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ENHANCEMENT OF CRYOGENIC FRACTURE TOUGHNESS 
THROUGH MICROSTRUCTURAL CONTROL IN A FERRITIC 

Fe-l2Ni ..,..0·. 25T! ALLOY SYSTEM 

Sungho Jin 

Inorganic Mater:ials Research Division, Lawrence Berkeley Laboratory and 
Department of Materials Science and Engineering, College of Engineering; 

University of Ca.lifornia, Berkeley, California 

ABSTRACT 

. . 
,A thermal cyclingtechriiquewhich allows the grain refinement 

of Fe-12Ni-O.25Ti alloy from 40-60 lim (ASTM /15-6) to 0.5 - 2 llm 

(ASTM 1115-18) in four 'cycles; has been developed. The process consists 

of alternate annealing in y range 'and (0: + y) .range with intermediate 

air cooling. The transformation behavior; the change of microstructures 

and cryogenic mechanical properties on each cycling step are 

described. 

Due to the ult~~finegra:in size, the ~uctile-brittle tran~ition 
" . . 

temperature of this completel~ ferriticalioy was suppresse,dbelow 

6°K even in the presence of a sharp crack. Simple and economic 

methods of Charpy impact testing and fracture'toughness testing 

below 6°K were developed using the styrofoam-lucite box system., 

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

altered from btittlequ~si-cleavage to complete ductile rupture 

through the grain refining. Fracture toughness testing of grain 

refined alloy at 6°K revealed essentially ductile dimple rupture. 

Cryogenic mechanical properties of Fe-Ni-Ti alloys were compared 

with two other commercial cryogeni~ alloys. 
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I • INTRODUCTION 

The objective of this research is the design of new.classes of 

cryogenic steels having combined strength and toughness at very 

low temperatures. Current engineering problems include the transport, 

storage and handling of liquified gas and the design of superconduct~ng 

power systems and transmission lines. Available structural alloys 

tend to become brittle at low temperatures, posing design and safe'ty 

problems which can be solved if new tough cryogenic alloys are made 

available. 

Steels generally used for cryogenic service are limited in 

number. Austenitic alloys retain their high toughness down to very 

low temperature but their strength is rather low. Ferritic 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 crack. If the problem.of 

t~e ductile-brittle transition can be overcome, ferritic alloys 

offer greater potential due to their higher strength. 

The specific purpose of this work is to suppress or practically 

eliminate the D-B transition behavior of ferritic Fe-base alloys 

through the study and control of microstructures. 
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II. BASIC APPROACH 

12 . '" .' 
Cottrell and Petch'stheoretical analysi~ based on dislocation 

theory, using the energy'balance between the work done on moving 

dislocations and the surface energy produced by o~ening a crack, 

relates the ductile-brittle transition temperature 'to metallurgical 

,parameters as follows. 

Tex 
c '. . . 

where T is the D-B transition temperature, dis the grain size, 
c 

(1) 

Ky is' the Hall-Petch siope, G is the shear modulus, y is the sudace 

energy, and Band S are constants •. 
. . . I 

The transition temperature of 

ferritic alloys, therefore, can be suppressed by 1) refining the 

grain size, 2) reducing the Petch slope, and 3) increasing the 

surface energy. These three variables are controllable through 

compositional and microstructural changes. The physical meanings 

of these variables are as follows. The grain size, d, represents 

the degree of local stress concentration at boundaries (dislocation 

pile-up length or mean-free slip path). The Petch slope, K , 
Y 

represents the resistance against slip propagation across the grain 

boundaries3 (or the difficulty in relieving the local stress 

concentration at the boundaries), and is related to the impurity 

locking of the dislocation sources, number of available slip systems, 

and the ease of cross slip of dislocations. The surface energy, y, 

in Eq. (1) is the sum of y(thermddynamic) and y(plastic deformation). 

.t. 

'. 
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It can be increased by removing the boundary segregation of impurities4 

such as P, S, Sb etc., and also by prevel}tin:g the formation of grain 

\til '. boundary films of brittle precipitates. Another possible w:ay of lowering 

the transiti()n temperature is by the introductioIi of small amounts of 

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

A. Alloy Composition 

An Fe-base alloy composition of nominally l2%Ni and 0.25% Ti 

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

small amount of titanium scavenges 'the interstitials (carb()n and 

nitrogen), which is believed to reduce thePetch slope, resulting 

in a lower transition: temperature. This point requires furtqer 

investigation. Most of the Fe-base cryogeriic alloys contain 

appreciable amounts of nickel. Nickel as well as other elemerits 

in the platinum group are known to suppress the transition temperature 
, 4 " 5 

of ferritic .alloys. Several explanations have been, suggested. 

1) Nickel enhances the cross slip of dislocations at low 

temperatures. 

2) Nickel may have the effect of scavenging interstitials 

(Le. decreasing the strength of dislocation pinning by 

interstitials). 

3) Introduction.of dislocated martensite by alloying iron with 

8 - 25% nickel increase the mobile dislocation density. 
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Even though the main mechanism responsible has not been clear:ly 

identified, the beneficial effect of Ni on cryogenic toughness is 

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

lowest value cif Ky among the Fe:-base alloys. According to Sa~aki,8 

the Petch slope of Ti-scavenged Fe-l2Ni-0.STi alloy is - ,O.lS kSi/rnrn-l / 2 

at 2SoC and - 0.S6ksi/mm-l / 2 at - 196°C, which is considerably 

11 h h 1 9,10 sma er t an ot er stee s. This low value of Ky should be 

beneficial according to Cottrell-Petch'sprediction (Eq. (1». 
\ 

B. Alloy Processing 

With a given alloy composition, Eq.(l) reduces to 

(2) 

h C d C Ex i 1 k 4 , 11 l' d TN ere 1 an 2 are constants. , per menta wor a so suggeste 

other relationships like, 

T = C - C d-l / 2 
t 1 2 ' (3) 

Whatever the equation is, the dependence of transition temperature 

on grain size is clearly established. 12 ,13,8 Hence the major focus 

of this research has been on the design of processes which accomplish 

significant grain refinement. 

.. , 

'. 
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P . " k14- 16 ·bl" h·d h ; reV10US wor esta 1S e twotec n1ques for refining the 

grain size of Fe-Ni alloys of moderate nickel content. Following 

. 17 14 
studies by Grange, Porter and Dabkowski demonstrated grain 

refinement through a thermal cycling procedure which included 

rep~~ted cycles of rapid austenitizing and cooling. Grain size as 

small as 3-5)lm (mean intercept length: ASTM 1113-14) was obtained. 

.. . 15 
Saul et al. also observed grain refinement in maraging steels on 

simple repeated austenitizing (from ASTM 112 to 1/7 .in 4 cycles). 

