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GRAIN REFINEMENT THROUGH

THERMAL CYCLING IN AN Fe-Ni-Ti CRYOGENIC ALLOY

'S. Jin, J. W. Morris, Jr. and V. F. Zackay
Department of Materials Science and Engineering,
University of California and Center for the Design of Alloys,
Inorganic Materials Research Division, Lawrence Berkeley Laboratory,
Berkeley, California 94720 '

ABSTRACT

A thermal cyclingbtechniquevwhiéh allows thé grain refinement of
Fe-12Ni-0.25Ti alloy from 40v60 um (ASTM #5V6) to 0.5 ~ 2 um (ASTM #15v18)
in four cycles has been developed. The process consists of alternate’
annealing in Y range and (¢ + Y) range with intermediate air cooling.

'The Ffansformation beﬁavior, the change of.micrOSCructures and cryogénic
mechanical properties on each cycling4s;ep are described.

Due to;the'ultréfine grain sizé, the duétile;btittlé traﬁsitién
tembetature of this ferritic ;lloy in Charpy impéct tespiﬁg was suppressed
below‘6°K. In fracture toughness testing at 77OK, the mode of fracture
was altered from brittle quaéi-cleayage to combléte'ductile rupture

through‘the'graiu'refining.



INTRODUCT ION

Récent research in this 1aboratoryl—'4 hasvshOWn that alloys from
the Fe~Ni-Ti system (e.g., Fe-12Ni-0.25Ti) can bé'pfocessed to have a
promising combination of strength and toughness at‘céyogenic temperature.
" As expectéd, the ductile-brittle transition temperatures of these alloys
tend to decrease if the éffective‘grain size is made Sﬁall. Hence.a
major . focus of our research has been on the desién.Of processes which
accomplish significant gréin refinement.

Previoﬁs wo‘rks_7 established th techniqpés-fdf refining the grain
size of Fe-Ni alloys of mode?ate nickel content. rFollowing'studies'byv
Gfangeg, fofter and Dabkowski5 demonstrated grdin refinemeht through a
.thermai cycling procedure which included repeated cycles of rapid
austenitizing and cooling. Grain size as small as 3—5pm (mean iq;ercept
length: ASiM #13-14) was obtained. Saul et al6_aléo_observed grain re-
finement.invmaraging steels on simplé repeated austenitizing (from ASTM
#2 to #7'in'4'cycles); An alternate technidue was used by Millef7, who
reported ultrafine grain size (0.3-1.1 Um; ASTM'#17—19) in an'Fé-Ni alloy
which héd been Sevefely cold-Worked.aﬁd.then annealed in the two-phase
@ +‘y) range. |

" Variants of both these processing techniqﬁes Wéré used in our
research2 on the alloy Fe-12Ni-0.25Ti, and both léd to alloys of excep-
tional strengthvand ductility at cryogenic temperétgre. However, both
procéssing techniqueslhad undesirable features. When the cyclic austeni-
tizing.proéeés was used, the grain size seemed to stabilize at 5-10 um.

A further improvement in low temperature ductility'ﬁight be obtainable

with finer grain size. A more refined structure can be achieved with
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mechanical'working, but mechaniéal working is often_an impractical or
undesiréble step in final alloy processing. We thérefore sought an al-
.ternate thermél treatment which would accomplishié gfain refinement
comparable to that obtainable with mechanical work; '

‘_'An:initial éolution to this problem was reéd;téd in Ref. 2, where
we showed ﬁhaﬁ an Fe~12Ni—0t25Ti alloy~éould be éfécessed to a grain size
near 1.0 um by treating it with alternafe anneals_iﬁ the auéteniteb(Y)

