig; 6(b). At 730°C the initial microstructure shoulq”cénsist of
a mixture of’high—niékel and‘iower-nickel Ys Qith a possible admixtugé
of retaiﬁed'a.in the‘10w nickel regioﬁs. Thié'strucfure_is"unstable
because of'thé'heterogénoﬁsvhickel concéntration.and will tend té,
hdmogenizé.: It»cannot homégenize by:simplevdiffusion becausé'of.thei
;low bulk diffﬁsiyity of Nixin Y iron atﬂthis temperétureAand cdncentfa;
‘_v.tion22 (the mean diffﬁsion diétance fqr Ni in‘Y, (2Dt)1/2, isv~0}05 um.
~after two Houfs at 7309Q>.: Howéver; nuc;eatea homogeneous y.cén grow

'perpendicular to the platelet planes through iqterfaceldiffusion>of
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nickel. Interface diffusion can also cause some decomposition of

the individual platelets; hewever'the bulk of the material within

v graihs retains an oriented platelet morphology. -

The oriented suSstruefﬁre of - the alloy is‘brokenvep dqripg_
the nextvtwofphasevdecOmpdsition, cycle 2B. The'fesﬁltinge”
microetruCture is‘shown in’Figf 7(e) and'ianig,‘B(c);. Pletelet'"
ofientatidn within grains is largely desffq§ed by:the,ﬁucleation'
and gfowth tfansformation; ana an'uitrafine greinee microstructure

results. The network of,homogenized material in the 2A miero¥'

‘structure also decomposes on a finer scale. The resulting grain -

size (0.5-2.0 ym; ASTM #15-18) is considerably below the best that
is ob;aihable with siﬁple'cycliceauSteeitizing'treatments and is x
compafabie te-that Millerlé obtaihed after severe eold’working.

A.The grain;fefihed alloy.is eebarenﬁly'completelyfferritic;
No fetalned austenite Qas deeected u31ng conventlonal x—ray technlques.
R. L M111er23‘confirmed this result using a modlflcatlon ef his
reported technlqees24 »25 whieh permits deteeeiop of as little'aé
0.1% retained'aestenite.

' The effect of addlng addltlonal 730 C/650 C cycles has also been

explored. These do g1ve an apparent add1t10na1 reflnement of the

larger grains remalnlng 1nAthe mlcrostructure, butjthe effect is ‘small

" and has no obvious influence on cryogenic mechanical properties.
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D. Formation of Retained Austenite:

" The effect'of retained austenite formed durlng the reheating
of‘martensite is somewhet contradietory'in the literature.26729 |
HoWever many examples of beneficial effects of small amounts of
retained austenlte on the mechanlcal properties have been reported.3o“32

The pos31b111ty of" 1ntroduclng stable retained’ austenite 1n a’
' thermally grain reflned Fe 12Ni-0.25Ti alloy, and its effect on
cryogenlc toughness was investigated. |
Figure 9 shows thevdllatlon—temperature curve obtained durlng

the 1sothermal holdlng at different temperatures w1th1n the (a + Y)
two phase range. Holding time was held fixed for 2'hours,v After |
deconposition at temperatures”below_600°C; the Yy phase formed does
not eompletely transform back to,mértenSite. This phenomenon becomes
more pronounced as'the holding‘temperature is lowered; 'Ihe Y phese
produced on 550°'decomposition did not show anflsign'of_transfornation
on'cooling'to.room temperature,'implicating the presence of the
retained.austenite. Since the present alloy is for use at cryogenlc
temperatures specimen with an additional 550 c/2 hours treatment
had'been-refrigerated at liquid nitrogen.temperature before ther
analysis of]reteined austenite was eondueted; | |

| Quantitatiue‘measurement of the amount'of'the'retsined austenite
was made using a Picker X-ray.diffrectometer with a CuKa source.
This x—rey enalysis«is besed on the principle. that the intensity:of

the diffracted beam is proportional to the volume fraction of the

v
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diffractiﬁg phase. In the mix£uI¢-of‘martensite and austehife,:v
the retained austeni;e.c:ystq;lités:are.usuél}y distorted by the
increase in:specific volpmé Qhen}ma;éensité.forms, whiéh resu1ts
in a considéréble decrease.in‘the peak:height,  Alsoa avline,' 
Broadening problem méy arise. However,_the intégrated intensity,iﬁhich
is a measﬁre_of ﬁhe totél-diffracted energy,vis essentially indeéendent
of the iattice disﬁortion and particle size, 'The‘équétioﬁ éQggested
By Millér24 was u;ed in.calculatingvthevamdunt‘qf retainedﬂaUsteqite.

_ 1.4.I s .

RSN - @
wherg’Vylis tﬁe‘vblumeiffactién'bf gustehiﬁéé'IY is the averége of the
: integrated‘intensity’fromvthe'(ZZO)Y'ahd (BII)Y peaks’ahd.ig&is'the |
integrated intensity from the (211), peak. According to this
analysis,'thé’amOUnt-of retained éﬁétenite,”in‘a sbecimen which was’
grain refined (by 8 ‘cycles) and annealed at 550°C.for 2 houf%, Vas
foundrto bé»approximatély~3—5 volﬁmexZ.'vThié tefained austenite
remained stable dpwn.tq liqqid nitrogen temperé;ureﬂ Nb retainéd
austénite was detec:éd in specimens Qithéut the 550°C annéai,

;Transmissibn electron microscopy Qas used'to inveétigaﬁe'thé-g

‘préseqée;of retained austéﬁitelandvits distribu;ion. All
'épeqimens were refrigérated atv77vabeere thin foil prepafatién.:
" The diffraction,ﬁatterﬁé of speciménle (Figs.'2 and 3) do not show
.' any FCC:Spots, and théfefdre there is no retéined austenite-iﬁ thié

