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CRYOGENIC TOUGHNESS THROUGH MTCROSTRUCTURE CONTROL

IN A FERRITIC Fe-Ni-Ti ALLOY

by

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

"ABSTRACT

This paper discusées the selection of cdmposition ahd processing 'of
a férritic Fe-Ni-Ti alloy having a favorable combination of strength and
toughness at cryogenic tempefature. Criteria on alloy compositon lead
to the choice of low interstitial Fe-12Ni-0.25Ti.. The alloy naturally
has a favorable microstructure, but cryogenic tgughness must be imparted
‘ﬁhrough grain'refinement. 'Séveral alternate procedures‘are identified.
Four of these are discussed in detail, aloné with the resuiting tensile
ptoperties'at 77°K, Charpy impact energies at 77°K_and SOK,and behavior
in frécturé'toughness.tests at 77°k. Allovs are obtained having yield

. . s ' o,
strengths to 150 KSI with impact toughness te 5 K.



I. Introauction

As is well known, materials having a body—céntcred cubic crystal
structure show an apprecigble increaéé in strength when tested at low
tehperatupe. This "thermal component" of the yield strength of BCC alloys
makes fefritic steels particularly attraétive for cryogenic use; one may
easily design alloys which become very strong at cryogenic service
temperatures. However, as-theAstrength of a férritic alloy inc;eases on
cooling the élloy also tends to become brittle, often thrdugh a dramatic
loss of toughness over a rather narr$W'tempcrature range which defines
thé "“"ductile-brittle transition temperature' (TB). ‘Low temperature
embrittlement then severely restrictsvthe engineering use of the alloy
in cryogenic systeﬁs.

If metallurgigal tecﬁniqueé can be empioyed‘tq overcdme 1ow—tempera-
ture.embrittlement ip ferritic steels or to suppress TB to well below
service temperatures, it beéoﬁes possible to design steels having éxcep-
tional combinations of cryogenic strengthvand téughness; This paperire—
ports how embrittlemehﬁ has been suppressed in a laboratory steei -
(nominaliy Fe<12Ni-0.25Ti) thrbugh metallurgical control of the alloy
microstructuref The resulting mechanical properties at cryogenic tempera-
ture ar; superior to any‘wﬁich, to our knowledge, have previously been
obtained. |
iI; Alloy Selection

Initial alloy désign criteria were chosen to insure a beneficial
_c0mbinatiqn of strength and ductility at low temperature. These may be

summarized as follows:
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(1) To insuﬁe‘dﬁctility'the alloy must: be structﬁfed so that
internal stress'conceﬁtrations-are ;elieved and internal flaws blunted
before they lead to failure. This reqﬁires deformation of individqal
grains and reasonable accomddétionvofvdeformation at grain boundaries.
Free deformation of the individual grains requires that these grains be
provided with pofeﬁtially mobile dislocations. The dislocations may
come from a dénse_initial dislocation distribution or -from a dense
distributidnvof active disloCations. ~To insure the mobility of thesge
dislocations either the lattice concentration of free interstitials must
be. very 1§w-or the low temperature‘diélocatipn—interstitial interaction
must be suppreséed.» The acéomodation of deformation in adjacent grains

/ .
- is facilifated by fine grain size and requires that there be no sigﬁifi—
cant brittle precipitationvor‘film in the grain boundafies. Under
appropriaté conditionsva ductile grain boundary phase may be beneficial.

(2) 'TQ échieve high strength consistent with'ductility available
‘dislocations must be efficiently pinnéd until‘the applied:stress becomnies
large, in a way which does not  sacrifice mobility once plastic deforma-
tion begiﬁs. One may devise solutionéhardened,_dislocation—hardened,'or
precipitafion—hardéned microstructures which will, ét leést in rough
theory, function in fhis way. If the compqsitiqn df a ferfitic steel is
properly chosen, it naturally forms a dense dislpcétion network on
quenching t§ martenéite. 'Prepipitation hardening techniques may be used
to suppleméﬁt the hardening effect of this dislocation network. Since
“the ﬁature énd distribution of pTecipitate phases may be spe;ified
through a proper choice of composition and processing and since the pre-

cipitate distribution remains roughly constant during deformation, the



bfgcipitation;hardening meéhanism has an inheréﬁt controllability which
makes it appealing in alloy'designf The precipitates employed must, of
course, form in the interior éf‘the.grains and mqst act withouﬁ poison-
ing or embrittling the grain bouudaries.