" and the~fw6—phase (o + v) fiélds. - The reSultingsalibys-showed exceptidnal
ductility in:fracture toughness tests at liquid ﬁitrégen temperature
(770K). The processing sequence used was, howevgr,xéomplex, involving
ninersépérate annealihg steps. We_have'since foﬁn& fhat this processing
sequence can be simplified consideraBly witHout sacrificing the grain
refinement_dr'the low temperature ductility of thé»feéulting alloys. The
gfain'fefinément>techhiques and associated changes-in low témperature
mechanicai_ﬁfoperties are described in the folloyiﬁg secﬁions;
' I. TECHNICAL APPROACH

-The teéhnical approach 1eéding to the grain'féfinement processes
used hére and in Ref. 2 ma& be briefly described as_folléws:f The -
Fe-12Ni-0.25Ti alioy is expected to show roﬁghly ﬁhe_séme tfansformation'
behé;ibr_as the Fe-12Ni binary, giveh thé small amqunt_of Ti present andr
its bartial cdnsumption in scavenging intefstitials._:Previous research
on_the.;ransfofmation behavior of Fe-Ni alloys in‘thié composition range
(summarized, fof example, by Floreen9) indicates that whep the alloys
are rapidly heated or cooled between room temperature and-the y-field

‘both the a > vy and the y > a transformations occur piiﬁarily;throughfa'
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diffusionless shear mechanism, while if the.allbyévare annealed within

the two phase (y + y) field fhevtrénsformation proceeds through a
diffusional nucleation and growth. process leading to an equilibrium
‘partitioning of ﬁickél'betWeen the two phases. Either transformation
mgchanism’may be used for grain refinement. If o is;heatgd to the

y—field and ‘then cooled to room temperature, a decrease in apparent grain
size (or martensite packet size) results, presumably to relieve the internal
strain Builﬁ'up during the shear transformation6;  If a is annealed in-
side the two phase region a very fine 1gth;like sﬁructufe results, pre-
sumably from preferential y nucleation in.the bouﬁdafiesvof the martensite
plates._7 |

The fine lath-like structure obtained after th-phaSe anneal is,
‘however, not a desirable structure for high_toughness; and may even cause
a decrease in toughness due to easy craék proﬁagation parallel tb the
laths.’ Iﬁ Mvillér's‘research7 the stored energy of prior cold work
seemed effective ih destroying'the‘preferential'alignment of those laths.
It seems»pléusible that residual strain from a cyclic shear transformation

'may aécomplish the same éffect, particularly if thé.strain.is allowed
to accﬁmulaté through rebeated'cycling.

We have, therefore, inveétigated thermal cyqliﬁg treatments of the
type illustrated 5chematically in Fig. 1 (the Fe~Ni équilibrium phase
diagraﬁvwas obtained from Hansenlo) in which austeniﬁé reversions are

’ alternated_with two—pHasé decompositions. The'anngalipg temperatures
were chosen from the feSults of dilatometric studiés of the kinetics of
the phase transformations, with the guiding principél that thé austeni-

tizing temperature should be low, to minimize grain growth, while the
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two-phase decomposition temperature .should be high, to maximize the rate
of decomposition. The annealing times and total number of cycles were
chosen from metallographic studies of grain refinement and low-temperature

‘mechanical tests of the resulting alloys.

II. MATERIALS AND PROCESS OF GRAIN.REFFIN'EMENT

a.. Materials freparation ‘ |

‘A low carbon alloy of nominalvpomposition_Fé—iéNi—O.ZSTi was obtained
from pufé s;érting:materials (99.9% purity) by induction mélting in an
iﬂert gés atmosphere. Two twehty pound ihgots of 2;75 in. (7.0 cm)
diameter were preparéd by slow casting in a rotating copper chill mold.
Ingot cqmpoéition was defermined to be (in'weight percent): 12.07 Ni,
0.26 Ti, 0.001 ¢, 0.014 N, 0.003 P, 0.004 S, with the balance Fe; The
ingots were homogenized under vacuum at lOSQOC fér'120 hours, cross-forged
at ﬁllOOOC té ;hick plates 4" (lb.Z cm)’wide‘by d#75ﬂ‘(l.9 cm) thick,
‘then air4éoéiéd~to room temperature. The plates were then annealed at
9OOPC fo?ltwo_houfs to remove most of the prior deforﬁationvétrgin and
air éoéled to room temperature. This final anﬁealvwas incluaed to estab-
lish a sténdaﬁd iﬁifial state for research purposes;.our.prior work has
éhown‘thaﬁ ﬁhe processed alloys have soﬁewhat better éryogenic mechanicél
propeftiesIWhén grain refined directly from the aséforged condition.
b. Phase Transformation Studies