An alternate technique was used by Miller,16 who reported ultrafine 

grain size (0.3-1.1 )lm; ASTM 1117-19) in an Fe-Ni alloy which had 

been severely cold-worked and then arinealed in the two-phase 
I 

(a + y) range. 

In earlier work in this thesis project, variants of both these 

processing techniques were used on the alloy Fe-12Ni-0.25Ti. The 

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

of exceptional strength and ductility at cryogenic .. temperature. 

However, both processing techniques had undesirable features. When 

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

stabilize at 5-10 )lm. A further improvement in low temperature 

ductility might be obtainable with finer grain size. A more refined 

structure can be achieved with mechanical working, but mechanical 

working is often an impractical or undesirable step in final alloy 

processing. Therefore an alternate thermal treatment which would 

accomplish a grain refinement comparable to that obtainable with 

mechanical work was sought. 
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III. TECHNICAL APPROACH 

The, technical approach . leading to the grain J;efinement 

processes used here may be briefly d~scribed as follows: The 

Fe-12Ni-O.2STi alloy is expected to show roughly the same transformation 

behavior as the Fe'-12Ni binary alloy, because of the small amount of 

Ti present and its partial consumption in scavengin~ interstitials. 

Previous.research on the transformation behavior of Fe-Ni alloys 

···19 in this composition range (summarized, for example, by Floreen ) 

indicates that when these alloys are rapidly heated or cooled between 

room temperature and the y-field both the a + y and the y -+' a 

transformations occur primarily through a diffusion less shear 
. . . 

mechanism, while if the alloys are annealed within the two phase 

(a + y) field the transformation proceeds through a diffu.sional . 
( 

nucleation and growth process leading· to an equilibrium partitioning 

of nickel between the two phases. Either transformation mec~anism 

may be used for grain refinement. If a is heated to the y-field 

and then cooled to room temperature, a dec~ease in apparent grain 

size (or martensite packet size) results, presumably to relieve 

the internal strain built up during the shear transformation. lS 

If a is annealed inside the two phase region a very fine lath-like 

structure results, presumably from preferential y nucleation in the 

'. . 16 
boundaries rif the martensite plates. 

The fine lath-like structure obtained after two-phase anneal 

is, however, not a desirable structure for high toughness, and may 

even cause a decrease in toughness due to 'easy crack propagation 

!' 
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parallel to the laths. In Millet's researchl6 the stored. energy of 

prior cold work seemed effective in destroying the preferential 

alignment.of those laths. It seems plausible that residual strain 

fro~ a cyclic shear transformation may accomplish thes~me effect, 

particularly if the strain is allowed to accumulate through repeated 

cycling. 

This research, therefore, has been concentrated oil thermal 

cycling treatments of the type illustrated schematically in Fig. 1 

(the Fe-Ni equilibrium phase diagram was obtained from Hanse~20) 

in which austenite reversions are alternated with two-phase 

decompositions. The annealing temperatures were chosen from the 

results of dHatometric studies of the kinetics of the phase 

transformations,. with the guiding principle that the austenitizing 

temperature should be low, to minimize grain growth., while the 

two-phase decomposition temperature should be high, to maximize 

the rate of decomposition. The annealing times and total numbet of 

cycles were chosen from metallographic studies of grain refinement and 

low-temperature mechanical tests of the resulting alloys. 
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IV. DISCUSSIONS ON PROCESS OF GRAIN REFINEMENT 

A. Materials Preparation 

A low carbon alloy of nominal composition Fe-12Ni-0.25Ti was 

obtained from pure starting materials (99.9% purity) by induction 

inelting in an inert gas atmosphere. Two twenty pound ingots of 

2.75 in. (7.a cm) diameter were prepared by slow casting in a rotating 

copper chill mold. Ingot composition was determined to be (in weight 

percent): l2.07 Ni, 0.26 Ti, 0.001 C, 0.014 N, 0~003 P, 0.004 S, 

with the balance Fe. The ingots were homogenized u~der vacuum at 

10500 e for 120 hours, cross-forged at -llOOoe to thick pl~tes 4 in. 

(10.2 cm)wide by 0.75 in. (1.9 em) thick, then air-cooled to room 

temperature. The plates were then annealed at 900°C for two hours 

to remove most of the prior deformation strain and air cooled to 

room temperature. This final anneal was included to establish a 

standard initial state for res~arch purposes; earlier work18 has 

shown that the processed alloys have somewhat better cryogenic mechanical 

properties when grain refined directly from the as-forged condition. 

B. Phase Transformation Studies 

Iron and nickel form two types of solid solutions, i. e., a. (BeC) 

and y(Fee). Over a wide range of compositions and'. temperatures; 

Fe-Ni alloys in equilibrium consist of a mixture of the, two phases 

as shown in Fig. 1. On isothermal holding for a long enough time 

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

;. .' 

•. 
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On continuous heating or cooling, however, the phase transformation 

follows the metastable diagram rather than the equilibrium phase 

diagram. Therefore, in a complicated thermal cyCling which involves 

both continuous and isothermal heat treatment, the phase transformation 

behavior can not be easily predicted. As the nickel content varies 

from 0 to ~30%, Fe-Ni base alloys quenched from the austenite range 

21 show three different structural features as 'Owen et a!. reported. 

From 0 to '""'8% Ni, they showequiaxed ferrite structures, ·from 

~10 to ~25% Ni dislocated martensite, and above 25%Ni twinned 

martensite. The present alloy system falls in the category of 

dislocated martensite, as is.the case of maraging steels. Typical 

transmission-electron micrographs of the Fe-12Ni-0.25Ti alloy 

(simple-austenized and cooled), Figs. 2 and 3, confirms the 

dislocated martensite'type structure. Kxtensive research' 

has been done on phase ·transformationbehavior and microstructures of 

the Fe-Ni system arid many classes of tiiaraging steels. The generally 

accepted view is that when these alloy systems (containing 10'-25% Ni) 

are heated or cooled continuously between room temperature and y 

range, the phase transformation occurs bY'a diffusionless shear 

mechanism, while if they are annealed within the two phase range, 

the transformation occurs by a diffusional process 'to reach the 

equilibrium alloy partitioning. 

Dilatometric studies were conducted to determine phase 

transformation kinetics in this alloy. Tube-shaped dilatometry 

specimens 1.5 in. (3.8 cm) long and 0.25 in. (0.64 cm) in diameter 
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with 0.04 in. (O.lcm) wall thickness were machined from the annealed 

starting material. Temperatures were monitored with a chromel-alumel 
. f. 

thermocouple spot welded at the mid-point of the specimen length . 

. The experiments were carried out with heating and cooiing rates of 

approximately 15°C/min., roughly duplicating the, rates used in the heat 

. treatment of t~e alloy. 