Given these criteria,‘a'low'interstitial alloy‘ofbhominal éomposition
Fe—lZNi—O{ZSTi was chosen for this reéearch. The advantages of a com-
positién in this range are several. Low interstitial alloys of inter-
médiate nickel content naturally form, on quenching, a highly dislocated
mafténsite (ferritic) of good“inherent ductility. Mofeover, the phase

'diagram in‘£his composition range éontains a ﬁroad two-phase ferrite-
austenite region at intermediate temperature (fig. 1), allowing use of
a variety of processing_and_grain refining techniques. The nickel-
titanium couple in iron is'known to be a chemically effective agent for
reducing thevfree interstitial content and suppressing the embrittling

effect of free interstitials. 4An Ni,Ti precipitate may be formed in the

3
ferrite phése to restore the alloy strength lost.on elimination of

“interstitial solutes.

II1. Procesé'Sélectidn

While an Fe-12Ni-0.25 a¥loy is‘inhérently strong at cryogenic tempera-
ture (with a yield strength near 140 KSI at 77OK) it is not inherently
tough. . The alloy must be made tough through proper processing. The
processing Sequenqés used in this research were designed to impart
toughness through establishiﬁg fine-grained microstructure of non-aligned

a

grains.,
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The grainQrefinemént techﬁiques useful iﬁ alloys of intermediate
niékelrcqntent mayAbe roughly div@déd iﬁto two types, dependiug on
whether the grain.refinemeﬁt‘is accompiished at temperatures in the
austenite (y) or two phasé'(d + yj fange (figure 1). The microstructures
one may_achievé'are-shown schematically in figure 2.

If an Fe-12Ni-0.25Ti alloy is heated continuously from the ferrite
(o) to austenite ky) stability ficld the o » ¥ transformatipn occurs

1)

primarily through a shear'tréﬁsformation‘mechanism which initiates at
. a temperature near.66OOC and is substantially complete at 7150C. If the
alloy is then duenched to room t:omperature, the structure reverts to o
fhfough a marteﬁsite transfqrmation. A single cycle of this sort leads
to appreciable grain refinement of an>annea1ed'alloy;'in a typical
experiment alloy grain éize wasrredﬁéed from an initial-&Oum(ASTM #5)
go ~15um (ASTM ##9). -The driving force for grain refinement is believed
ltd be the:strain accumulated during the o » y shear.transformation. \The
mdrﬁhology of the reaction is (a) -» (b) in figure 2; the final micro-
structure is ghemicaliy hémogeneousvand consists of generally non-aligned
grains héving a blocky, lathe martensite substructure.

If this éimple'}—c?cle isvrepeated, the‘graih structure is refined
further.’ Succeeding cycles are, however, less gffiqient in grain re-
finement, and the grain size appearsvto stabiiize at &loum'(ASTM #11)

after 3-4 cycles.