iDilétometric studies Qere conducted to_determine»phase transforma-~
fion kinétics»in thisvalloy. Tubé—shaped dilatometrj.specimens 1.5"
(3.8 cm).long and 0.25". (0.64 cm) in diameter with 0;04” (0.1 ém} wall

thickness were machined from the annealed starting>matérial. Temperatures
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were moniﬁoréd'with.a chromel—aluﬁel thermocouple, épot welded at the»
mid-point of the specimen léngth. The expefimeh;é.were cérriéd out with
heating and cdoiing ra;eS‘of approximatély iSOC/ﬁin.; roughly duplicéting
thé rates uéed in heat treatment of the alloy.

- Sample dilatometric cur&es are given in Fig. 2. Fig. 2(a) f1lu-
sprateé transformation behavior when an a (martensite) is continuously

heated into the Y region, then cooled to room temperature. Reversion to

austenite begins at a temperature slightly below the maximum in the dila-
tion curve at 673OC (which we have taken as a meésﬁfe of the austenite
start temperature, AS)'and is completéd aF a tempéra;ﬁre slightly above
the minimum in the curve at 715°C (which measures ' the austenite finish
temperature,_Af). On cooling, the martensité transfprmation begins near
473% (MS) and is largely complete by 412°¢ (Mf).‘ On cycling; the sample
undergoes a small permanent set, measured by the offet in thé'cooling
'.curve at lowftgmperature. This offset re8uits frém‘transformation strain
of the sample and doesinot'signify‘the presence of retained austenite; no
austehite is detec§ed in x-ray studiés of samples.qycled back to room
temperature. Fig. 2 (a) suggests én austenitizing-temperatufe of about
730°¢C to insure that the transformation is completea,vand a maximum two-
phase decomposition temperature of about 6509C to insufe that shear re-
version.has not become significant. |

Dilatometric curves monitoring isothermal decbﬁposition at 650°C are
shown in Fig. é (b). Tﬂe MS temperature is essentially independent_of
transformation time (t230 min.) indicaﬁing that the nickel content of
‘the y formed is essentially independent of the yuédlume fractiqu This ¥

apparently transforms completely to o on cooling; no retained austenite
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is detected in x-ray diffraction analyses of samples cooled to roem
temperature. (We do, however, find retained austenite after decomposi-
'tiéh at'témperatures <_600°C). | |

Given the curves in Fig; 2(b) wé can phrase a rough gstiﬁate of
the ravt':e of decomposition which is useful in selecting an anmealing time.
Iflwg assuﬁé that the‘dilétion.is a linear function of the fraction
, trahsformed and estimate the-dilation on complete transformétidn froﬁ the
total offset in the .curves of Fig.vZ(a), we obﬁain'the estimated ;sothermal
transformation curve shown in Fig. 3; Thisvcurﬁe.has an asjmptote indi=-
cating eﬁuilibrium'with siightly more than 80% Y,'thch agreeé réughly
;with an estimate based on the Fe-Ni binary phase:diagram. ‘We infer from
Fig. 3 th;t-an anhealiﬁg time of 2 hours at 650°C'will yield aipro&uct
‘which is rdughly 60% vy, providing an overall’graiﬁ réfineﬁent near the
optimum, - This'estimate is supported by the metéllpgraﬁhic results given
belbw.} | -