'spécimen. This is consistent with thé X-ray analysis.  Figure 10 shows
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a typical~microstructure after grain,réfipemént and 550°C aﬁneal.
Diffraction éatterns; bright field and corr;spondiﬁg'dérk field
electron micrographs are shown in Figs. 11 and 12. The dérk field
‘photograph was taken from the (200)Y spot in the diffraction pattern
which was analyzed using thgvlattice-conétant (éo)béc - 2.3644 A,
(ao) = 3.5733 A, and a:camera constant AL = 3f8 cm-A for Hitéchi

HU125 at 100 KV. Figures 11 and 12 clearly show that small cfystallites

fce

of retained austenite are distributéd aloﬂg the grain or subgrain-
boundaries. Preliminéry results of impact testing at 77°K and:6°K -
indicate that the inﬁroduction of 3—SZIre;ained #uSteniﬁe by the
SSOoc'treatment increases the Charpy impact energy of the gfain. |
‘refined alloy by at leastv40—50 ft.1lb. Investigatién of thé'effect

s X . ' : s e .o 3
of retained austenite on cryogenic fracture toughness is continuing.”

Iy
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V. MECHANICAL PROPERTIES AT CRYOGENIC TEMPERATURES

The meéhanicél ;éSt~Specimens we;é_takeﬁ from the material prepared
as described inASectidn'IV;A. The ahﬁgaléd 0.75-in.,(l;9'cm)'thick.
plafes»wére»cﬁt'inté-piéces 2.75 in. (7;0 cm) ldngﬁ- Thésejpieces.'
were then'giQeﬁ‘seleéted thermal processiﬁg. Afteg progeséing,the
fracture toﬁghneés‘specimeﬂ and two Ch;rpy iﬁpact.speciméns:wéré
machined from each piece along the lbngitudipa1 direction'df‘forging,
ensuring tHe same ﬁéat_treatment:fbf“both'tests.- Tensiié sﬁecimens
(trénsverée direction) were obtained from thé far end‘of.the bréken
_fracturé toﬁghnéSs specimens. For Qomparisdn, the mgéhanicél propertiési
of two commeféiéi‘cryogénic éteels,fi;é;,-9'Ni steél and 304 S£ainless

steel were also evaluated and included in the following results.

A. Cryogenic Tensile Properties‘”

'Tensilé'testS'Were conducted botﬁ>at_liquid‘nitfqgen aﬁd liquid,
helium temperature using*ﬁn"Instfon maqhiﬁe'eduippe&TWffhfa'cfyOStat.
éubsize specimens.ofAO.S in; (1727 cﬁ)kgauge length ana 0,125 iﬁ
60.32 cm) diaméter’ﬁéré tested»at:é.crosshead spged of O.OZIih./minute
60;05 cm/miﬁuté). Tﬁo specimens'wére tested at each Stage’éf the
éyqliné_tféatmént. -The deviation in yield strengtb betwéén testsj
.Was ~5 ksi <35 newton/mz). Thé streéé—étrain Cques'af 77°Kvénd at
.&.25K_aré'shOWn in Fig. 13. The.sefrafed yieiding beh;vibr at liquid
. helium temperature is freqﬁent1y obéervedvin many alloy.éygtems'
inéluding most of-fhe Fe—basé alloYs; Aﬁong the.§e§efél suggested

- . 4 e . R Dy
explanat10ns,3 i.e., 1) twinning, 2) martensite formation, 3) burst
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type formation of dislocations and 4) adiabaticlheating durlng'the
deformatlon,35 the last appears to be the most probable reason for
the dlscontlnuous yielding of Fe—lZNi 0. 25 Ti -alicys. Both specimen
1A and ZB of Fe—12N1-0.25T1 alloys were completely martensitlc-
before testing, and no eVidenee of twinning was.obserVed. “Each step.
of‘diSCOntinuous yielding was accompanied by a sudden rise of the
specimenﬂtemperature.. | | |

The results of the_tensile'tests'at 77°K are shown.in Table I1.
The y1eld strength of Fe-12Ni-0. 25Ti alloys at 77°"J1s in the range‘
140- 150 ksi - (9. 66 10 25><lO8 newton/m ) and is rather 1nsen51tive ’
to microstructure. The=samp1es treated to stages 1B and 2B have
slightly higher yield strength and lower tensile duetilitpvthan those
at'statesle and 2A. These minor effects aPPear.to_be due to‘the:
3Ii in;the 0. phdse at §SO°C.‘ The.resplts of the
tehslle.tests at 4.2°K are given in Table II. At llquid hellum

precipitation of Ni

temperature, a cons1derab1e increase in y1e1d strength was observed
(185 ~ 200vk31). It has been suggested by Conrad36 that thermally
aCtivateé_overeoming of the Peierls—Nabarro.stress is the mechanism_
'responsible for the large thermal component of yield stress in BCC

metals and alloys.
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B. Cryogenic. Impact Properties

‘1. Development of Testing Method

Charpy‘V—notch impéct tests wefe conduc;ed at liquid_qitrogen'
~temperature (77°K) using ASTM standard techniques%BZ and néar
liquid'helium.temperatgre‘(5—6°K), using a.methdd récéhﬁly_developéd
in this labofatéry.38 .

’ impact'testing_at temperatures down to 77°K (liquid nitrogen
temperaturé) is\routiﬁeiy.agcomplished'aCCording to ASTM Qpecifications.
. The specimenvié traﬁsferréd.in open air from a liquid bath'to thev
test machine aﬁyil‘and thé pendulum is reieased~within5five‘éeconds.
' However,:tﬁis method is'imprécticalgat lowerstempeétures sinée the’
low heat éépacity_of fhe,metalfleads to a répid increa$é'invspecimen
teﬁperéturé during transfer;

fp obtaiﬁjvalid 16w—temperatgré daté'DeSistOBQ'désigﬁed an

apparatus consisting of an evacuated enclosure which houses both
Lo ) . . - s ".,

an impact machine_and.ap autpmatig‘feed.mechaﬁism which'rapidlj
iﬁserts specimens cooiéd in liquid helium-iﬁto the test machine'anvil:
He waé ab1e to obtaiﬁ;data ét.instantangous samblegtemperatures neaf
8°K. 1In éther work Keifér, et.ai.40'employed~a glove-box afrangement
to manually trgnsfer spegimens:frqm an.oben—mouth;dewar of liquid
hydrogén to the test ﬁachine»undgr‘inertbatmqsphere. Théy report
test ;emperatures nea? 25°K'wﬁen tested within 2.éeconds.