The efficiency of the grain refinement may be increased by adding a

moderate cold-work step between' thermal cycles. Moderate cold-work does

not significantly reduce the ultimate grain size, which remains near 10um.
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However wifh cold work thiS‘gfain'size'is obtéiﬁed'after~only two thermal
cycles, éhd ﬁhere may also be beneficial effects oﬁ the grain substructure,
If thé.alloy is annealed withiu the two-phase (o +y) region, the
transformafion proceeds through a nucleatiqnvand groﬁth mechaniém with
nucleating preferentialiy in the grain boundaries and along the marten-—
site lathe boundaries of the initial « structure. The morphology of the

reaction depends on temperature.

o

If the annealing is carried cut well inside the two-phase region,

at a températuré above ®6OOOC, both gréin and lathe boundaries act as
iefficient'nucléation sites. The structure decomposes into a laYered
structure similar to that shown schematically in figure 2(c¢), in which

o and Y platelets altérnate. On subsequent quenching to room temperature
the Y platelets shear transform to ¢, leaving a final microstructure

like that shown in figure 2(c) in which alternate plates differ in
vchemical éomposition: those which were y during two-phase decomposition
afe‘félatively rich in Ni; those which were o are relatively depleted in

Ni and may contain rod-like Ni,Ti precipitates which coarsened during

_ 3
-‘thé anneal.

From supefficial appearance one might state that structure 2(c) has
been grain;fefined with respect to 2(a). From the perspectiverf alloy
toughness, however, no significant refinement has occured. The inter-
platelet7boundafiés_in étructure 2(c)-form preférential pathe for crack
propagatién whose 1inear-dimensiou iS»comparable with the graiﬂ size of

the initial structure. In fact, a'strdcture like 2(c) invariably leads

to a deterioration in toughness.
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To ﬁtiliée sﬁbstantial two-phase decomposition in_gfain refinement,

one must’.add in a pcocess which breaks up ﬁﬁé platelet orientation.
Two successful-techniqugs are known. The first, due to Millef(z),
employs seQere boi& work prior to the two-phase énneal. If the priorr
deformation is sufficient to supply internal nucleétion sites (severly
deformed regions, nodes in the dislocation network, dislocaﬁion sub~
structure boundériés) then a shower of smally grains may form on two~
phase anneal and a highly refined structure (2(f)) may result. The
second technique was deveioped in»our own reséarch and is described in
refﬁ 1. In this process two—phasélannéals are alternated with anneals
in.the‘yyfigld,.as shown schematically in figure.la A four stép tHermal
process suffices to give-a_wellkrefined-étructure in which platelet
orientation is almost c§mpletely destroyed. The structure resembles thar
shown in figure 2(e). |

' These two-phase procéssing vtechniques achieve an extremelj fine
_grain éizé; On the other hand,‘they yield an ailoy which is_chemically
heferogenedus on a fine écale, conéiéting of grains which, though all
of the g-phase, ﬂave differing Ni conqentrations. This heterogeneity
mﬁst be}kept in mind as it may lead to an increésed suscqptibility to
corrosive environments.v |

A rather different type qf grain refinemént.occurs if the initial

structure is annealed in the low-temperature portién of the two-phase
region (below about 60006). In this case austenite nucleation is
largely confined to grainvboundarieé; The neW‘gfains grow only slightly

during anneal, and give the microstructure a final appearance like that



shown in flgure 2(d) in whlch.the grain boundarles are'“beaded" by flne
gra1ns of dlameter <lum. If the alloy is rapldly quenched to room
temperature,‘these fine gralns may not revert to ferrlte, but may rather
"femain.asba'fineigraln‘boundary'distribution:of'retained‘austenite,‘<This
Iretained austenite appears to‘have.a Eeneficialbeffect on the cryogenic

(3) and

~1mpact toughness of Fe~Ni steels including the'cOmmefcial INL
( ) alloys as well as.the Fe—lLNl 0, 25T1 research- alloycs)
: There arevhence several alternate‘graln reflnement.processes whicn
3may be used to 1mpatt cryogenlc toughness to an annealed and quenched
: e«lZNl—O 25T1 alloy Invthe'follow1ng we compare the effect of four'of
’these treatments on the mlcrostructure and‘cryogenlc toughness. In this
research we concentrate on proce ses whlch lead to an alloy which is
_essentially_ferritic; the effect of adding a.tetained.austenite'phase

(5)