If>the 730°C/650°Cvcycle is repeéted after deéompoéition at 65000,
"the'kinetics.of transformation are complicated'by the inhomogenéous
distribution of nickél throuéh ﬁhe microstructure. .A saﬁple annealed
for two hourévat 650°C will consist of rOughly.60%'Y éf éomﬁosition
mi3z Ni (estimated from the Fe-Ni binary phase diaéféﬁi together with
~40% residual o of mean nickel concentration near:loz (well above ﬁhe
equilibriuﬁ’at 47 Ni)”which.may‘be heterogéneously distrihuted. 1If the
material is air cooled to room temperature and then:reheated to 730°C
regions of'different'Nivqoncentration will transform'at different

teﬁperatures ‘(and perhaps by-differeﬁt mechanisms)_ieadihg to_the more



complex transformation behavior illustrated by the dilatometer trace
shown in Eig. 4. It nonetheless appears that the préﬂounced shear
reversion is essentially complete at 730°C. | |

Transformation behavior on subseqﬁent cooling depends on the extent
of homogenization at 7300C, and ‘hence on the time of anneal, as illustrated
by curves (b) and (c) of Fig; 4. An anneal of 2 hoﬁrs at 730°%C ié not
sufficient to homogenize the alloy. The continuéd‘présence of regions
of relatively high Ni concentration is indicated by the suppression of
the A_ temperature on reheating (curve (d) of Fig.>4);_ However, after
the second Z.Hourranneal at 7300C the As temperature in the next heating
lies abbvetéSOOC, indicating that shear reversion to ¥ doés not become

s . . . e nO
pronounced until the. temperature is raised. above 650°C.
’ /

c. Microstruétural Changes on Cycling

 >Oﬁ the ‘basis of dilatometric and microétructﬁral'studies we selected
a grain refining process consisting of alternate ;wo—hour anneals at 730°C
and 650°C. A four-cycle process is showr schematically in Fig} 1, where
the successive steps are labelled 1A (730°), 1B (650°¢), 24 (730°C) and
2B (650°C). The evolution of the microétructure during this cycling is
illustrated by‘the optical micrographs given in’Fig; 5. and by the scanning
electron micrographs in Fig. 6. After final cycle ZB the bulk of the
microstructure consists of a fine mixture of platelet grains appfoximately
1-4 microm long ana a ffactionvof a micron iﬁ the shorf dimension. The
pfeferenfiaifofiéntation of these grainsvhas been lérgely eliminated.

A preciée characterization of the microstructures developed during

this thermal cycling depends on the results of transmission electron
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microscopy studies now in progress} The.generai»features bf the grain
refinement pfocessvaré, however, apparent in Fig. 5.and Fig. 6. Fig. 5(a)
shows the microstructure of the annealed starting méterial; The apparent |
grain size is 40-60 um.(ASTM #5-6). After cyclé 1A the apparent gréin
size (Fig.-S(b)) has~reaﬁcéd to ~15 um (ASTM #9),T'These érains consist
of'blocky'lathsvof.disiécated-martensite. : Duriﬁg-dycie 1B

the marténsite is isothermally decomposed to givé ﬁhg microstructure
Shoyn in Fig; S(C)-and in Fig. 6(&) and (b). From the microstructure it
appears thét the austeﬁitevtransformation begins.along prior austenite
grain.boundaries, and the_auétenité then grdws into the grains along what
ap?ear‘;o be the prior martensite platelet boundaries. After tWé hours
the microstrﬁcture consists of a fine admixture of &,with y as plateletsv
or lath shaped particles within gréinS,'and with y'in a moré blocky form
along the.prior gfainquﬁﬁdarieé. The y then tranSfprms to o on cooling
';q room tempéréturé. |

| The_microstructuré_after cycle 1B is not a desifable'one_for low

témperature toughnesé. The strong prefefential o:ientation of the micro-
sﬁructﬁral feétﬁres provides potential paths for éasy ¢ra¢k propagation.
This preferéntial orientation.is largely removed du;ing the second
‘7300C/6500C-Cyclic treatment. | | |