While tﬁese tééhniqﬁes.have permittédfimpact-testing af low -
;empefature,'tﬁe élaborateﬁappafatué_required makes thém'impractical

/



for use in_many 1aboratdfies, including our own. 'Theréfore,va new
and éimple'method ;o empioy in current:reégaféh on the_désign of
tough alloys‘for cfyogenic use was sougﬁt. ‘Since this research
concentrates 6h‘alloys of body centered cubic structure whose
mechanical properties-are typically éharp functibns:of‘temperéture

in the cryogenic régi§n,'it'was'requifed'that the test techniéﬁe
valiow close temﬁeraturé control and insure the‘abéehce of.éppreciable
thermélvgrédients in the.specimen at the moment 6f3im§aé£.'

' The approach waS»tobencéée the test samplés within individual
insulating boxes which‘retain'é controiled sample tempergtﬁre near
1iquid helium temperature during the impéct ﬁest. The requirements
for a suitable boxing artangement are that it must be ah'éffiCiént
_insulatorfwhich:withstahds:cooling to liquid heiium tembératufévbﬁt
“contribuﬁes'negligibly to thé,measured Charpy energies. Theée
'réquirémentstseem'well satisfied pj‘émployiﬁg a thin—walléd’iuéite
,box~insulated with open cellvétyrofdam‘which is continubus1y Bathéd,
v,with liquid helium. The test proéédure and iﬁs calibratidn’are

discussed in the following'sectiohs."

a. Exberiméntal method

A'Chérpy V—notéh specimeﬁ‘is wrapped'with open-cell étyrofoaﬁ
Whicﬁ is grooved along the specimen leﬁgtﬁ directién to alloﬁ'an easy
passage of.iiquid heiium (Fig._lé); The:styrofoah'surface is then
Qrapped ﬁi:h Scotch tape. The insulatea'SPécimen.is then inserted
intp.a‘rectaﬁgular luéite box'(with-dne or twovfaces openj of

1/32 in. (0.8 mm) wall thickness having two 5/16_in;'(7.9'mm)'diameter
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_holes (Fig. 15). The cover for the open face is glued to the box

 system .with Ethylehe Dichloride solution. ~ The Scotch tape and the

styrofoam layer underheath the 5/16 in. (7.9 mm) holes are removed.
A polyethylene inlet pipe of 3/8 in. (9.5 mm) I.D. and 1/2 in. (12.7 mm)
length is glued to the box by Duco Cement. A lucite outlet pipe

of 3/8 in. (9.5 mm) I.D. and 1 in. (25.4 mm) length is attached -

- with Ethylene Dichloride solution.

‘This box system is placed -on the anvil- of  a Charpy test machine.
Liquid helium is transferred to the system through the inlet pipe ’

from a pressurized dewar using an ordinary vacuum-insulated transferline.

The pressuré inside the dewar is maintained at around 2-3 psi

(1.4 ~;2.'1x104 newton/mz) by‘an éxternal,suppiY_of»Helium gas;

Figure 16 is an illuétratipnfof'the'method. In Fig4317i fhe:liquid
heiium-is being tranSférred to the’box_sysfem'loéated on thé test

machiné'anvil. A specimen temperature of 5-6’K is quickly'attaihed
éhd maintaiﬁed‘as ibng as the liquid heliﬁ@ is trapsférfedQ :Ci?én

prdper]assembly, the lucite box does notNCréék during liquid'heliUm

transfer. .The liquid helium floWs easily thfough the’system‘and‘can.

s .

- be.observed through the box wall; The released-pendulum breéks the
_‘whqleySystem. When the system is struck the weak bond at the_basé'of
_ the polyethyléﬁe inlet pipe'fractures,lthﬁS’ensuring the safety of

the heliumftfansfef«line.

The open cell styrofoam.laYer'has two functions. ‘It absorbs
the difference.in thermal contraction between the lucite box and the
specimen.on cooling to-liquid7helium'temperatdre; therébyvpreventing

ICfacking of the box and eSéape of liquidfhelium.' It also allows the
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interstitial flow of liqqid heiium arduﬁd the spécimenffér'maximum
cooliﬁg efficiency; After éteady state is reached, a layer'bf
liquid'heiium surrounds the metal specimen. Moréovgr;‘the insulated
‘lucite box is extremely brittle at liquid helium temperatufe.and"
absorbs very little énergy during testing.

Beéausé'of‘the restricted-Space in the anﬁil of ogr—test‘
: méchine; the-spééimen legnth was reduced to 2.01kin. (Sl ﬁﬁ) ff§ﬁ
thé'ASTM é;éndard 2.17 in. (55 mm) length. ‘However,'the shortened
1eng£h does not seem tovintroduce aﬁpreéiable”error.v If thé anvil
were modified'tb_allow lafger'specimensf avfullfsize‘SPécimen could

be ﬁsed;

'b; Tgmperature Calibréfion 5
' ihe,specimen'temperatufe:was measuréa as 'a function of time
qsing the'féllowing procédufe;

A 0.1 in. (2.5 mm) dlameter by 0.2 in. (5 1 mm) deep hole was
drilled in the callbratlon spec1men and a 0.125 in. (3.2,mm) diameter
by 0.5 in. (12.7 mm)'long section of.brass tpbing was'silver so1déred
Qvéf’the hdle‘td act as a cqllarbto keep.liQuid heiiﬁmlawaybf:om_the
'_monitoriﬁg thermocouple (as‘shoﬁn in Fig. 15). For specimens that -
.were éctually impacted,;plastic tubings of the same size Wérerglued>

to the specimen. Thé insulating'spacer and the box were then

'asSembléd'around the specimen.r A thermocouple (Au+0 07 /Fe - Chromel)'