.will be treated subsequentlyw
iV.’:Mateflals Ptepafation*and Processing

A ’1ow.‘.'ca.‘rb'on azi—io'y of :nominal ,cor‘ﬁposi_tion' Fe~12Ni-0.25Ti was. ob—_'
’;éainea;f£§m'auféléﬁ;t;iﬁgama£éfiaiéf(99;9% purltf)lbyvinduction'melting
in‘an inertbgas.atnospnete; sTwenty'pound ingots‘of 2.75 in. (7.0 cm.)
diameter_wefeipfépared'by slow_éasting‘in a rotating copper chill mold.
The~compositlonvof'a typiCalvingot was determined to be (in weight per-
.cent) 12(O7Ni,_0.26Ti, O.dOlC, 0.0lAN,'0.00BP, 0.0045.S, with the
balance Fe. The”ingots were_homogeniZed under.nacuumvat 1050°C for 120
- hours, ctoss—forged:at %llQOOC'to thick plates, then air cooled to room
tenperaturet ‘lhevplatesfwere.tnen:annealed at 900°C for two hours to
‘ remove most of_the ptior deformation straln andvair cooled to room

‘temperature. - This final anneal was included to establish a standard
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initial state for research:purpoées; brior work(6) has shown tﬁat tﬁe
élloys have somewhat better cryogenic.mechahica; properties when grain
refined difeCtly from the éSvforged‘cbnditién.

The micrdstfucture of.the annealed starting-matefial is shown in
figure 3f' The appérent grain size is 40-60 gm (ASTM #5-6).

To\refine this grain size, we selected four alternate treatments,
labelled A-D. Treatment A is a siﬁp1e~f«bycie, involving a two hour
anneal at'73OOC.followed by a quench to room température. In treatment
B this j{;cycle is repeated four times. In tfgatment C the zlloy is
given a y~cycle as in treatment k, then cold-worked &30%, then given a-
Second identical y-¢ycle. Treatment D is the alternafe cycle refining.
process described in reference‘(l)'and.diagramed in figure (1). It
_consists o% the Y/a +Y cycle: 730°¢C (2 hrs.),.quench, 650°¢C (2 hrs.),
quench,‘which is fepeated two times,’ ‘

| The microstructures resulting-from treatments A-D are shown in
.figure'é; Treatment A refines the apparent grain size to “V15im
(ASTM #9). Treatments B and C both leéd to apparent graiq size near
lOum (ASTM #11). Treatment D yields a fine-grained microstructure of
platelétg &1~4um long and a fraction of a micron in the short dimension

(ASTM #15—1‘8) .

V. Effect bfvProcessing‘on Mechanical Properties.
Specimens for mechanical testing at cryogenic temperature were
taken from the starting material prepared as described in section IV.

The annéaled-plateé were cut into pieces 2.75" (7.0 cm) long. Each

- piece was then individually treated according ‘to one of the procedures
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described above. .After procéssiﬁg,.oﬁe fracture toughness specimen and
two Charpy impact specimens were maéhined from each piece along‘the
longitudinal direction of forging, eﬁsQring'the same treatment for both
tests. Tensile specimens (transverse direction) were obtained ‘from the
far end of the 5foken fractﬁre toughness speéimens.

,(a) Cryogenic Tenéile Properties

Tensile tests were conducted at 1iquid'ﬁitrogen temperature using
ah Iﬁstron'machine equipped with a cryostat. Subsize specimens of 0.5"
(1.27 cm) guage length and 0.125" (0.32 cm) diameter were tested at a
crosshead speed of 0.02 in,/min&ter(0.05lcm/minute). The deviation in
yiéld strength between tests on simiiariy treated samples was ¢5 KSI
(35 Newton/mz).