SaqJ.ple dilatometric curves are given in Fig~ 4. Figure 4(a) 

illustrates trarisformation behavior when an a(mart.ensite) 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 dilation curve at 673°C (which we have taken as a measure of the 

austenite start temperature, A ) and is completed'ot a temperature 
s 

-
slightly above the minimum in the curve at 715°C (which measures the 

austenite finish temperature, A
f
). On cooling, the martensite 

transformation begins near 473°C (M ) and is largely complete by 412°C 
. s 

(Mf ). On cycling, the sample undergoes a small permanent set, measured 

by the offset in the cooling·curve at low-temperature. This offset 

results from transformation strain of the sample and does not signify 

thepresenc.e of retained austenite; no austenite is detected in x-ray 

studies of samples cycled back to room temperature. Figure 4(a) 

suggests an austenitizing temperature of about 730°C to insure that 

the.transformation is completed, and a maximum two-phase decomposition 

temperature of about 650°C to insure that shear reversion has not 

become significant. 

," 

.. 

• 
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Dilatometric curves monitoring isothermal decomposition at 

650°C are shown in Fig. 4(b). The M temperature is essentially 
s 

independent of transformation time (t ~ 30 min.) indicating that the 

riickel content of the y formed is essentailly independent of the 

y voltlme fraction. This y apparently transforms completely to ex on 

cooling; no retained austenite is detected in x-ray diffraction analyses 

of samples cooled to room temperature. (Retained austeni,te was detected, 

however, after decomposition at' temperatures < 600°C),. 

Given the curves in Fig. 4(b) we can phrase a rough estimate 

of the rate of decomposition which is useful in selecting an annealing 

time; If we assuine that the dilation is a linear function of the 

fraction transformed and es,timate the dilation on completetransforma-

tion from the total offset in the curves of Fig. 4(a), we obtain the 

estimated isothermal transformation curve shown in Fig. 5. This 
, ' 

curve has an ,asYmptote indicating equilibrium with slightly inore 

than 80% y, which agrees roughly with an estimate based on the Fe-Ni 

binary phase diagram. It is inferred from Fig'. 5 that an annealing 

time of 2 hours at 650°C will yietd a product which is roughly 

60% y, providing an overall grain refinement near the optimum. This 

estimate is supported by the metallographic results given below. 

If the 730°C/650°C cycle is repeated after decomposition at 

650°C,the'kinetics ,of transformtion are complicated by the 
/ 

inhomogeneous distribution of nickel throughout the' microstructure. 

The change of phase 'transformation temperatures on this alternate 

thermal cycling is given itl Table L A sample annealed for two hours 
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at 650°C will consist of roughly 60% y of compo~ition -13% Ni 

(estimated trom the Fe-Ni binary phase diagram) together with 

-40% residual a of mean nickel concentration near 10% (well above 

the equilibrium at ~4% Ni)which may be heterogeneously distributed. 

If the material is air cooled to room temperature and then reheated 

to 730°C regions of different Ni concentration will transform at 

different temperatures (and perhaps ·by different mechanisms) leading 

to the more complex transformation behavior illustrated by the dilato-
I 

meter trace shown in Fig. 6. It nonetheless appears that the pronounced 

shear reversion is essentially complete at 730°C. 

Transformation behavior on subsequ.ent cooling depends on the 

extent of homogenization at 730°C, and hence on the time of anneal, 

as illustrated by curveS (b) and (c) ·of Fig. 6. ,An anneal of 2 hours 

at 730°C is not sufficient to homogenize the alloy, The continued 

presence of'regions of reiativelY high Ni concentration is indicated 

by the suppression of the A temperature on reheating (curve (d) of 
s 

Fig. 6) .. However, after the second 2 hour anneal at 730°C the A 
s 

temperature in the next heating lies above 650°C, indicating that 

shear reversion to y does not become pronounced until the temperature 

is raised above 650°C. 

C. Microstructural Changes on Cyc1iE£ 

On the basis ofdi1atometric and microstruc.tura1 studies a 

grain refining process consisting of alternate two-hour.annea1s at 

730°C and 650°C was selected. A four-cycle process is shoWn 

,'" 

... 

., 
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schematically in Fig. 1, where the successive steps are labelledlA 
, 

(730°C), lB (650°C), 2A (730°C) and 2B (650°C). The evolution of 

the microstructure during this cycling is 'illustrated by the optical 

micrographs given in Fig. 7 and by the scanning electron micrographs 

in Fig. 8. After final cycle 2B the bulk of the microstructure 

consists of a firtemixture of platelet ~rains approximately 1-4 

microns long and a fraction of a micron in the short dimension. The 

preferential orientation of these grains has been largely eliminated. 

The general features of the grain refinement process are apparent 

in Fig. 7 and Fig. 8. Figure 7(a) shows the microstructure of the 

annealed starting material. The apparent grain size is 40~60 ).1m 

(ASTM 1/5-6). After cycle lA the apparent grain size (Fig. 7(b» has 

reduced to "'15 ).1m (ASTMI/9).. These ~rains' consist of blocky lathS 

of dislocated martensite as shown in Figs. 2 and 3. Duriilg cycle lB 

the martensite is isothermally decomposed to give the microstructure 

shown 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 microstructure consists of a fine admixture of ex with y -as 

platelets or lath shaped particles within grains, and with y in a 

more blocky form along the prior grain boundaries. The y then 

transforms to ex on cooling to room temperature. 
I~I 
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. . 

The microstructure after cycle IB is not a desirable one for low 

temperature toughness. The strong preferential orientation of the 

microstructural featur~s provides potential paths fo~ easy rirack 
I 

propagation. Tnispreferential orientation is largely removed during 

the second 730°C/650°C cyclic treatment. 

The microstructure after cycle 2Ais shoWn in Fig. 7(d) and 

Fig. 8(b)~ The evident microstructural changes are two. First, an 

homogenization reaction initiates along lath packet boundaries in 

the microstructure IB, giving rise to the network of the white 

regions in Fig. 7(d). Seconci, there is some decomposition of the 

aligned laths of the lB structure. 

The interpretation of these features seems straightforward. On 

heating, the high nickel laths should 'revert to y, giving rise to 

the first peak in the dilatometer trace in Fig. 6(b). At slightly 

higher temperature the low Ni matrix will begin to transform, 

causing the dl.scontinuity in th.e slope of the dilatometertrace in 

Fig'. 6(b). At 730°C the initial microstructure should consist of 

amixture of high-nickel and lower nickel y, with a possible admixture 

of retained a. in the low nickel regions. This strJicture is unstable 

because of the heterogenous nickel concentration and will tend to 

homogenize. It cannot homogenize by simple diffusion becaus~ of the' 

low bulk diffusivi1::y of Ni in y iron at this teniperatureand concentra-

22 '.' 1/2 
tion (the mean diffusion distance for Ni in y, (2Dt) ., is -0.05 l1m 

after two hours at 730°C). However, nucleated homoge.neous 'y can grow 

perpendicular to the platelet planes through interface diffusion of 

. ... 

