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: AN IRON-NICKEL-TITANTUM ALLOY ‘WITH
' ' OUTSTANDING TOUGHNESS AT CRYOGENIC TEMPERATURE

._']S. Jin, J. W. Morris, Jr. and V. F. Zackay
Department of Materials Science and Engineering, University of California,
Berkeley and Inorganic Materials Research Division,
‘ Lawrence Berkeley Laboratory = -
ABSTRACT
". Recéﬁt research has shown that the alloy Fe-12Ni-0.25Ti may'be

processed to have an outstanding combination of strength and toughness

- at cryogénic'temperatures. In this paper we preéent some,of the results.

obtained to date with this alloy, and compare these to.the properties
of two commonly used éryogenic steels. Tensile properties, impact
préperties, and preliminary reéults of fracture toughness tests are.

presentedQ»
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_INTRCDUCTIONY
Recent research in this laboratory hasﬂledjto:the identification
of a_groupvof ferritic alloys'from the_ironhnickel-titanium system'which
show an_unuSual combination of strength and ductility at cryogenic
temperatures;: The details of this research are reported elsewhere. (1)
In this paper we shall present some of the best results obtained through
'processing of an Fe—lZNi—O 25Ti alloy and compare these to the best

available,properties of two commonly used cryogenic steels: type 304 '

stainless steel and Fe-9Ni-1Mn—0.1C ("9-Nickel" steel).

ALLOY COMPOSITION AND PROCESSING

Low carbon‘alloys‘of nominal composition FeelZNieO.ZSTi were
lobtained by:vacuum melting from the prime components. The actual
_compositions ofltwo ingots are shown 1in Table I. Two 2—3/4 in. dianeter
ingots were homogenized at 1050 C for 80 hours and forged to 3/4 in.
thick plates at a temperature of approximately 1100 C and air cooled
to room'temperature. The alloys wvere then heat treated in Y-phase'
.region (abee‘~7OQ°C) and the two phase (a{Y) regionq(below‘~700°c)
in sequenceruith cold working orvisothernal decomposition at 550°C;

~ The four'prOCessing sequences which nill be'specifically_mentioned

beldw are; b(l) 900°C (2 hrs),'air quench + 700°C (2‘hrs) air quench
+ 550°C (2 hrs), water quench; (2) 700° C (2 hrs), alr quench + 30/
cold work + 700°C (2 hrs),air quench + 550 c (2 hrs), water quench
(3) 700°C (2 hrs), air quench (repeated four times) + 550° C (2 hrs)
water.quench; (4) 900°C (2 hrs), air cool + {[700° c (2 hrs),'air quench'

+ 660°C (2 hrs), air quench] (repeated four to six times) + 550°C (2 hrs)



fbcold—WOrking stepi Treatment (4) yields an alloy of extremely fine

water quench. Treatment (1) imparts outstanding impact toughness at
liquid'nitrogen temperature._ Treatment (2) yields an alloy having
outstanding impact toughneSS'to'temperatures belowi6:K. Treatment (3)

also imparts very ‘good impact toughness at 6°K iwhile'aVOiding'the

grain . 51ze (<1 micron) which shows exceptional ductility in fracture
’toughness tests at liquidvnitrogen temperature

In succeeding sections the mechanical properties of this alloy
will be. compared to those of type 304 stainless steel and "9—Nickel"-“
steel. The comparison alloys were procured commerc1ally and treated
according to recommended procedures(:) to optimize toughness at cryogenic o
temperature. The type 304 stainless steel was austenitized at 1020 C
for one hour, then ice brine quenched "9—Nicke1" steel was

processed in the sequence ' 900 C (2 hrs), air quench + 790 ¢ (2 hrs), )

air quench + 550 C (2 hrs), water quench

_ CRYOGENIC TENSILE PROPERTIES |
The tensile properties of the Fe—lZNi 0. 25T1 alloys (treatments
'l 2, 3 and 4) were tested at both 77 K and 6 K. The tests were |
conducted -in an Instron machine equipped with either a liquid nitrogen
icryostat (77 K tests) or a liquid helium cryostat (6 K tests) o
.Specimens of 0 5 in. gauge length and 0 125 in. gauge diameter were if
455tested using the Instron crosshead speed of 0.02 in. /minute.v Thevahﬂ.';t- i;:3:31'1:
tensile properties of’ the two compar131on alloys, 9-Ni steel and 304 |

stainless steel were measured under identical conditions




" The resﬁlts'of the tensile tests at 77°K arebgiven'iﬁ Table II.
The'testvresﬁits et 6°K are shown in.Tebie I1I. vAt.liquid nitrogen
-temperature.the Fe-12Ni-0.25T1 alloys, treatments 1, 2, 3 and 4, showed
virtually identical tecsile properties. The yield strength of this
alloy is eboct_the same as that of the 9-Ni steei bct the ductility
is better as.cac be seen iﬁ_Table Ii. At 1iquid helium temperature;-
however, the yield strength of Fe—12N1—0 25Ti alloys is slightly below
that of 9-N1 steel._ This is probably due to the smaller amount of
carbon‘in Fe-12Ni-0,25T1i allcys (Table I) than_ian—Ni steel which
contain'apprcximately 0.1% carbon. The‘FefIZNi—O;ZSIi alloys are
-_distinguished by their excellent ductility (between 66~77% in reductich

area'at'6°K).