The results df.the-tenSiie tests are shown in Table I. The.yield
Strength at 77°K is relatively insénsitive to microstructure for they
tfeated samples (A-C) and i; in the range 134-140 KSI CLQ.S X 108
.Newton/mz), The tensile ductility of these ailoys is good, as reflected
in their high tensile elongation and reductién in area before fracture.
_The_two phaée processed aIloy_(D) shows a slightly higher yield strength,
&150 KSIV(lO.B X 108 Newtén/mz) and a corresponding decrease in elonga-
tion and'feduction in area. Theselchanges may be due té the finer grain
size of this alloy, or may (as we suspect) be pfincipally due fo coarsen-
3Ti precipitaﬁes_during the two—phase anneal.

(b) Cryogenic Impact Properties

ing of Ni

Charpy V-notch impact tests were conducted at liquid nitrogen

temperature (770K) using ASTM standard techniques(7). Since it is well
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known that the Charpy iﬁpact test tends to underestimate the effective

. transition temperature, impact tests were also condqcted near Jliquid
helium temperatﬁre‘(SnéoK) using a method'récently developed in this
laboratory(S).

The test‘results are shown ianable ITI. The énnealed allpy (n)

. showed an impact energy below 15 ft. 1lbs. (20 Joules) at 770K, and
hence was presumed brittle at 5°K. The alloy processed.throughva single
Y%cycle (A) showed excellent tougzhness at 77OK. However;-at_SoK we .
observed a striking variation in impact values from sample to sample,
Our results scattered from ébout 25 ft. 1bsi (34 Joulés) to 148 ft. 1bs.
(201 Joules). The cause of this large scaptér is uncertain. Possible

. sources include changes in,thétIace impurity content from ingot to ingot,
failure to obtain complete alloy homogenization, and slight variations
in sample treatmeﬁt.

Thg frequent loss ofAtpughness at low temperéture in samples having
treatment A may be overcome. through further research. However, the
results obtained with treatments B-D shbw that this'ﬁransition behavior
can be eliminated throﬁgh the use of grain refineﬁent tfeatments; all of
fthgse samples sﬁowed oﬁtstanding toughness to 5%

Cdmpariﬁg'the shelf eﬁergies associated ﬁith the various heat

ktreatments, the ranking of alloys is C>B>D. -The two-phase processed
alloy gD) had a ahelf enérgy only 50% that of the cold-worked alloy (C).
A literal interpretation of the Charpy test resuits suggests the conclu-
sion that treatment C gives a decided advantage in crYOgenic toughness.
Such a conélusién is, however, premature, as the results .of cryogenic

fracture toughness tests show.



-12-

() Cryogeﬁic Fracture Toughness

Fracture toughnéss tésts were condu;ted_at'77oK on an MTS machine
_equipped with a liquid nitrdgen cryostat. Compact tension (WOL) speci-
mens were prepéréd and.fatigue pre—~cracked according t6 ASTM spgcifica—

9y

tions. The specimens for treatments A, B, and D were 0.7" (1.78 cm.)’
in thickness;Adue to dimensional changes in cold-work, the spécimens for
treatment Cvﬁere 0.625" (1.56 cm;). Two_speciméns of each treatment
were‘testedﬁ

The results of the tests are .shown scheméticélly inbfigure 5, along
with photographs éf_the fraéture surfaces obtained; 1A11 specimens were
weil away}from plane strain conditions. In lieu of ch values, KQ
values were_computed from the_load;crack opening displgcément (cop)
curves. The results were:.KQ.&IBO?KSI/iH for treatments_A.and'B, and
KQ V140 KST /IE for C and‘D.- it is not clear whether the higher KQ
vélue for.treatment C is due to better ductility or to the smaller
vthiékness of the test samble. |