,. 

'., 
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nickel. Interface diffusion can also cause some decomposition of 

the individual platelets; however the bulk of the material within 

grains retains an oriented platelet morphology. 

The oriented substructure of the alloy is broken up during 

the next two-phase decomposition, cycle2B. The resulting 

microstructure is shown in Fig. 7(e) and in Fig. 8(c). Platelet 

orientation within grains is largely destroyed by the. nucleation 

and growth transformation, and an ultrafine grained microstructure 

results. The network of homogenized material in the 2A micro-· 

structure also decomposes on a finer scale. The resulting grain 

size (0~5-2.0 )lm; ASTM 1115-18) is considerably below the best that 

is obtainable with simple cyclicaustenitizing treatments and is 

comparable .to that Miller16 obtained after severe cold working • 

The grain-refined alloy is apparently completely ferritic~ 

No retained austenite was detected using conventional x-ray techniques. 

R. L. Miller23 confirmed this result using a modification of his 

d . h . 24,25 h' h . d . f I" 1 . reporte tec n1ques w 1C perm1ts etect10n 0 as 1tt e as 

0.1% retained austenite. 

The effect of adding additional 130°C/650°C cycles has also been 

explored. These do give an apparent additional refinement of the 

larger grains remaining in the microstructure, but the effect is small 

and has no obvious influence on cryogenicmechan{cal properties. 
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D. Formation of Retained Austenite 

, The effect of retained austenite formed during the reheating 

. 26-29 of martensite is somewhat contradictory in the ll.terature. . 

However many examples of beneficial effects of small amounts of 

30-32 retained austenite on the mechanical properties have been reported. 

The possibility of introducing stable retained'austenite in a 

thermally grain refined Fe-12Ni-0.25Ti alloy, and its'effect on 
, .. 

cryogenic toughness was investigated. 

Figure 9 shows the dilation-temperature curve obtained during 

the isothermal holding at different temperatures within the (a + y) 

two phase range. Holding time was held fixed for 2 hours. After 

decomposition at temperatures below 600°C~ the yphase formed does 

not completely transform back to martensite. This phenomenon becomes 

more pronounced as the holding temperature is lowered. The y phase 

produced on 550° decomposition did not show any sign of transformation 

on cooling to room temperature, implicating the presence of the 

retained austenite. Since the present alloy is for use at cryogenic 

temperatures, specimen with an additional 550°C/2 hours treatment 

had beei.1~' refrigerated at liquid nitrogen temperature before the 

analysis of Iretained austenite was conducted. 

Quantitative measurement of the amount of the retained austenite 

was made using a Picker X-ray diffractometer with a CuKa source. 

This X-ray analysis'is based on the principle that the intensity 'of 

the diffracted beam is proportional to the volume fraction of the 

'. 
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diffracting phase. In the mixture of martensite and austenite, 

the retained austenite crystallites are usually distorted by the 

increase in specific volume when martensite forms, which results 

in a considerable decrease in the peak height. Also, a line 

broadening problem may arise. However, the integrated intensity,which 

is a measure of the total diffracted energy, is essentially independent 

of the lattice distortion and particle size. The equation suggested 

by Mill'er24 
was used in calculating the amount of retained' austenite. 

= 
1.41 

Y 
I + 1.4 I a y 

(4) 

where V is the 'volume fracti<:m of austenite, I is the average of the y .. y 

integrated intensity from the (220) and (311) . peaks and I is the y y. a 

integrated intensity from the (211) peak. According to this a 

analysis, the amount of retained austenite, ina specimen which was 

grain refined (by 8 cycles) and annealed at 550°C for 2 hours, was 

found to be approximately 3-5 volume %. This retained austenite 

remained stable down to liquid nitrogen temperature. No retained 

austenite was detected in specimens without the 550°C anneal. 

Transmission electron microscopy was used to investigate the 

presence of retained austenite and its distribution. All 

specimens were refrigerated at nOK before thin foil preparation. 

The diffraction patterns of specimen lA (Figs. 2 and 3) do not show 

any FCC.spots, and therefore there is no retained austenite in this 

specimen. This is consistent with the X-ray analysis .. Figure 10 shows 
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a typical microstructure after grain refinement and 550°C anneal. 

Diffraction patterns, bright field and corresponding dark field 

electron micrographs are. shown in Figs. 11 and 12. The dark field 

photograph was taken from the (200\ spot in the diffraction pattern 

which was analyzed using the lattice constant (a)b = 2.8644 A, o cc 

(a) = 3.5733 A, and a camera constant AL = 3~8 cm·A for Hitachi o fcc 

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

of retained austenite are distributed along the. grain or subgrain 

boundaries. Preliminary results of impact testing at 77°K arid6°K 

indicate that the introduction of 3-5% retained austenite by the 

550°C treatment increases the Charpy impact energy of the grain 

refined alloy by at least 40-50 ft.lb. Investigation of the effect 

of retained austenite on cryogenic fracture toughness is co~tinuing.33 

.. 

.. 
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V. MECHANICAL PROPERTIES AT CRYOGENIC TEMPERATURES 

The mechanical test specimens were taken from the m,aterial prepared 

as described in section IV-A. The annealed 0.75 iri. (1.9 cm) thick 

plates were cut into pieces 2.75 in. (7.0 cm) long'. Thesepieces 

were then given selected thermal processing. After processing, one 

fracture toughness specimen and two Charpy impact specimens were 

machiried from each piece along the longitudinal direction of forging, 

ensuririg the same heat treatment for both tests. Tensile specimens 

(transverse direction) were obtained from the far end of the broken 

'fracture toughness specimens. For comparison, the mechanical properties 

of two commercial cryogenic steels," i. e., 9 Ni steel and 304 stainless 

steel were also evaluated and included iri the following results. 

A. . Cryogenic Tensile Properties 

Tensile tests were conducted both at liquid'nitrogen and liquid 

helium temperature using an Instron machine equipped with a cryostat. 