‘was inserted into the drllled ‘hole so that 1ts tip was in good contact

with the.specimen. The'thermocouplerwas then glﬁed_to thevbrass tube

_and the brass tube sealed to the lucite box to prévent escape of
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1iquid_he1ium;‘ This‘configufation ensufes'that:the'thermocouple.-
‘measures the temperature .at the centerline of the specimen rather
than that -of - the bath of llquld helium in which the spec1men 1s:t
1mmersed, |

"A'typical_temperature time'burVe.obtained»using3a_dewar
-ptessure'of 2=3 psi (1.4*2.1X104 neWton/mzj during"tfansfer is
shoWn in Fig.,lS:IvLiquid helium transfertis initiated at t=0.>
~ Between t=0 and tl; 1iquid heiium is consumed in cooling'thevttansfer
line and'does not significantly affect the specimen tempefatureab

At t. liquid helium begins to cool the box system. The speciment

1
1temperatutevdrops'to below 6°K invabout'60480 Seconds: It then“
remains constant'for as’long_as 1liquid helium is transferred. At
_tz-the'hissing.soun& of"the eVapofatedhheliun gas:stops-and-liquio.f
helium starts to ‘come out of the outlet pipe. This_e#ident ehange
' may be used'as-a'sign that.the test temperatute has been teaehed.
'The"pendulum may’then'he:released;'.The~specimen renainS'atVS—ofK

until impact. N

| After testing,’the_helium ttansfer is‘haltedpand:the;negt,

‘specimenvset up'for impacting; The ttansfer line eonSunes.uety little
heliumﬂfor itsAcooling after the'firSt’test; L1qu1d helium consumptlon
for the first test is approx1mate1y 5-6 liters (5~6X10 -3, 3)\.'_‘In

continuous operation each subsequent test consumes 2-3 liters .

(2~3X10 m ) of llqu1d hellum.
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Specimen.temperatures'both at”péinf A and B in Fig. 15 (eaqh
ﬁointvié'apprbximately bne~f6urth of the sépciméﬁ lengfh apaff from‘
the nofch)_wefe'measured. -At-thévderr pressure of 2-3 psi
(1.4~2.1X104:héwton/m2), the teﬁperatﬁre gradient was hérdly.
rnofiéeable. However, at beloﬁ 1 psi (0.7X10§ newtén/mz)'tﬁe'r
femperature'at»Avwas several degrees higher thaﬂ that ath. Therefore,
it is neCessary‘td keep'the dgwar‘pressure above a certain level .
f.to maintain a uniform specimen tgmpérature.-

c. Impact test calibration

l'fhere are.tﬁobpriﬁcipai sources of error in the prOposed'impact
.test techniqué: a positive error introduced by the.lucite'bokband
styrofoaﬁ ia&er, and é negative grror due to»thé'shbrteﬁed-Specimén
length. “Bdth errors appear to be small.

'Plastics such as lucite are usually very brittle at low. tempera-

tures. Several tests at liquid helium temperature were made with

the packing system without the metal specimen inside, and the impact energy

babsorbed by .the lucite box énd the stjrofbam spacer was less than -

1 ft-1b (1.36 newtbn/m)f When a box system Witﬁ a specimen inside _

is impacted, the face of the luéite box‘which is ﬁehind the spécimen

is crushed,.aﬁdvtﬁis also will contfiﬁute a small poSitiVe.error.‘
‘Unleés the anQiI of the-teét‘machine'is modified, the specimen

1engtﬁyﬁuét be_shoftenéd from 12.17 iﬁ. (55 mm) to 2.01 in.:(Sl’ﬁm).

For very tough alloys this shortened lengfh.may infrqduce a negative

error in the measured impact energy because the maximum possible angle

of bend is decreased.
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For the pﬁrpose'of calibratioﬁ, 17‘specimené"of>commércia} 304

SCainlgés sﬁeei &ith_2.17 in.‘(55 mm) length ﬁere'tested ét 1iqﬁid
‘ nicrogen tempefatufe aécbrding tb the ASTM Specificatibh (open—mquth'
itrahéfér)( Another 17vspecimensféf the same.material with 2.01 in.
(51 m@)'léng;h»wére tested insidef;heﬁlucite-BOXISystém by'tranéferring
liquid niffogeﬁ to the‘bOx;- The results are compared in Table IV}  fhe
-'différen¢e'ih.the average impact ehérgy obtainedbby'ﬁhesé'fwo methods
was 3.6 f;—lbs.'(4.9 newtoh-m)‘(approximatélyv3% of ‘the éQetage ehergy
vof>this matgrialj, which»was muéh.less than the average scattefing
of‘the test data. 'The”st;ndérdideﬁiétion.of dété obtaine& uéing the
ASTﬁ'Sténdard me#hodfwas 8.7 ff—ibé.(ll;S-ﬁéWtén;m); 'LeSs ektensive
:'gdmparisbn tests with other cryogenic stééls:also showed good agreégent
wbetween the standard éha fhe prépoée& méthbds;f-ﬁ | |

.'Thé}smali deviatioﬁ iﬁ>a§erageAiﬁbact eﬁergy-betwéenIthe-standérd
t énd_thé proposé& mé;ﬁod:seng'principaliy due to the difféféncg‘ih.
.épeéimens leﬁéth.- This errof.may déérease if_the.anvil of thé'iﬁpaét
'maéhine,is‘adjdsted to.accomﬁodateié 2,17 in.'(SS'mm) boxéd $peCiméﬁ.
Thé increased s¢atter of ‘data obtéined with fhe'pr0§qéed ﬁetﬁad was’
anticipate& SiﬁCe the boxiné arrangeméht introduceé additional variables
..aﬁd-sinée‘it ié difficdlt‘to ensure that the.notéh‘in the boxed speéimen
iS.Qellbcengered iﬁ tﬁe anvil. Given that‘the Charpyviﬁpéqt test is'
.'ét best a semiﬁuantitétive measure of thevt§ﬁghhesé”of a maferiai, the

mechanical accuracy of the proposed test method seems'réasonablé;
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The shggestedvfest meﬁhod has been used routihely in research dn
cryogenic alloys current af Berkeley. ItIOfferS two principal
advanfages. First, the tests are inekpensive and may:be peffofmed
on any availéble impact machiné whose specimen.hqlder‘willvaccommodate
the boxed speéimen.‘ Se¢6ndly, the method allows maintenancé>pf a
steady,,uniform Samplé temperature of 5-6°K and avoids thefmal

gradients induced by sample’transfer tq the anvil.