- CRYOGENIC IMPACT}TOUGHNESS

Chsrpy impact tests were conducted at 1iquid_nitrogen temperature
using ASTﬁistapdard techniques.andvat 6°K using thev"boxing" technique‘
__described elsewhere in these pcheedings.(3) The Fe-12Ni-0.25Ti alloy
was tested'in'eech of the four processing conditions deScribedvabove,
The 304 aﬁd Q—Nickel comﬁarison alloys:were alsO'tested |

The results .of the Charpy impact tests are shown in Table IV. At
77 K the Fe-12Ni-0.25Ti alloy showed outstandlng impact toughness in.
“each of the four treatments. The Charpy energy of_the alloy processed-
in sequence,(Z) exceeded the cepacity of our test machine. " When the
test te@perature was lowered at 6°K, the alloy processed tﬁrough
sequence (1) became relatively brittle, having a;Cﬁerpy energy belowJ

~ those of the 304 and 9-Nickel steels. Alloys processed through

-
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sequences (2), (3) and (4), however; retained high impact’toughness}
The Charpy_energyrobtained through_treatment‘(Z)hagain exceeded the
capacity of the machine.

The results of these tests are illustrated‘indFigs. 1 and 2. In
fig. 1 the impact fracture.surface of the FeQIZNi-O.ZSTi alloys,v.>
processed through sequence (3), is compared to the fracture surfaces
of the 304 and 9—N1ckel steels. The higher 1mpact toughness of the ;g3
Fe lZNi—O 25T1 alloy is apparent in the severe deformatlon of its
fracture surface. - Figure 2.contains_a photograph,of a sample of the
Fe-12Ni-0.25Ti alloy processed throughlsequence:(Z)cand'tested at
6°K. Therimpact fracture propagated.through roughly 90% of the

thickness of the bar before the hammer was stopped.

fRA(fTURE Toucmmss

While we have completed only preliminary fracture toughness testing -
‘to date, results confirm the unusual ductllity of the processed
Fe—12N1—0.25T1 alloy. Fracture toughness ‘tests were conducted at'77°K.
on an MTS machine equlpped w1th a 11quid n1trogen cryostat. 'The
specimens were ASTM standard "compact tension" specimens( ) of b 70 inr'
thicknessq Alloys tested included Fe-lZNi—O.ZSTi, treatments ¢h) |
and (4) (specimens were prepared from'Ingot II); and 94Nickel:steel.rl

The results of these tests are shown in Flg 3 wh1ch includes
the load-displacement curves obtained. As may be.seen from the shape
of the curves, none of the alloys tested were actually in a plane-
strain loading condition at."pop—in" (unstable crach propagation.as:p
_ indicated hy the sudden drop in the load—displacement curve). However;

the 9-Nickel steel was in nearly plane strain loading (its load-'
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‘hdisplecement corve”approximates to a straight 1ine)‘end‘exhibits.a

'frecture touébnees,valoé (Ké):in the range 130—l50 ksi /IH; ‘The
‘.Fg;lzNi-b,ZSTi alloy, proceseed'throdgh-Seqnence (4) was'virtually
immune to unstable crackbgronth‘in this test. The induced ¢rack in
this sample‘grew in a stable manner with marked concommitant plastic
deformation until the test was, finally terminated

The three fracture toughness spec1mens are compared in Fig. 4,

: The enchanced ductllity of the Fe—lZNi-O 25Ti alloys is visually
apperent. Scanning electron fractographe of the fracture surfacesiofl
the three'samples are presented in Fig. 5. These frectoéraphs'were
taken along the center—line_of_the samplee'slightlyeahead of the
front of'the pre—induced fatigue crack., They show thet crack propagation
through.the center of the 9-Nickel and the Fef12Ni—O.25Ti; process (1)
alloys occurred in a semi-brittle manner.through_quasi—cleavage. Since
crack.propagation in the‘Fe412Ni—0.25Tl alloys were well away from .
plane\strein conditions during these teets,’no fracture_toughness

measure was taken. Tests using thicker samples are currently in progress.

- DISCUSSION
.:vThe reeults'presented.in_the previous'eectione indicate thet'the.
FeelZNi—d;iSTi alloy can be processed to have an excellent combination
“of strength.endvtoughness et‘yery loﬁ temperatures,‘ Ihe impact toughness
'yalues in partiCular_arefwellyebove.any which, to our knowledge, have
ever been.obtained'et cryogenic temperatures.
It 1s not yet clear whether the properties reported here are percu—'

liar to Fe-Nl—Te alloys of high nickel low 1mpur1ty content with



'titaniumfs scavenging effect on interstitials-or ﬁheﬁher théy_may_

be reproduced in less highly alloyédvsystemsfthrgugh:prﬁper"pfpcessing,

(5)

For example;breporfs of recent Japanese work on th§ 9—Nickel alloy
indiqa;es t@at Charpy impact values as high as ;160 ft)lbs7caﬁibe bbtaiﬁédv 
at 1iquid“gitrogen.teﬁpefatﬁre through careful alioj.préparatioﬁ. Nor

is it”now clear whether fhe rather complgx p;oéessing‘sequences we have

used to obtain these properties can be siﬁplifiethélpr§¢esses"dfimﬁre‘

commercial appeal. TheseIQuestionsbare now being investigated.
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" Table I. ' Chemical analySis:of two ingbts‘of
" nominal composition Fe-12Ni-0.25Ti.