Subsize specimens of 0.5 in. (1.27 cm) gauge length and 0.125 in 

(0.32 cm) diameter were tested at a crosshead speed of 0.02 in./minute 

(0.05 cm/minute). Two specimens were tested at each stage of the 

cycling treatment. The deviation in yield strength between tests 

was ~5 ksi (35 newton/m2). The stress-strain curves at 7rK and at 

4.2°K are shown in Fig. 13. The serrated yielding behavior at liquid 

helium temperature is frequently observed in many alloy systems 

including most of the Fe-base alloys. Among the several suggested 

explanations,34 Le., 1) twinning, 2) martensite formation,' 3) burst 
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type formation of dislocations and 4) adiabatic heating during the 

d f . 35 h 1 b h b bl f e ormat10n, t east appears to' e t e most pro a e reason or 

the discontinuous yielding of Fe-12Ni-0.25 Ti alle<ys. Both specimen 

lA and 2B of Fe-12Ni-0.25Ti alloys were completely martensitic . 

before testing, and no evidence of twinning was observed. Each step 

of discontinuous yielding was accompanied by a sudden rise of the 

specimen temperature. 

The results of the tensile tests at 77°Kare shown in Table II. 

The yield strength'of Fe-12N::i.-0.25Ti alloys at 77°K is in the range 

140-150 ksi (9.66-l0.25xl08 newton/m2) and is rather insensitive 

to microstructure. The samples treated to stages IB and 2B have 

slightly higher yield strength and lower tensile ductility than those 

at states lA and 2A. These minor effects appear to be due to the 

precipitation of Ni3Ti in the (l phase at 650°C. The results of the 

tensile tests at 4.2°K are given in Table II. At liquid helium 

temperature, a considerable increase in yield s.trength was observed 

(185 - 200 ks:l..). 36 It has been suggested by Conrad that thermally 

activated overcoming 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 impact tests were conducted at liquid nitrogen 

temperature (7rK) using ASTM sta,ndard techniques,37 and near 

liquid helium temperature (5-6°K), using a method recently developed 

38 in this laboratory. 

Impact testing at temperatures down to 7rK (liquid nitrogen 

temperature) is routinely accomplished according .to ASTM specifications. 

The specimen is transferred in open air from a liquid bath to the 

test machine anvil and the pendulum is released within five seconds. 

However, this method is impractica.l at lowertempeatures since the 

low heat capacity of the metal leads toa rapid increase in specimen 

temperature during transfer~ 

. . 39 
To obtain.valid low-temperatllre data DeSisto designed an 

apparatus consisting of an evacuated enclosure which houses both 
/ 

an impact machine and an automatic feed mechanism which rapidly 

inserts specimens cooled in liquid helium into the test machine anvil. 

He was able to obtain data at instantaneous sample temperatures near 

40 In other work Keifer, et al. employed,a glove-box arrangement 

to manually transfer specimens from an open-mouth dewar of liquid 

hydrogen to the test machine und?r inert atmosphere. They report 

test temperatures near 25°Kwhen tested within 2 seconds. 

While these techniques have pe,rmitted impact ,te;sting at low 

temperature, the elaborate,apparatus required makes them impractical 
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for use in many laboratories, including our own. Therefore, a new 

and simple method to employ in current research on the design of 

tough alloys for cryogenic use was sought. Since this resea.rch 

concentrates on alloys of body centered cubic structure whose 

mechanical properties are typically sharp functions of temperature 

in the cryogenic region,itwas required that the test technique 

aliow close temperature control and insure the absence of appreciable 

thermal gradients in the specimen at the moment of impact. 

The approach was to encase the test samples within individual 

insulating boxes which retain a controlled sample temperatur'e near 

liquid helium temperature during the impact bast. The requirements 

for a suitable boxing arrangement are that it must be an efficient 
.-

insulator which withstands cooling to liquid helium temperature but 

contributes negligibly to the,measured Charpy energies. These 

requirements seein well satisfied ~y employing a thin-walledlucite 

.box insulated with open cell styrofoam which is continuously bathed. 

with liquid helium .. The test procedure and its calibration are 

discussed in the following sections. 

a. Experimental method 

A Charpy V-notch specimen is wrapped with open-cell styrofoam 

which is grooved along the specimen length direction to allow an easy 

passage of liquid helium (Fig. 14). The styrofoam surface is then .-
wrapped with Scotch tape. The insulated specimen is then inserted 

into a rectangular lucite box (with one or two faces open) 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 covet' for the open face is glued to the box 

system with Ethylene Dichloride solution. The Scotch tape and the 

styrofoam layer undernea:th the 5/16 in. (7.9 mni) holes are removed. 

A polyethylene inlet pipe of 3/8 in. (9.5 nun) LD. and 1/2 in. (12.7 rom) 

length is glued to the box by DucoCement. A lucite outlet pipe 

of 3/8 in. (9.5 mm) LD. and 1 in. (25.4 nun) length is attached 

with Ethylene Dichloride ,solution. 

This box system is placed -on the anvH' 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 pressure inside the dewar is maintained at around 2-3 psi 

- 4 /2-(1. 4 - 2.1xlO newton m ) by an external supply of helium gas. 

Figure 16 is an illustration of ihe method. In Fig. 17, the liquid 

helium is being transferred to the box system located on the test 

machineanvil. A specimen temperature of 5-6°K is quickly attained 

and maintained'as long as the liquid helium is transferred. Given 

proper assembly, the lucite box does not crack during liquid helium 

transfer. The liquid helium flows easily through the system and can 

be observed through the box wall. The released pendulum breaks the 

whole system. When the system is struck the weak bond at the base of 

the polyethylene inlet pipe fractures, thus ensuring the safety of 

the helium_transfer-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 liquid helium' temperature, thereby preventing 

cracking of the box and escape of liquid helium. It also allows the 
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interstitial flow of liquid helium around the speci~en for maximum 

cooling efficiency. After steady state is reached, a layer of 

liquid helium surrounds the metal specimen. Moreover, the insulated 

lucite box is extremely brittle at liquid helium temperature and 

absorbs very little energy during testing. 

Because of the restricted space in the anvil of our test 

machine, the specimen legnth was reduced to 2.01 in. (51 mm) from 

the ASTM standard 2.17 in. (55 mm) length. However, the shortened 

length does not seem to introduce appreciable error. If the anvil 

were modified 'to allow larger specimens, a full size specimen could 

be used.' 

b. Temperature calibration 

The specimen temperature was measured asa function of time 

using the following procedure. 

A 0.1 in. (2.5 mm) diameter by 0.2 in. (5.lrllm) deep hole was 

drilled in the calibration specimen, and a 0.125 in. (3.2 nun) diameter 

by 0.5 in. (12.7 mm) long section of brass tubing was silver soldered 

over the hole to act as a collar to keep liquid helium away from the 

monitoring thermocouple (as shown in Fig. 15). For specimens that 

were actually impacted, plastic tubings of the same size were glued 

to the specimen. The insulating spacer and the box were then 

assembled around the specimen. A thermocouple (Au+b.07 %Fe - Chromel) 

was inserted into the drilled hole so that its tip was in go?d contact 

with the specimen. The thermocouple was then glued to the brass tube 

and the brass tube sealed to the lucite box to preven-t escape of 
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liquid helium.· This' configuration ensures that the thermocouple. 

measures the temperature at the centerline of the specimen rather 

than that of the bath of liquid ' helium in which the specimen is 

inunersed. 