The microstructure after cycle 2A ié shown ih Fig. 5 (d) and Fig. 6
IOF (d);r The evident microstructural changes are two. Firét, a rééction
which we'assuﬁe to be an homogenizétion reaction initiaﬁes along lath

packet boundaries in the microstructure 1B, giving rise to the network
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of the white regions in Fig; 5(d). Second, there is some decbmposition

of the aligned laths of the 1B structure.

The interpretation of these features seems straightforward.  On
héating,‘the/high nickel laths should revert to Y; giving rise to the
first peak in the dilatometer trace in Fig: 4(b). At slightly higher
-temperathre'the low Ni matfik will bégin to transform;-causing'the dis-

qontihﬁity]in the slope of the dilatbméter trace iﬁgFig. 4(b).v At 7300C.
the initiél’ﬁicrostructure should consist of a mixgﬁre of high-nickel and
blower-nickel’y, with a possible admixture of retainéd a in the low nickel
regions.- This structure is unstablevbecause of the heterogenogs nickel
concenffation and-will tend to homogenize. It cannot homogenize by simple
diffusion‘beéause of the low bulk diffusivity of Ni in Y iron at this
temperatureband concentration].'l (ﬁhe mean diffusion distance fqr Ni in Y,
'(2Dt)l/2, is‘NO.OS um'after two hours at 7300C). .Hoﬁever,vnucleated homo-
geheouS'V-can grow pe:pendiCular;to.the platélet‘planes thrOugh interface
diffﬁSiOnvof nickel. Interface diffusion can aiso cause some decomposi-
tion of the individual platelets; however the bulk of the material within
graiﬂs'retainé an Qrientedvplatelet morphology; |

+ The oriented substructure of the alloyvis brbkén up during.bhe next
two—pﬁase decomposition, cycle 2B. The resulting ﬁicrostructure is shown
in Fig. S(e) and in Fig. 6(e) and (f). Platelet orientation within grains
is‘largeiy destroyed by the:nucleation and growth t%ansforﬁétion, and an
ultrafine grained microstructure results. The network of homogenized
‘material in the 2A»microstructuré also decomposeé oh‘a finerscale. The

resulting grain size (0.5-2.0 um; ASTM #15—#18) is considerably below the
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best we have been able to ohtain with simple cyclié aﬁstenitizihg treét—

medts.and is comparable to that Miller7 obtained after severe cold working.
The”grain-refined alloy,is_apbareﬁtly cbmp;étely fefritic. No re-

tained éustenite was detected using conventionalix—ray»techniques. ‘R. L.

Miller12 confirmed this result using a modificationvof his reported

13, 14

techniques™ ™’

which permits detection oans littlg as 0.1% retained;
austenite. |

© We have explored the effect of adding additional 730°C/650°C cycles.
These,do'give_an apparent additional refinement of.the larger grains re-
maining invthe miérbstructure, but the effect is small and has no obvious

influence on cryogenic mechanical properties. -

ITI. MECHANICAL PROPERTIES AT CRYOGENiC‘TEMPERATURES

The mechanical test specimens were ﬁékén frOm.the material pre-
Pared-as described in section II(a). The annealéd.0.75"“(l.9 cm) thick
plates were cut into pieces 2.75“ (7;O'cﬁ) long. Thésé pieces were then
" givén selected thermél”proéessing;.’After processing, one. fracture tough~
ness spécimen and two Cha;py impact specimens wére machined from each
Piece along the longitudinal direction of forging, ensuring the same heat
treatmgnt forfboth tests. Tensile specimens (transverse direction) were
obtained from the far end of the broken fracture toughﬁess specimens.