2. Results of Charpy V-notch Impact Tests

- Two specimeQS‘wefe‘tésted af eachvconditidn. The»resﬁlts'of,
these tests are presénted in Table V. The brbkéﬁvspecimehs are
~ shown in Fig. 19. |

‘At 77°K all four strugtureé shqwed-high £Oughness. _HOWeyef,
~at 6°K spécimens 1A.andle wefé brittlé..vFréctographs takén at'ghe
‘center of the fracture sﬁrface'in these Sbeciméns reQealed a duasi—
‘cleavage fractufe mode. Sbecimens 2A éﬁd‘ZB reﬁained.toughvat 6°K;
_the transiti6n temperatures- in Charpy teétingvf027£he bece strﬁctures

2A ‘and 2B are below this temperature.
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C. Cr§ogenic Fracture Toughness. -

’l; FraCture Toughness.at'77°K

Fracture toughness tests at 77°K were conducted. on ‘an MIS machine

_equipped.with a liquid nitrogen cryostat;‘ Compact tension (WOL) speci-

mens of 0.70 in. (1.78 cm) thickness uere prepared and fatigue pre{
cracked according to-ASTM.specifications.41 Two specimens'uere.tested
at each stage of ‘the thermal‘cycling treatnent.b o

'The results of these tests are'shownkin Fig.'ZOt ‘With theprSSible -
ekception oftsample lB;-these specimens were_well_away fronlplane strain

Q ~ 140 ksi * Vinm. was-computed from the load-

~ crack opening displaCement (coD) Cu'r_ves.41 At stagesulA, 1B, and 2A

‘the alloy-exhibited'unstable crack propagation as marked by the dotted

lifies in the 10ad—COD'cur§es; SpeCinen 1B whose microstructure contained

elongated laths showed the 1owest fracture toughness (KQ'~ 100 k31 . /—_)

' Spec1men 2A which contained a mixture of fine grains and" large grains

showed higher toughness than 1A and 1B, and the crack was repeatedly

l_arrested but»the unstable_crack:propagation could not_be completely

eliminated. HoweVer the fine-grained alloy 2B seemed immune to'unSCable
crack propagation. 'The:specimen‘was fully plastic, and the pré;ihaﬁéed'
crack grew slowly in a stable ‘manner until the test ‘was stopped

The.ASTM specification does notvprovide an appropriate method of

fracture toughness evaluation for very tough or completely plastic

materials. The approx1mate fracture toughness of specimen 2B was
'_calculated based .on the concept of work of fracture, using the 1ntegral

_-over the area under ‘the load—COD curve (Fig' 20) " In this approach the '
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total work involved in fracture is measured and divided by the fracture
al , _
area to obtain the strain energy release rate, gC. - Crack opening'dis_
placement measured by a clip gauge was calibrated to the value correspond-
ing to that at the load point.” The total area under the curve,
~5,300 in.-1b, divided by total fracture area, 0.7 in.z-gives 9c of
~ 7.500 in.-lb/in.z. Using the equivalence relationship between the’
energy and the stress intensity factor, an app;oaéh in fracture mechanics
o 42 2 e 2 2
derived by Irwin, = g, = K " /E (for plane stress) or g, = K_(1~v")/E
, c "IC : _ c IC
(for plane strain);_the fracture toughness of the specimen 2B at 77°K
was calculated to be approximately KC ~ 470-500 ksi vin. It should
be remembered, however, that this calculation is not a vaiid and accepted
one. 'The tests were not in the plane strain condition, and also plastig
~ deformation accompanied the slow crack growth. _Recent-devéldpment_in

J-integral co‘né:eptz‘a_"45

may be useful for the téughnesé evaiuation'of
the spééimen 2B.  The post-test fracture toughness specimens are cbmpared
to one‘anéthéf in Fig. 21. The brittleness of specimens 1A and 18, the
repeated cfack arfeét in specimen 2A, and the ducﬁility of Spécimen 2B
are visually apparent. | |
The fracture surfaces &ere exémined_by Jeolco JSM-U3 scanning elec-

:tron microscope. Figure 22 sﬁows scanning électrdn.fractographs téken
slightly ahead of the prefinduced fatigue crack along the ceﬁter:line
of the sample. Specimené processed to stages 1A and lﬁ propaga;ed |
'fracﬁure in a quasi-cleavage mode. At sfageAZA, tﬁe fracture mode was -
a gixture-of quési—cleavage and duc;ile rupture. Fully grain refined

specimens (2B) showed ductile dimple rupture over theé whole fracture-

surface.



lhe enormouslductility of specimen,ZB at 779deas attributed.princi-.v
Pally vto grain'refinement.hecause of_the followingifacts.'v' !
| 1) rThe tensile ductility rather decreased due to.the>grain '
refiningbprocess (Tables'Il'and"III),'Which eliminates the possibility
of other mechanisms of ductility enhancement, likevincreased densityvof
mobile dislocations. | |

'g:2) No retained austenite Was_detected after grainwrefining

treatment.
It1WOuld be more correct to say that ‘the toughness:of this.alIOy.was
maintained rather'than improved at cryogenic:temperatures hy'grain re-
finement. | | |