·A typical temperature time curve obtained using a dewar 

. . 4 2 
pressure of 2""'3 psi (1.4"'"'2 .lxlO, newt:onJm ) during" transfer is 

shoWn in Fig. IS: Liquid helium transfer is initiated at t=O. 

Between t=O and t
l

, liquid helium is consumed in cooling the transfer 

line and does not significantly affect the specimen temperature. 

Attl liquid helium begins to·cool the'box'system. The specimen 

,temperature drops to below 6°K in about 60-80 seconds. It then 

remains constant for as long as liquid helium is transferred. At 

t
2

the hissing sound of the evaporated helium gas stops and liquid 

helium starts to come out of the outlet pipe. This evident change 

may be used as a sign that the test temperature has been reached. 

, The pendulum may then be released. The specimen remains at 5-6°K 

until impact. 

After testing, the helium transfer is halted and the next 

specimen set up for impacting. The transfer line consumes very little 

helium· for its cooling after the'first test. Liquid helium consumption 

for the first test is approximately 5-6 liters (5-6XIO-3 m3). In 

continuous operation each subsequent test consumes'2-3 liters 

(2-3xIO-3m3) of liquid helium. 

\ 
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Specimen temperatures·both at point A and B in Fig. 15 (each 

point is approximately one-fourth of the sepcimen length apart from 

the notch) were measured. At the dewar pressure of 2-3 psi 

(1.4-2.1xl04 newton/m2), the temperature gradient was hardly . 

noticeable. . 4 2 However, at below 1 psi (0.7 XIO newton/m) the 

temperature at A was severai degrees higher than that at B. Therefore, 

it is necessary to keep the dewar pressure above a certain level 

to maintain a uniform specimen temperature. 

c. Impact test calibration 

. The,re are two principal sources of error in the proposed impact 

test technique: a positive error introduced by the lucite box and 

styrofoam layer, and a negative error due to the shortened specimen 

length. Both errors appear to be·smal1. 

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 

absorbed by the lucite box and the styrofoam spacer was less than 

1 ft-lb (1.36 newton/m). When a box system with a specimen inside 

is impacted, the face of the lucite box which is behind the specimen 

is crushed, and this also will contribute a small positive error. 

Unless the anvil of the test machine is modified, the specimen 

length must be shortened from 12.17 in. (55 nun) to 2.01 in. (51nnn). 

For very tough alloys this shortened length may introduce a negative 

error in the measured impact energy because the maximum possible angle 

of bend is decreased. 
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For the purpose of calibration, 17 specimens of commercial 304 

stainless steel with 2.17 in. (55 mm) length were tested at liquid 

nitrogen temperature according to the ASTM specification (open-mouth 

,transfer). Another 17 specimens, of the same material with 2.01 in. 

(51 mm) length were tested inside, thelucitebox system by transferring 

liquid nitrogen to the box. The results are compared in Table IV. The 

difference 'in the average impact energy obtained by these two methods 

was 3.6 ft-lbs. (4.9 newton-m) (approximately 3% of the average energy 

of this material), which was much less than the average scattering 

of the test data. The standard deviation of data obtained using the 

ASTM standard method was 8.7 ft-lbs (11. 5 newton-m). Less ext,ensive 

'comparison tests with other cryogenic steels also showed good agreement 

between the standard and the proposed methods. 

The" small deviation in average impact energy between ,the' standard 

and the proposed method seems principally due to the difference in 

specimens length. This error may decrease if the anvil of the impact 

machine is adjusted to accommodate a 2.17 in. (55 mm) boxed specimen. 

The increased scatter of data obtained with the proposed method was 

anticipated since the boxing arrangement introduces additional variables 

and since it is difficult to ensure that the notch in the boxed specimen 

is well centered in the anvil. Given that the Charpy impact test is 

at best a semiquantitative measure of the toughness of a material, the 

mechanical accuracy of the proposed test method seems reasonable. 
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The suggested test method has been used routinely in research on 

cryogenic alloys current at Berkeley. It offers two principal 

advantages. First, the tests are inexpensive and maybe performed 

on any available impact machine whose specimen holder will accommodate 

the boxed specimen. Secondly, the method allows niaintenance of a 

steady,uniform sample temperature of 5-6°K and avoids thermal 

gradients induced by sample transfer to the anvil. 

2. Results 01 Charpy V-notch .. Impact Tests 

Two specimens were tested at each condition. The results of 

these tests are presented in Table V. The broken specimens are 

shown in Fig. 19. 

At 77°K all .four structures showed high toughness. Howe:ver, 

at 6°K specimens lA and lB were brittle. Fractographs taken at the 

center of the fracture surface in these specimens revealed a quasi­

·cleavage fracture mode. Specimens 2A and 2B remained tough at 6°K; 

the transition temperatures in Charpy testing for the bcc structures 

2Aand 2B are below this temperature. 



-29~ 

C. Cryogenic Fracture Toughness·· 

1. Fracture Toughness at 7rK 

·....Fracture toughness tests at 7rK were conducted. on' an MTS machine 

equipped with a liquid nitrogen cryostat. Compact tension (WOL) speci-

mens of 0.70 in. (1. 78 cm) thickness were prepated and fatigue pre-

.. 41 
cracked according to ASTM specifications. Two specimens were tested 

at each stage of the thermal cycling treatment. 

The results of these tests are shown in Fig. 20. With the possible 

exception o( sample lB, these specimens were well away from plane strain 

conditions; a value of KQ ...:.- 140 ksi' Iiil. was computed from the load­

crack opening displacement (COD) cutves.
4l 

At sDages lA, lB, and 2A 

the alloy exhibited unstable crack propagation as marked by the dotted 

lines in the load-COD curves. Specimen lB whose microstructure contained 

elongated laths showed the lowest fracture toughness (KQ - 100 ksi' I:li:l.) . 

Specimen2A which contained a rilixture of fine grains and large grains 

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

arrested but the unstable crack propagation could not be completely 

eliminated. However the fine-grained alloy 2B seemed immune to unstable 

crack propagation. The specimen' was fully plastic, and the pre-induced 

crack grew slowly in .a stable manner until the test was stopped. 