Samples_bf'A, B, and C all showed ﬁnstabie craék propagation, as
marked by the stepvin the curves of figure 5 and as ig evident from the
fracture surfaces. The dﬁctiliiy prior ﬁo ¢rack instability increased
in the sequence A-C, though again the résulfs for C are compromised by
tﬁe smaller specimen thicknessf Treatment A shows a scatter in fracture
tOughneSS behavior at 77°k éimilar to the écattér in Chérpy enefgy at
-SOK; the amount of deformation prior to crack instability varies, from
éample tb sampie, frdm veryiiittle fo the significant amount shown in

the figure (This test employed an A sample having a high Charpy energy

‘at SOK),‘



Thé-twé—phéSe pfocéssed'alioy‘(D), on #he,btﬁer hand, seeﬁed immune
totunsta51e'crack propagation..vThe spééimén-was fully plastic, and the
pre-induéed craék greﬁ slowly.ﬁntiltthe test was stopped.. The‘ductility
of»the specimen is viSually.apparcnt'from'the photograph included in
figure 5.‘ | |

The fracture surfaces were examined by sdanﬁing electrdn microscopy.
Figure 6 shows scanning electron fracfographsitaken slightly ahead of the
pfe—induced fatigue craék along the center line of tke.sample. The
fractographs agree with the trend of the teét data. Specimens A, B, and
C fractured in a mixed ductile.rupture, quasi-cleavage mode, with the

_fractidn of ductile rupture‘iﬁ the fracture surface'increasing in the
sequence A-C. ' Specimen D fractured in a fully ductile mode. In éontrast

to- the Charpy impact tests, the fracture toughness tests suggest that D

is the superior treatment for imparting cryogenic toughness.

VI. Coﬁgiusions.
(1) A variety of grainlfefinement prﬁcesses may be used to impart
cryogeﬁic toughness to a ferritic, low-interstitial Fe—lQNi—O.ZSTi allqy.
_Through grain refineﬁent the ductile-brittle transition témperaturevfor
Charpy“impact-energy'can be suppressedAbelow SOK, The grain refined
alloys alss show exceilent toughness in fracture toughness tests at 770K,

at yield strengths to 150 KSI.

(2) The Charpy impaét.aﬁd fracture toughness tests do not agree on
the optimal heat treatmenﬁ'for cryogenic.toughﬁéss. The Charpy test |
suggests treatment C (y cycle + cold work + y cycle), while the fracture
toughness test suggests tréatment D (y cycle + two-phase cycle) (2X).

The fracture toughness test seems the more meaningful of the two.
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CHARPY IMPACT RESULTS _

CRYOGENIC TESTING

Heat Treat | , : 77%K 6°K
Series . ' : ft-1bs (Joules) : ft-1lbs (Joules)
I ' ‘ <15 (21) _ -
A | 168 (228) © 25(35) - 148 (201)
B R 188 (44) 147 (199)
C . 201 (272) | | 170 (230)

D . ' C 115 (156) _ 99 (134)
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TABLE II

TENSILE PROPERTIES AT 77°K

_ Yield Strength Tensile Strength Elong R.A.
Treatment KSI (Newtor_x/m‘) KSI (Newton/m+) % %
L 8,
1 133 (9.3 x 10)
| 8 | 8,
A-C. 133 (9.3 x 107) 142 (9.7 x 10) 31 74
8 154 (10.6 x 10° 27 72

D © 149 (10.3 x 10°)
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. FIGURE CAPTTIONS

The Fe-Ni phase diagram witli heat treatment (D) shown schematically.
Characteristic microstructures of grain réfined Fe-Ni alloys of
intermediate Ni content.

Optical micrograph of annealed Fe—lZNi—O.ZSTi, prepared aé
deséribed in text (2% Nital etch).

Opticél-micrograpﬁs of fe—l2Ni—0.25Ti processed through treatments
described in text (Etched with 5% picric acid‘solution saturated
with sodium dbdecyiibeniene gsulfonate).

Results of fracture toughness tests at 770K, with photographs of
thg fracture surfaces of the teét specimens. Note that specimens

A, B, and D Have thickﬁeés (0.7,in.), while_spepimen C has thickness
(0.625.in.).

Scanning elecprén miprographs of the fracture surfaces of the
specimens shown in figure 5. The areas shown lie on the centerline
of the fracture surface slightly ahead of the pre-induced fatigue

crack.
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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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