'Commercial 9-Ni steelland'type 304 stainlessISteelgof‘the.same
v-spec1men dimen31ons were also tested at 77°K. :The results’are shown in
Fig 23 and Fig 24 (a) together with the results of the specimen lA and
2B of the. Fe-Ni—Ti alloy. Fracture toughness values are summarized -
in Table VI. The 9-Ni steel and Fe—Ni-Ti(lA) showed high impact energy
(Table V) in Charpy tests at 77 X, their fracture.surface revealing 1004
ductlle dimple mode. _However, in fracture toughness teStingfin'mhich
avsharp'fatigue'crack wés‘preinduced,.theSe specimensvfailed.by'unstable
crack pronagatiOn and their fracture'surface showed brittle quasi—cleauage
‘fracture mode. Spec1men 2B which showed lower values of Charpy impact
‘henergy than' 1A ‘remained tough in the fracture toughness testing at 77° K.
-From these‘results itbis clear that_Charpy V—notchvlmpact»teSting under-

estimates the ductile-brittle transitionjtemperature}ﬂ
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2. Fracture Toughness at 6°K

Fra;ture toughness tests of Fe—Ni—Ti(lA),'Fe-Ni—Ti(ZB),'9—Ni séeel
and austenitic 304 stainless steel at liquid heiigm temperature wére"
conducted using a method recently developed in this labofétory.
A similar ”boxing:technique" as that used in Chafpy impa;t_testing waé
employed. An oversize grip was used to provide space for an inéulating
box system which surrounded thé specimen.’ fins were made of grain—
refined Fé—lZNi—O.ZSTg alioy. At a dewar’pressuré of 5-6 psi, specimen
:femperatufe of 5-6°K was obtained in less than 3-4 minutes and maintained
dufing the tests. The insulating box system remained intact without crack-
'ing-until the testfﬁas.finished. Figures:ZS through Fig. 29 illustrate
this methéd;" | N

The réSﬁits of the tests are shown iﬁ‘Fig.=3O as a iogd;cob diagram
(average of 2-3 data for each alloy). Specimens of 9-Ni steel and .
Fe—NiQTi(lA)”satisfied“thé ASTM'thickness'requireﬁents_far'the pléne
strain COhdition.v The.fracture surfaces were completely flat with'no.
shear lips as can be seen from the photograph of post—test'fracture.
toughness specimens ého&n in Fig. 24(b);_-P1ane—stréin.fracture.toughness,

I

Specimens of 304 stainless steel also showed flat f:acturevsurface (Fig.

K c’ of 70-80 ksi /in. was obtained'for both 9-Ni steel .and Fe—Ni—Ti(lA).

24(b)) but was not in the plane stfaih loading conditiqn as can bé seen
from the.extended load—COD cﬁrve in Fig. 30. The crack grew slowly and
no "pop-in" occurred. Specimen 2B of Fe-Ni—Ti_allo&vgultrafine grained)
éhowed nuch higher load cafrying capacity_than any other specimené tested.

The area under the load-COD curve was the largest among the specimens °
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tested at 6°K. The sudden drop of load in this speéimen does not -

necessarily mean a fast crack pfopagatiqn_betauseaslip (or yielding)

near this temperature also occurs in a discontinuous manner (Fig. 13).

.Comparing the post-test specimens at 6°K shown in Fig. 24(b), the.

high togghnessvof this gréin—refihed specimen is visgally aﬁpérént;
Scaﬁning electron fractographs were taken from the fracture su£fabes of
these'6°K'épeéimens and are shown in Fig.:3l;- The quasi;cleavage
fracture mode'of 9-Ni steel and FeQNi—Ti(iA)‘is evident. ‘304 Stainiesé
éteel showed'a:peculiér fracture éurfacé,'whiéh maf be_relatéd to thé

TRIP phenomena near the crack tip. Fe-Ni-Ti(2B) showed éssentially;'

~dimple rupture type‘fracturé surface indicating ductile fracture mode.

(Exéminatibn-on the whole fracture surface except shear lip rgvealed
that the fracturé mode was a dixture’of ~ 807 dimple ruptﬁre-and ~ ZOZ
quasi;cleavage}) ‘Since 3'standardized method of fracture toughhess_

evaluation for this type of load-COD curve at liquid helium ;empefature

is not availablé, no fracture toughneés meaSure‘was taken for this

specimen other than a K. value.

Q
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vi. sowmry |
By alternate phase transformation in Y.and (a+y).range;'the | |
grain size of‘an Fe-lZNi—O.ZSTi'alloy was refined frbm'40;60 Hm -
to O.S—é um in 4 cycles. | |
The yield strength of this thermally cycled.alloy at 77°Kiand‘4;2°K
increésed by 10-15 ksi, while the tensile.dﬁcfility decreased"
slightly due to the grain'fefinement; ? ; |
No fetainea austenite was foupd before and after ;lfefﬁété thé?mél

cycling, i.e. this alloy is'cbmpletely ferritig unléss.additional

" treatment is added to introduéed retained:aﬁsténite.

'Thé'lamellar type microstructure obtained after the first (a+y) two

phase range decomposition is detrimental to the cryogenic. fracture

toughness.

with the ultrafine grain size obtained, the ductile-brittle

transition'temperatﬁre of this ferritic ailoy in Charpy impact:'
testing was suppressed below liquid helium temperatu?e; o |

The ductile-brittle transition temperature in a ffacturé toughness

'testing with a sharp crack was also'suppréssed below li@uid helium

temperatﬁre. At 77°K,>fractdre toughnéss (KC) of roughlyf
470~500 ksi Vin. with yield strength of ~150 ksi was obtaihed with : B
the grain refined Fe-12Ni-0.25Ti alloy. The fracture mode was also |

altered. from brittle quasi-cleavage in a lérge grained alloy to

completely ductile dimple rupture.at 77°K and to essentiall§

dimple type rupture at 6°K in a grain refined alloy.
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(7) Additional treatment of 550°C/2 hours introduced'3—52 retained

@)

(9)

austenite which remained stable down to liquid nitrogen temperature.
The effect of retained austenite was found to increase the shelf

energy considerably in impact testihg.