The ASTM specification does not provide ail appropriate method of 

fracture toughness evaluation for very tough or completely plastic 

materials. The approximate fracture toughness of specimen 2B was 

calculated based .on the concept of work of fracture, using the integral 
I 

~ver the are'a under the 10ad~COD curve (Fig. 20). In this approach the 
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total work involved in fracture is measured and divided by the fracture 
4 

area to obtain the strain energy release rate, 9C. Cr~ck 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 curvet 

~5,300 in.-lb, divided by total fracture area, 0.7 in. 2 gives 9
C 

of 

~ 7.500 in.-lb/in. 2 . Using the equivalence relationship between the' 

energy and the stress intensity factor, an approach in fracture mechanics 

derived by Irwin,42 2 
9C = Krc/E (for plane stress) or 2( 2 / 9C = K1C i-v) E 

(for plane strain), the fracture toughness of the specimen 2B at 77°K 

was calculated,to be approximately KC :::: 470-500 ksi fu. It should 

be remembered, however, that this calculation is not a valid and accepted 

one. The tests were not in the plane strain condition, and also plastic 

deformation accompanied ,the slow crack growth. Recent development in 

43~45 J-integral concept·· may be useful for the toughness evaluation of 

the specimen 2B. The post-test fracture toughness s,pecimens are compared 

to one another in Fig. 21. The brittleness of specimens 1A and lB, the 

repeated crack arrest in specimen 2A, and the ductility of specimen 2B 

are visually apparent. 

The fracture surfaces were examined by Jeolco JSM-U3 scanning elec-

tron microscope. Figure 22 shows scanning electron fractographs taken 

slightly ahead of the pre-induced fatigue crack along the center line 

of the sample. Specimens processed to stages 1A and lB propagated 

fracture in a quasi-cleavage mode. At stage 2A, the tracture mode was 

a mixture of quasi-cleavage and ductile rupture. Fully grain refined 

specimens (2B) sh,owed ductile dimple rupture over the whole fracture 

surface~ 
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The enormous ductility of specimen 2B at nOK was attributed princi-

pa11y to grain refinement because of the following facts. 

1) The tensile ductility rather decreased due to the grain 

refining process (Tables II and III), which eliminates the possibility 

of other mechanisms of ductility enhancement, like increased density of 

mobile dislocations. 

2) No retained austenite was detected after grain refining 

treatment. 

It would be more correct to say that 'the toughness of this alloy was 

maintained rather than improved at cryogenic temperatures by grain re-

finement. 

Commercial 9-Ni steel and type 304 stainless steel of the same 

specimen dimensions were also tested at 7JOK. The results are shown in 

Fig. 23 and Fig. 24' (a) together with the results of the specimen 1A and 

2B of the Fe-Ni-Ti alloy. Fracture toughness values are summarized 

in Table VI. The 9-Nisteel and Fe-Ni-Ti(lA) showed high impact energy 

(Table V) in Charpy tests at 77°'K, their fracture surface revealing 100% 

ductile dimple mode. However, in fracture toughnesstestirig in which 
, . . 

a sharp fatigue crack was preinduced, these specimens failed by unstable 

crack propagation and their fracture surface showed brittle quasi-cleavage 

fracture mode. Specimen 2B which showed lower values of Charpy impact 

energy than lAremained tough in the fracture toughness testing at 7JOK. 

From these results it is clear that Charpy V-notch impact testing under.,... 

estimates the ductile-brittle transition temperature.' 
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2. Fracture Totighness at 6°K 

Fracture toughness tests of Fe-Ni-Ti(lA),Fe-Ni-Ti('2B), 9-Ni steel 

and austenitic 304 stainless steel at liquid helium temperature were 

46 
conducted using a method recently developed in this laboratory. 

A similar Irboxing technique" as that used in Charpy impact testing was 

employed. An oversize grip was used to provide space for an insulating 

box system which surrounded the specimen. Pins were made of grain-" 
I 

refined Fe-l2Ni-0.25Ti alloy. At a dewar pressure of 5-6 psf, speci}Ilen 

temperature of 5-6°K was obtained in less than 3-4 minutes and maintained 

during the tests. The insulating box system remained intact without crack-

I ing until the test was finished. Figures 25 through Fig. 29 illustrate 

this method. 

The results of the tests are shown in Fig. ,30 as a load-COD diagram 

(average of 2-3 data foteach alloy). Specimens of 9-Ni steel and 

Fe-Ni-Ti(lA) satisfied the ASTM thickness requirements for the plane 

strain condition. The fracture surfaces were completely flat with no 

shear lips as can be seen from the photograph'of post-test fracture 

toughness specimens shown in Fig. 24(b). Plane-strain fracture toughness, 

Krc ' of 70-~O ksi lin. was obtained for both 9-Ni steel and Fe-Ni-T1(IA). 

Specimens of 304 stainless steel also showed flat fracture surface (Fig. 

24(b» but was not in the plane strain loading condition as can be seen 

from the extended load-COD curve in Fig. 30. The crack grew slowly and 

no "pop-in" occurred. Specimen 2B of Fe-Ni-Ti alloy (ultrafine grained) 

showed much higher load carrying capacity than any other specimens 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 specimen does not 

necessarily mean a fast crack propagation because slip (or yielding) 

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

Comparing the post-test specimens at6°K shown in Fig. 24(b) , the 

high toughness of this grain-refined specimen is visually apparent. 

Scanning electron fractographs were taken. from the· fracture surfaces of 

these 6°K specimens and are shown in Fig. 31. The quasi-cleavage 

fracture mode of 9-Ni steel and Fe-Ni-Ti(IA) is eVident. 304 Stainless 

steel showed a peculiar fracture surf ace, which may be related to t~e 

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

dimple rupture type fracture surface indicating ductile fracture mode. 

(Examination on the whole fracture surface except shear lip revealed 

that the fracture mode was a mixture of - 80% dimple rupture and - 20% 

quasi-cleavage.) Since a standardized method of fracture toughness 

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

is not available, no fracture toughness measure was taken for this 

specimen other than a KQ value. 
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VI. SUMMARY 

(1) By alternate phase transformation in y and (a+y) range, the 

grain size of an Fe-12Ni-0.25Ti alloy was refined from 40-60 llm 

to 0.5-2 llm in 4 cycles. 

(2) The yield strength of this thermally cycled alloy at nOK,and 4~2°K 

increased by 10-15 ksi, while the tensile ductility decreased 
. 

slightly due to the grain refinement. 

(3) No retained austenite was found before and after alternate thermal 

cycling, Le. t~is alloy is completely ferritic urilessadditional 

treatment is added to introduced retained austenite. 

(4) The lamellar type microstructure obtained after the first (a+y) two 

phase range decomposition is detrimental to the cryogenic, fracture 

toughness. 

(5) With the ultrafine grairi size obtained, the ductile-brittle 

transition temperature of this ferritic alloy in'Charpy impact 

testing was suppressed below liquid helium temperature. 

