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" AN IRON-NICKEL-TITANIUM ALLOY. WITH

OUTSTANDING TOUGHNESS AT CRYOGENIC TEMPERATURE

8. Jin, J. W. Morris, Jr. and V. F. Zackay
Department of Materials Science and Engineering,
University of California, Berkeley
v o and S
. Inorganic Materials Research Divisionm,
Lawrence Berkeley Laboratory

ABSTRACT

Recent reseafch hgs shown that the alloy Fe-12Ni-0.25Ti may be pro-
cessed to have an‘outstanding combination of'sfrength and toughness at
cryogenic temperatures. 'In this paper'wenpreSent.éome of the fesults
obtained to date with this alloy, and compare theée_to the properties of
two commoniy[used cryogenié'steels._ Tenéile préperties, impact proper-

ties, and preliminary results of fracture toughness tests are presented.
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- I. INTRODUCTION
Becént.fesgarch in this labcratory has led fpithe identification of
a éroup of férritic alioys from the irén—ni¢kei~titanium sjstem which
shéw én unusual combiﬁation of’stfengtﬁ and ductilit& at cryogenic tem-
péfatﬁres;»'Theidetéils of this reSeéich aré_réported elsewhere(l).‘ In
this paper we sﬁail present some of the besfjresults obtained through
proéeSSing‘qf'aﬁ Fé-lQNi-O;QSTi'allby'and compare.these to the best |
~available propérties of two commonly used cryogenic steels: typevéoh'
| s’tainléss stéei a'nd Fe-9Ni-1Mn-0.1C '( '?9-Ni¢ke1" s_teél).
| II. ALLOY cdwoSi__TiON AND PROCESSING
T Low'carbén allo&s oflnominal composition'Fe—12ﬁie0.25Ti‘Were_ob-
fained b&.iaéuum melting from the pfimé components. kThe‘actual composi-v
tioﬁiof typical ingot is shown in Table I. ‘The 2—3/%" ingots were .
forgedvtb'3/ﬁ" plate at a temperature of approximafely liOOOC and airv
cooled to r¢om feﬁperatﬁre. Thé alloysvweré thén treated to refiné.grain
vsize and impérf a beneficiél distribufibn of finé ¢oherént precipitate
particles; " The tregtments iﬁvoive annealing.withinithe two-phasebregion,
a (BCC ferfiﬁe) + Y(FCC austenite), which falls roughly at_temperatures'.'
6f 600-8009C for this_alloy,'in.sequencé ﬁith'mechahical working or
vprecipitaﬁion ahneal_at lower temperatu;e. . | |
"The four pfocessing*sequencés,whichbwillibe_spepifically‘méntionéd:
below are: (1) 900°C (2 hfs-.)’ air <’iuenc':h + 700°C (2 brs.) air quench
+ 550°¢ (2 ﬁfs.i, water qqehéﬁ;v(2) 700%C (2 hrs;); air quench + 36% cold

work + 700°C (2 hrs.), air quench'+ 550°¢C (2 nrs.), water quench;




(3) .7oo°é (2 hrs.), air éue;ich (repeated four times) + 550°C (2 hrs.),
water guench; 'Kh) 90Q°C (2 nrs.), air'cool'+A[7006C>(2 hrs.), air quench
+ 66060 (2 hrs.),“air quench] (repeated foﬁr_to six times) + 550°C (2 nhrs.)
water quench. Treatment (1) imparts outstandingiimpéct toughness at
liquid nitrdgen-temperatufe. Treatmep£‘(2) yields an'alloy having out-
standing'impagt'fbughness.to temperatufés below‘é°K;. Treatment (3) also
. imparts very goodfimpacf toﬁghness a$_6°K, while avoiding the cold- .
workiﬁg:Step.'.Treatmenﬁ (4) yields an alloy of extrémely fine grain
size:(< lvmicrén)_whiéh shows.ekceptional.ductility_in fracture tough-
ness tests at.liquid»nitrogen'temperature, |

In succéeding sections the mechgnical properties of this alloy will
be comp#red tO'those of tyﬁe 30h stainless steel and ”9-nickél" steel.
The compariéonvalloys,wére procured commercially and treated according
| (2)

to recommended procedures

to optimize toﬁghness at cryogenic témpéra-
‘ture.' Thé type 30h éfainiessbsteei was austéhitiied at 1020°C for one .
hour, thenvice brine quenched. The "9-nickel" Stéél:wasvprocessed in

.  the sequencé:‘ 90060 (2 nrs.), air quenéh + 790°C (2.hrs.), air -quench +

550°C (2 hrs.), water quench.