-Charpy impact testé'obviously underestimate the ductile-brittle

transition temperature.
Compared to other commercial cryogenic~alloys, grain-refined
Fe-Ni-Ti alloy showed superior combination of strength and

toughhess down to liquid helium temperature.
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Tgble I. :Change of Phase Transformation Tempefafurgé*fv
on Thermal-Cyéling'(Fof 2 ﬁoﬁrs at Each Stéb)
A A oM oM
1A . v 673°C 715°C. N 473°C _ 412°C
IB } Isothermal _ | - 372°C - 288°C
O 726°C 4b13°c . 367°C
2B~ Isothermal -  356°C | 283?C

T % . : : . ' .. -
~Transformation temperatures were taken from the maxima or minima of

the dilatometry curves. Measuring error of approximately $3°C was noted.
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Table II. Tensile Prdperties;at 77°K

Alloy Yield Sﬁrengéh* Tensile'Streﬁgfh f Elong. R. A.
| ksi | ksi - % %
Fe-Ni-Ti, 1A 134 142 31.1 v73.8'
18 145 151 24.8 70.5
24 141 150 29.3 72.9
28 149 154 26.8 72.1
304 Stainless 81 235 47.3 65.6
- 146 172 29.6  66.8

9-Ni Steel

* ) . o
"0.2% offset yield strength




' f42—

Table III. Tensile Prdperties at 4.2°K 

. Alloy o Yield Strength* Tensile Strength+- Eiong." f{R;A.v
5 o ksi . ksi % %
Fe-Ni-Ti, 1A 182 207 23.8 . 72.9
28 195 219 0 19.3° 69.8
' 304 Stainless . 105 = - - 270 41.6 . 52.7

9-Ni Steel . 208 o231 21.2 59.1

X ' : A ‘ .
Yield strength .at 4.2°K was taken from the first discontinuous yield

point.

T'_I‘ensile.étreng.th was obtained from the upper locus of diseontinuous peaké

in the stress-strain ¢urvé.
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Table IV;_-Charpy Impact Testiﬁg at 77°K

* ASTM Standard Method  Proposed Method

_ Test Temperature
Method of Cooliﬁg
Specimen Lgngth

- Number of Spécimehs Tested

Average,ImpaCt Energy

Standard Deviation

77°K | Ik

Open Air Transfér o Bo# System

2.17 4n. (55 m) 2.0l dn. (51 m)
17 17 |

124.5 ft-1b 120.9 ft-1b
(168.8 newton-m) (163.9»newton—m)
8.7 ft-1b 13.8 ft-1b

(11.5 newton-m) - -  (18.7 newton~m)
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Table V. Charpy V-Notch Impact Energy at

' nyogenic Temperatures

Alloy | ' Energy Absorbed (ft-1b) -
| 77°K 6°K | .
| Fe-12Ni-0.25Ti, 1A 154 55
1B | 116 43
28 | 131 116 .
28 115 99
304_Sta1n1eés | 128 130
9-Ni Steel 92 ‘ 75
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Table_VI., Fracture Toughness at Crydgenic;Temperatures

Alloy Fracturé-Toughness ‘Remarks
ksi vin. :
| Fe-12Ni-0.25Ti, 14 | K, = 130-150 ASTM
| 1B K, = 90-110 ASTM
ZA‘ KQ = 130-150 ASTM
B Ky = 130-150 ASTM
77K | K¢ = 4?0-—_5_00 | Based on Work of Fracture
304 Stainless 'K-QV = 60-70 ASTM |
| Kb = 350;380 Based on Work éfIFracture
9-Ni Steel R, = 120-140 | AsTM
| Fe-lZNi-o.sti, 14 |- Ky o= 70-80 ASTM (plam..evstvra'in)-'.
28| K= 150-170 ASTH |
6°K K, = ?  nof evalugted.-
304 stainless Ky = '80—1_00 »ASTM'
. K. = 280—300 ?Based on Woik of Fracture
» 9—Ni_sﬁeel.‘. K_ = 7Q—80 | ASTM (plané étraiﬁ)




Fig. 1.

Fig. 2.

Fig. 3.

Fig.'4.
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FIGURE CAPTIONS . -

The;Fe-Ni equilibrium phase diagram wiiﬁ;héat Ereating;cycleé.

“Transmission electron micrographs of the Fe-12Ni-0.25Ti alloy.

The specimen was annealed at 900°C for 2 hours and 730°C for
2 hours. .-

Another area of the same specimen shown in Fig. 2.

Dilatometric analysis of the phase transformations in Fe-I2Ni-

'O.ZSTi alloy,'(é)'on continuous heating and cooling,‘(b) 6n

Fig. 6.

isothermal decompositionwithin the(a+y) range for different

periods.

Estimated isothermal transformation rate at GSOQC._'
(a) Dilétdmetry for an initially homogeneous specimen.(same as

Fig. 4(a), (b) dilafometry for a specimeﬁ initially decomposed

at 650°C for 2 hours. After the transformation of the duplex

structure to Yy isvfinishgd; the spQCimén was_held'at:730°c{for

_two'hours for partial.homogenizatibn and then tooled to room -

" heating to :he,& range to see the change in'As, A

Fig.'7._

ztémperature, (c) same as (b) except that thélhomogenizatibn;was

ninimized by holding at 730°C for just a few seconds. (d) The

homogenization cycle (b) was followed by andther continuous

¢ temperatures

from those of (a) and_(b),

Change.bf optical.microstructu:és on therma1 cyClingé;'-(a)

 starting microstructure (900°C'2 hours_anﬁealed), (b)-after‘j

cyclé.lA; (c) after cycle iB, (d)_aftertcycle'ZA,-(é)'aftera

cycle 2B (final"microstructure).<
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Scanning electroﬁ‘microstrdctures; (a) specimen 1B.