(a) Cryogenic Tensile Properties

¢
-~

Tensile tests were conducted at liquid nitrogen temperature using
an Instron machine equipped with a cryostat. Subsize specimens of 0.5"
(1.27 cm) gauge length and 0.125" (0.32 cm) diameter were tested at a

crosshead speed of 0.02 in./minute (0.05 cm/minute). 'Two "specimens were
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tested at each stage of the cycling treatment. The.déviétion in yield
strengthxﬁétween tests was 5 ksi (35 newton/mz);

Thevrésults of ﬁhe tensile tests are showﬁ‘in"Tablé I. The yield
‘strength at 77OK:is'in the rangé'l40-150 ksi. (9,66—10.35 X 108 newton/mz)
and is rather inSensitive to microsﬁrqcture; The samples ékeated to
stages 1B and 2B havé,slightly higher yieldvstrengthvand'iower tensile
ductility than those at states'lA'and.2A; Thesé'miﬁor effects appear to

be due to the precipitation of Ni.Ti in the g phase at 650°C. Electron

3

‘microscopic studies indicate that the extent of this precipitation is

small,
(b) Cryogenic Impact Properties

Charpy V—notch impact tests were conducted at;liquid nitrogen
temperature (77OK) using ASTM standard techniquesls;jan& near liquid
helium témpe;ature (5-6°K) ,using a method recenﬁly developed in this
laboratoryl6; Two specimens were tested at each céndition. The results
of these tests are presented in Table II. The brokén spetimené are shown
in Fig. 7.

At 77°K all four structures showed high toughness. However, at 6°K
specimens lA and 1B were brittle. Fractographs takéﬁvat the center of the
fracture surface in these specimens revealed a quasiéélgavage fracture

mode. Specimens ZA and 2B remained tough at 6OK;_the transition tempera-

" tures in chafpy testing for the hce structures 2A and 2Bvare'below this

temperature.
(¢) Cryogenic Fracture Toughness

Fracture toughness tests were conducted at 77°K<on an MTS machine

equipped with a liquid nitrogen cryostat. Compactvtension (WOL) specimens
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of 0.50" (1.78 cm) thickness were prepared and fatiq;e.precracked accord-
ing to ASTM specificationsl7- Two specimens wefe £e$ted at each. stage of
the thermal cyéiing'freatment. |

The results'ofvthese tests are shown in Fig;-8.’ With the possible
exception of sample 1B, these specimens were well awéy ffom pléne strain
condiiions;:a'§a1ue of KQ%140'KSIf Yin was computed from the load-crack
opening displaceﬁent (cop) curvesl7.:_At stages iA;.lB, and 2A the alloy
exhibited unsfable crack propagafion_as'marked by'the'dogted lineé in the -
Joad ;COD curves. However the fine-grained alloy'2B seemed immune to
unstable crack éfopagatiqn. The specimen was fuily~§iasﬁic, and the
preéindu;ed crack,grew siowly in a stable manner uﬁtil the test was stbpped.
The post-test fracture foughness specimens are comparedito one another in
Fig. 9. The brittleness of specimens 1A and 1B, the_tepeated crack érrest
in specimen ZA; and the ductili;y of.specimen 2B arevviSually.apparent;

The frégture surfaces were examined by.écanhing-electron microscopy.
»-Fig. 10 SHQws scanning electron.fraétographs taken slightly ahead of the
prg-induced_fatigue crack élong the ceéter line of the sample. Specimens
processed tovsfaées lA'and 1B propagated fracture.in'a quasi-cleavage |
‘mode. At sﬁage 2A, the fracture mode wa#fa mixture of quasi-cleavage and

ductile rupture. Fully grain refined specimens (2B) showed ductile dimple

rupture over the whole fracture surface.

~
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CONCLUSIONS .