N T C N 5 P Mn 0

- Fe

I. 12,14 0.24 0.01 0.003 <0.005 <0.005 <0.005 0.014

. balénce

balance

II. 10.90 0.23 0,008 0.004 <0.005 <0.005 <0.005 0.021

- Table II. fReSuitS‘bf’tensiie ;es;s.at 77°K .

‘i QAlloyf5 S Y.S.% o T.S. Elong. v'R.A."'Ingot

(ksi) (ksi)t (2 (%), Used

304 . 81 235 47.3  65.6
9-Ni Steel . 146 172 29.6 66.8
 Fe-12Ni-0.25Ti | | |

- Treatment o L o _ L
o - 142 - 153  31.0 71.2. .1

2 14l 155 32,3 758 I

03 . .. 138 151 33.8 - 78,5 I

o4 11 163 331 76,2 II

G — :
.. .0.2% Offse; yie1d-strength.ﬂ -




' Table III. Results of tensile tests at 6°K.

V,sAlloy;’  . Y.S.k T,S. k% Elong.z'-R.A; Ingot:

(ksi) (ksi) (%) (z) ‘Used
“304-v S 105 270 41.6_' 52,7
et © 208 231 212 591
Fe-12Ni-0.25Ti B
Treatment

1 s 197 '_ 217 68.0 1

2 s '199v:' 2.3 702 1

3 g 180 196 : 124.1 7306 1

411 205 22.8 ¢ 50;4 It

* _ - : -
A serrated yielding behavior was observed in all the

specimens tested at 6°K. This is a common phenomena in - -

the tensile tests of iron-base alloys near the liquid
helium temperature. The yield strength was taken from

- the first discontinuous yieldlng point. _
k% '

' The tensile strength was obtalned from the upper locus
of discontinuous peaks in the stress-strain curve.
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Table IV.- Charpy V-notch impact tests
. at cryogenic temperatures. -

3;;«; i Ailgy B . Enérg&lAbsorbed‘(ft/ib§Y¥ ;tngot

" 9-Ni Steel 92 75

'~ Fe-12N1-0.25Ti
Treatment

1 . 204 26 1
2 >225% . >225% R
3 20 203 I

4 . w0 1% 1

" T T N :
The capacity of the impact test machine was
- exceeded and the pendulum was stopped by the

' specimens. ' ' o :




Fig. 1.

Fig. 2.
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. FIGURE CAPTIONS

Charpy specimens tested at 6°K using the\method giyen in

breference)(3). The Fe lZNi 0 25 alloy was processed according
' to treatment (3) ' The 304 and 9—N1ckel steels were also

_ processed as described previously.

An Fe-lZNi O 25Ti Charpy bar processed according to treatment

(2) described in the sectlon of ALLOY COMPOSITION AND PROCESSING

‘ and tested at . 6 K. The 1mpact energy exceeds the capacity

: ”of the test machine (225 ft/lbs)

Fig. 3.

Fig. 4.

Load—dlsplacement curves obtained in fracture toughneSs tests

_comparing the 9—N1cke1 steel and two treatments of ‘the

Fe—lZNi—O 25Ti alloy at 77 K.

_Post—test photographs of fracture'toughness'specimenst.3'

C (@) 9—N1cke1 steel (b) Fe—lZNi—O 25Tl, treatment (1), ,

(c) Fe—lZNi 0 25Ti, treatment (4) - The fracture in sample‘

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

"’flnal fracture. The specimen has been cut open to reveal the

_ Fig. 5.

:;fracture surface.

'Scanning electron fractographs of the samples shown in- Fig 4

" (a) 9-Nickel steel (b) Fe—lZNi o 25Ti treatment (1),_

_;(c) Fe—12N1-O 25Ti, treatment (4) g Fractographs (a) ‘and (b)

" "show the faceting characteristlc_of quasi—cleavage._‘Fractograph

(c) shows the “"dimples" characteristic of ductile fracture.

All micrographs-are 400X magnification.
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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

(c)
XBB 732-1216

_'F'L_
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Load Fe - I12Ni -0.25 Ti

Treatment |
Treatment 4

Kq ~140 ksi Vin.

..E'[..

Test Stopped

- =
Displacement

XBL 733-5855

Fig. 3
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XBB 732-1220

(b)

Fig. 4

(a)
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XBB 733-2165

Fig. 5a
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XBB 733-2166



XBB 733-2167

Fig. 5S¢
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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.




-

TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