111 Crydgenic Tensile Pr§pertigs
The tensile properties of the Fe-l?Ni—0.25Ti-alloy, treatments
1, 2, and 3,.were tested at 79K, in an Instron méchiné equifped wifh a
: liquid heiium cryostat.uéing'specimens of 0.5 in. guage;length and 0.125
in: diameter; The tensile properties of the two comparisoﬁ alloys were

measured under identical conditions.

The results are given in Teble II; The Fe-Ni-Ti alloy,
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treatments 2 and 3 showed viftually identical tensile properties. While
the yield strengfh of these alloys is slightly below that of the 9Ni
steel, they are distinguished by‘theif high trﬁe stress at fracture
( 700 ksi at 7°K) and their excellent dﬁctility‘(77% reduction in area
at 7°K). |
IV. CRYOGENIC IMPACT TOUGHNESS

' 'Charpy'impact'tésts were cohducted at quuid nifrogen tempefature
using.ASTM standard techniques and at éoK using the "oning" technique
described elsewhere in these pfoceeding§(3). The Fe4l2Ni-0.25Ti alloy
was tested in eéch of th¢ four.prOCegsing conditions described in Section
II. The 304 and 9-Nickel comparison alloys wére also tested..

The results of the Charpy impact tests are shown in Table III. At

' 77OK the-Fe—l2Ni-0.25Ti alloy showed outstanding impact toughness in each

of the fqur treatmeﬁts. The Charpy energy of the alloj processed in
sequenée.(Q) exceeded the capacity of our test machine. When the test
temperature was lowered at 6°K the alloy processed through sequence (1)
became relatively brittlei'having a Charpy energy below those of the 30k

and 9-Nickel steels. Alloys processed through sequences (2), (3) and

" (4), however, retained high impact toughness. The Charpy energy obtained

through treatﬁent (2) again exceeded the capacity of the machine.

The results of these tests are illustratéd in Figures 1 and 2. 1In
Figure 1 the impactvfracture surfacekof thetFe-IENi-b;25Ti ailoy, pro-
cessed through sequence (3),'ié combared to the fraéture surfaces of the
304 and 9-Nickel steels. The higher impact toughness of the
Fe~12Ni-0.25Ti alloy ié apparent in -the severe deformation 6f its frac-

ture surface. Figure 2 contains a photograph of a sample of the
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Fe-12Ni-0.25Ti -alloy processed through sequence,(2)-and tested at 6°K.
_The 1mpact Fracture propagated through roughly 90% of the thlckness of

the bar before the ‘hemmer was stopped
V. FRACTURE TOUGHNESS

While ve héve»gompletea only preliminary fracture fqughness testing
to date,bresulté confirm the unusuai ductilityﬂof.thé processed‘
Fe-12Ni-0.25T1 allpy. Fracture toughness tests wére COndﬁctéd at 776K
.on an MTS machine equipped with a’liquid nitrogen éryostat. The speci~-
mens were ASTM standard "compaét tension" spe01mens( ) of 0.70 in. |
thicknesé., Alloys tested includgd Fe-12N160}25Ti? treatments (1) and
(4), and 9-Nickel steel. |

The results of these test.are shown‘iﬁ Figﬁre-3,lwhich incluaes
the load-displacement curves obtained. .As may be seen from the shape of
the curves nonefof the alloys tested was actually in a plane strain
lqadiﬁg condition at "pop—ih" (unstﬁble crack propragation as indicated
by the sudden drop in the load-displacement curVé)‘. However,'the
9-N1cke1 steel Vas in nearly plane straln loadlng (1ts load—dlsplacement
curve approximates to a stralght llne) and exhlblts a8 fracture toughness 
yalue (KQ) in the range 130-150 ksi Yin. The Fe—l2Ni—O.25Ti alloy,_pro-
cessed through sequence (4) was virtually immune to uﬁstable crack growth
in this test. fhe ihduced craék in thié.éamplé gfew in a étable mannér
_ with marked concommitant plastic deformation until the_test was finaily
terﬁinéted. |

fhe.three fracture toughness specimens are compéred in Figure k.
Thelenchanced ductility of the Fe-12Ni-0.25Ti alloys is visuailyAappar-

ent. Séanning electron fractographs of the fracture surfaces of the
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three.sémples‘aré preSented_ianigurélS. “These fractographs were taken
along the'ceﬁte;—liné of‘the samples slightly ahead.of‘the front of the
pfe—induced fatigue crack.._They show.that crack pfopagatioq through‘the
.center of the O-Nickel and the Fe-12Ni—0.25Ti, process (1) alloys occﬁr-
red in a.semi-béittle manner through‘quasi-cleavage# Crack propagaﬁion
in the Fe-12Ni-0.25Ti, process (k) alldy,wgs almost purely ductile. We
found.virtually.no evidence of quési-cieavage on the:fracture surface;7

| Since the Fé—lQNi;O.ESTi.alloys_were,well anaj_from plane strain
conditions during these test no fracture toughnéss ﬁeasure was taken.
Testéiusing thicker‘samplesvarevcurrently in progfess.