(b) specimen. 2A, (c) .specimen 2B.

Dilétometfic’analysis'df thé iédtﬁefmal decomposition within

the (ot+y) two phase range at differenﬁ temperatures. Subsequent
phase transformations are also shown.

Transmission electron micrograph of the specimen grain'réfined

- and annealed at 550°C for 2 hours. Selected area diffraction

pattern is also shown.

‘Diffraction pattern, bright field electron micrographvare shown

together with a corresponaing'dark field pbbfogréph taken from
(200)Y spot. Retained austenite is showﬁrinvthe datk»field.
Diffraction pattérﬁ,'bright field aﬁd dark:field‘eleét:on
miCrdgraphs sﬁowing tﬁe;loéation of}retained=austenite.
Enginééring stress-Strain-curveé-obtained in-the ténéile tests
at 77°K and 4.2°K.

Grooves made on each;piecé‘of the sfyrofoah‘layer._ (Grooved

‘side is to face the metal épecimen.)

Speéimen packing inside.a'lucite'box (tbp.view)i E

Sghematic illus;féfion bfﬁthe téstvméthod“(frbnt view);*
Transf;r éf.liquid helium to the bok éystem. v(Liquid heliﬁm
is ébout ;ovcome-oﬁt.)'. |

Cooling curves obtained-using Au(Q.O?Z'Fe)#—éhromel fherm0couple.

“a. Thermocouple'tip is di;ectly'immenSed in liquid helium;

b. Specimeﬁ tempéfaturé when liquid helium is tranSférred,

'Photogfaphs of the brokehAChafpy bars of the Fe-12Ni-0.25Ti

alloy_aftef testing at 77°K and 6°K.



-48-

" Fig. 20. Loéd—tréck openihg’diéplacement.éurves in fraéfure-téughqeés‘"
teéting at.77°K. | R |

Fig. 21. Posﬁfteét fracture toughness‘specimeﬁsi

Fig. 22. Scanhihg electron microscope fréétdgrapbs.6f thé:spécimens'_

- shown in'Fig. 21.
Fig. 23.  Combarison of Load-COD CngéS'Of.the Fe—lZNi&O;ZSfi alloyé,'
. ‘éommércial'9¥Ni steel and.304 stainless steel at'f7°K;
Fig. 24.. Compafisoﬁ of thébfractute.toughneés speéiﬁéns ﬁeSted at
(a) 77°K and (b) 6°K. '

‘Fig. 25. >chite boxféyétetho encgse the.ffacture-toughness épeCimén:
andvthébstytOfoam during the;frécturé‘toughneés £estiﬁg At: 
liquid helium teﬁp§rature. Holes in‘the'lucitebbox”were madé
élongated toipréventsCracking of the box &héﬂ'the'specimén‘
wéé pﬁlled. | » |

Fig. 26. 'Ffbnfvﬁiew (séhematic) of the box system placedviﬁtdbthé MTS

| machine. A 1/16 in. &iameter hole Wés drilled-near_the.érack'
tip down to thé ceﬁter‘line of specimen thiﬁkﬁessi A plasﬁic
tubing was gluéd onto this hole. ‘This tube sticks out fhrdugh
the hole in the lucite box, and the therﬁocéuple_is placed‘. |
.throﬁgﬁ the tubé. |

Fig. 27. Sidé:view (schematic) of thé'box systeﬁ%,,

Fig. 28. APhotographs.showing the fracturé.toﬁghneés-tést,prpcedure at
6°K. (a) Box system ié placed into the MTS testiﬂg machine.
A strain-gauge, é“thérmoéduﬁie and a liﬁuid_ﬁeliﬁm tfansfer
liﬁe are aiSo:in'place."A thin sheét of_Myief waSFUSéd to

e

/



Fig. 29.
Fig. 30.
Fig. 31.
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protect the strain gauge from liquid.helium.. (b).Trénsfer of

liquid helium is initiated. (c) When the‘speéimen was cooled

-down to ~ 6°K, the test was started. Air gun helps removing

helium vapor from the vicinity of the strain gauge;- (d) Spééi—
men was broken and the ;ESt was finished{v Lucite bbxbremainéd

safe without cracﬁing.

Change of specimen temperature during'the test is shown as a’

function of time. Liquid helium transfer was initiatedﬂat't=0;

Load-COD curves in fracture toughness testing at 6°K. -
Scanning electron microscopy fractographs of the fracture

toughness specimens tested at 6°K (Fig. 24(b).
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Fig. 4(a).



=54=

! I
ISOTHERMAL DECOMPOSITION
AT 6?O°C

DILATION, |/i0o00 INCHES

-4 3 | |
25 400 800
TE MPERATURE, °C

XBL739-1852

Fig. 4(b).
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Fig: 74(a).
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Fig. 7(b).
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Fig. 8(a).
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XBB 7312-7285

Fig. 8(b).
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Fig. 9.
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Fig. 10,
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STRESS-STRAIN CURVES

OF THE CRYOGENIC TENSILE TESTS
(GAUGE LENGTH=0.5 INCH, STRAIN RATE=0.04/MINUTE)
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Fig. 16.
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Fig. 18.
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XBB 739-5645

Fig. 19.
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Fig. 20.
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FRACTOGRAPHS
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FRACTURE TOUGHNESS AT 77 °K
(0.7 "thick Compact Tension Specimen)
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Fig. 23.
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Fig..24(a).
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Fig. 24(b).
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Fig. 26.
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Fig. 28(a).
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XBB 745-3044

Fig. 28(c).
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XBB 745-3041

Fig. 28(d).
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Fig. 29.

_88_



-89~

FRACTURE TOUGHNESS AT 6 °K
(0.7" thick Compact Tension Specimen)
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Fig. 30.
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FRACTOGRAPHS

Fe—12Ni—0.25Ti Fe—12Ni—0.25Ti

Fig. 31.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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