@9) vBy alternate phése:transformation in Y and_61'+ Y) range, the grain
siiesfanFe—lZNi-O.ZSTi_alloy Qas refinedbfrbmk40~60 ﬂm to 0.5~2 pm
in 4 cycles. o

(2) Witﬁ’tﬁis uitrafine grain size, the dnctiie:bfittle transition tem-
pératﬁré qf this férfitié alldy in charby impé¢t testing wés
éuppressedvbelow liquid‘heliﬁm teﬁperaturé.

(3)- Ihe,ductile-brittle tranéition temperature in a fracture toughness
tésting.with a.sharp crack was Suppressed'beléw.liquid nitrogen
tempeféture and thé fracture mode was changed_from brittle quasi-

cleavage to completely ductile dimple rupture.
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Table I.. Results of the Tensile Tests at 77°K

7

Specimen Yield Strengt

Tensile Strength ~ Elong. R. A
ksi (newton/m”) ksi (newtbn/m ) % %
. ‘ _ T . : ;
1A 134 (9.25 x 10 g 142 (9.80 x 10 g 31.1 73.8
5 145 (10.09 x 108) 151 (10.42 x 108) 24.8 70.5
2A 141 ( 9.73 x 108- 150 (10.35 x 108) 29.3 72.9
2B. o 149 (10.28 x 107) 154 (10.63 x 107) . 26.8 72.1
‘Table II. ‘Charpy Impact Enefgy at 77°K and 6°K
Specimén Impact Energy at 77°k ‘Impact Energy at 6%k
ft-1b (newton-meter) ft-1b (newton-meter)
1A - 154 (209) 55 ( 75)
1B - 116 (158) . 43 59)
28 - 131 (178) 116 (158)
2B © 115 (156) - '

99 (134)

_g-[_.



Fig. 1 -

“Fig. 2 -

Fig. 3 -

Fig. 4
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FIGURE CAPTIONS

The Fe~-Ni equilibrium phase diagram with'heat treating cycles.
Dilatometric analysis of the phase transformations in Fe-12Ni-

0.25Ti alloy, (a) on continuqus heating and cooling, (b) on

,isothermal decomposition with the (a + ) range for different -

:periods.

Estiﬁated isothermal transformation rate at 650°C.

(a) Dilatometry for ‘an initially homogeneﬁus épecimen (same as
Fig; 2(a)), (b) dilatometry forva specimén'initially decomposed
at 650°C for 2 hours. After the transformation of the duplex
éffucture to vy is fiﬁished, the speciméﬁ\ﬁas held at 7300CAf§r

two hours for partial homogenization and then cooled to room.

_ temperature,“(c).same‘as (b) except that the homogenization was

minimized by holding at 7300C.for‘just'a few seconds. (d) The
hbmogenizatién cycle (b) was followed by another continuous

heating to the y range to see the changefiﬂ As’ Af temperatures

_ from those of (a) and (b).

- Fig. 5 -

~ Fig. 6 -

Fig. 7 -

Change of optical microstructures on théfmal cyclings. (a)
sta?ting microstrﬁctﬁré (9000C‘2 hours“annealed),:(b) aftef
cycle 1A, (c) éfter cycle 1B, (d) after cycle 24, (e) after
cycle 2B (final microstructure).

Scannihg electron micfostructures. (a), (ﬁ) specimen lB!
(C) (d) specimen 2A, (e) (f) specimen 2B. The micrographs
(Bj;'(d) and (f) are of higher magnification.

Phbtographs of the broken‘Chafpy bars aftér ﬁesting‘ap 720K

and 6°K.
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Fig. 8-— Load-crack opening displacement curveé in.ffagturé_toughness'
testing at 77°K.

Fig, 9———Post—test fractufe toughness specimens.

Fig. lO-——Scénning electron microscope fractographs of the specimens

shown in Fig. 9.



Fe -Ni PHASE DIAGRAM ~ HEAT TREATING CYCLES
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DILATION
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Fig. 5(b)
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. 5(e)
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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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