VI. DISCUSSION

The results presehted”in the previdus sectioms indicate that the
‘Fe-l2Ni—0.25Ti alloy can be processed to have an.gxcellent combinatiﬁn
of stfength'and toughness at vefy low temperatu:és. The’impact toughﬂess
values in particular are. well above any which, tb our knowlédge, have
ever - beéhIObtained at cryogenic £emperatures.

It is not yet clear vhether the properties:xeybfted heré are percu-
liar to Fe-Ni-Ti élloys of.high nickel.content.or‘ﬁhether they may be
reproduéed in less highly.alloyed éystems throughiﬁpbper pfocessing. For_'
example, reQbrts of recent Japaﬁése.workion fhe'EFﬂickel alloy(S) indi~
‘cates that Charpy impact values as high as60 ft.-1bs. cah be.obtained
at liquid nitrogen temperature:through careful allmy preparation. Nor
is it now clear whether the rather comple; procéssing sequences we have

used to obtain thése properties can be simplified to processes of more

commercial appeal. These queétions are now being investigated.
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TABLE I

Chemical Analysis of Two Ingots of Nominal Composition Fé-iZNi-O.QSTi

N i ¢ N s P - Mn 0  Fe
1. 12.1k 0.2k 0.0l =  0.003 <0.005 ~ <0.005  <0.005 . . balance
2. 10.90 - 0.23 0.008 0.00k <0.005 = <0.005 = <0.005 0.020 balance

—-g=




. TABLE II

Results.of Tensile Tests at 7°K

" Reduction

: ' Engineering True Stress - of
Alloy Yield Strength Tensile Strength At Fracture Elongation Area

: (KsI) o (KsI) - (ksI) (%) (%)

- 304 105 270 580 ho 53

9-Nickel 208 231 4TS5 21 59
Fe-12Ni-0.25T1

Treatment .
1 183 ' 208 520 _ 20 71
2,3 185 4 208 100 | 23 7




TABLE IIX

Results of Charpy,V—Notch Tests at Cryogenic Temperaturé

Energy Absorbed (£t-1bs)
Alloy -
: 7% - 6°K
30k 128 130
9 - Nickel 92 75
Fe-12Ni-0.25Ti . . :
‘Treatment: 204 - 26
>225% - >p05%
205 . 205
180 | 180

. —OI—
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FIGURE CAPTIONS

Charpy specimens tested at 6?K using the method given in -

" reference (3). The Fe-12Ni-0.25Ti alloy was processed accord-

Figure 2.

Figure 3.

Figure L.

ing to treatment (3) described in Section II. The 304 and

9-Nickel steels were also processed as described in Section II.

An Fe—l2Ni—0.25Ti Charpy bar processed_éccordihg to treatment
(2) described in Section II and tested at 6°K using the pro-.
cedure given in reference (3). The impact'energy exceeds the

capacity of the test machine (225 ft. 1bs.).

Load—displacement curves obtained in fracture toughness tests
comparing the 9-Nickel steel and two treatements of the’

Fe-12Ni-0.25Ti alloy gt 77°K. The specimens were ASTM Stan-
(%)

dard "compact tension" specimens 0.7 inch in thickness.

Post-test photographs of fracture toughness specimens:
(a) 9-Nickel steel, (b) Fe-12Ni-0.25Ti, treatment (1),
(¢) Fe-12Ni-0.25Ti, treatment (4). The fracture in sample

(c) propagated very slowly and the test was halted before the

final fracture. The speéimen has been cut open to reveal the

Figure 5.

fracture surface.

Scanning electron fractographs of the samﬁles shown in fig..h;
(a) 9-Nickel steel, (b) Fe-12Ni-0.25Ti; treatment (1),

(c) Fe-12Ni-0.25Ti, treatment (4). Fractographs (a) and (b):

show the faceting characteristic of quasi-cleavage.
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Fractograph (c) shows the "dimples" characteristic of

ductile fracture. All micrographs. are K00X magnification.




9% Ni STEEL
QUENCH AND TEMPERED
75 FT-LB

Y.5.=208,000PSI

Fe-12Ni-0.25 Ti ALLOY

THERMAL CYCLING TREATMENT

205 FT-LB
Y.S.=185,000PSI

304 STAINLESS STEEL
ANNEALED

130 FT-LB
Y.5.=105,000 PSI

(a)

(b)

Fig. 1
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Load

Kq ~140 ksi Vin.

Fe-12Ni-025Ti

Treatment |
Treatment 4

Test Stopped

Fig. 3
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Displacement
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Fig. 52
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