(6) The duetile-brittle transition temperature in a fracture toughness 

testing with a sharp crack was also suppressed below liquid helium 

temperature. At 7rK, fracture toughness (KC) of roughly 

470-'500 ksi lin. with yield strength of .,..150 ksi was obtained with 

the grain refined Fe-12Ni-0.25Ti alloy. The fracture mode was also 

altered, from brittle quasi-cleavage in a large grained alloy to 

completely ductile dimple rupture at 77°K and to essentially 

dimple type rupture at 6°K in a grain refined alloy. 
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(7) Additional treatment of 550 Q C/2 hours introduced 3-5% retained 

' ..... ./ 
austenite which·remained stable down to liquid nitrogen temperature. 

The effect of retained austenite was found to increase the shelf 

energy considerably in impact testing. 

(8) Charpy impact tests obviously underestimate the ductile-brittle 

transition temperature. 

(9) Compared to other commercial cryogenic alloys, grain-refined 

Fe-Ni-Ti alloy showed superior combination .0£ strength and 

toughness down to liquid helium temperature. 

I • 

! 
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* Table I. Change of Phase Transformation Temperatures 

on Thermal Cycling (For 2 hours at Each Step) 
~ . 

A Af M Mf s s 

lA 673°C 715°C 473°C 412°C 

IB Isothermal 372°C 288°.C 

2A 642°C 726°C 473°C 367°C 

2B Isothermal 356°C 283°C 

* . 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 Properties at 7rK 

" Alloy Yield * Strength Tensile Strength Elong. R. A. , 

ksi ksi % % 

Fe-Ni-Ti, lA 134 142. 31.1 73.8 

IB 145 151 24.8 70.5 

2A 141 150 29.3 72.9 

2B 149 154 26.8 72.1 

304 Stainless 81 235 47.3 '65.6 

9-Ni Steel 146 172 29.6 66.8 

* , 0.2% offset yield strength 

• 
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Table III. Tensile Properties at 4.2°K 

Alloy Yield Strength * Tensile Strengtht Elong. R.A. -..,'" 

ksi ksi % % 

Fe-Ni'-Ti, 1A 182 207 23.8 72.9 

2B 195 219 19.3 69.8 

304 Stainless 105 270 41.6 52.7 

9"':Ni Steel 208 231 21.2 59.1 

* Yield strength at 4.2°K was' taken from the first discontinuous yield 

point. 

tTensile strength was obtained from the upper locus of discontinuous peaks 

in the stress-strain curve. 
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Table IV .Charpy Imp~ct Testing at 7rK 

Test Temperature 

Method of Cooling 

Specimen L~ngth 

Number of Specimens Tested 

Average Impact Energy 

Standard Deviation 

ASTM Standard Method 

Open Air Transfer 

2.17 in. (55 mm) 

17 

124.5 ft-lb 
(168. 8 newton-m) 

8.7 ft-lb 
(11.5 newton-m) 

Proposed Method 

Box System 

2.01 in. (51 mm) 

17 

120..9 ft-lb 
(163. 9 newt on-m) 

13.8 ft-lb 
(18.7 newto~-m) 
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Table V. Charpy V-Notch Impact Energy at 

Cryogenic Temperatures 

Energy Absorbed (ft-1b) 

7rK 6°K 

Fe-12Ni-0.25Ti, 1A 154 55 

1B 116 43 

2A 131 116 

2B 115 99 

304 Stainless 128 130 

9-Ni Steel 92 75 
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Table VI. Fracture Toughnese at Cryogen!cTemperatures 

Alloy Fracture Toughness Remarks 
'. ,~ , ksi lin. 

Fe-12Ni-0.25Ti, 1A KQ l30-150 ASTM 

1B KQ 90-110 ASTM 

2A K = Q 
130-150 ASTM 

2B KQ = 130-150 ASTM 

TtK KC = 470-500 Based on Work of Fracture 

304 Stainless KQ = 60-70 ASTM 

KC = 350-380 Based on Work of Fracture 

9-Ni Steel KQ = 120-140 ASTM 

Fe-12Ni-0.25Ti, 1A Krc= 70-80 ASTM (plane strSin) 

2B KQ = 150-170 ASTM 

6°K KC = ? not evaluated 

304 stainless KQ = 80-100 ASTM 

KC = 280-300 Based on Work of Fracture 

9-Nistee1 KIC~ 70-80 ASTM (plane strain) 

\ 

",' 
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FIGURE CAPTIONS 
~; ~ ',' 

Fig. 1. The Fe-Ni equilibrium phase diagram w~thheat treating' cycles. 

Fig. 2. Transmission electron micrographs of the Fe-12Ni~0.25Ti alloy. 

The specimen was annealed at 900°C for 2 hours and 730°C fo~~ 

2 hours. 

Fig. 3. Another area of the same specimen shown in Fig. 2. 

Fig. 4. Dilatometric analysis of the phase transformations in Fe-12Ni-

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

-
isothermal decompositionwithin the(a+y) range for different 

periods. 

Fig. 5. Estimated isothermal transformation rate at 650°C. 

Fig. 6. (a) Dilatometry for an initially homogeneous specimen (same as 

Fig.4(a), (b) dilatometry for a specimen initially decomposed 

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

structure to y is finished, the specimen was held at 730°C,for 

t~o hours for partial homogenization and then cooled to room 

',temperature, (c) same as (b) except that the homogenization was 

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

homogenization cycle (b) was followed by another continuous 

. heating to the y range to see the change in As ' Af temperatures 

from those of (a) and (b). 

Fig. 7. Change of optical microstructures on thermal cyclings'. ,(a) 

starting microstructure (900°(; 2 hours annealed), (b) after 

cycle 1A; (c) after cycle lB, Cd) after cycle 2A, (e) after 

cycle 2B (final microstructure) . ' 

\ 

"'. 
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Fig. 8. Scanning electron microstructures. (a) specimen lB. 

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

Fig. 9. Dilatometric analysis of the isothermal decomposition within 

the (a+y) two phase range at different tempe:ratures. Subsequent 

phase transformations are also shown. 

Fig. 10. Transmission elect,ron micrograph of the specimen grain refined 

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

pattern is also shown. 

Fig. 11. Diffraction pattern, bright field electron micrograph are shown 

together with a corresponding dark field photograph taken from 

(200) spot. Retained austenite is shown in the dark field. y . 

Fig. 12. Diffraction pattern, bright field and dark field electron 

micrographs showing the location of retained austenite. 

Fig. 13. Engineering stress-strain curves obtained in the tensile tests 

Fig •. 14 • Grooves made on each,,,piece of the styrofoam layer • (Grooved 

side is to face the metal specimen.) 

Fig. 15. Specimen packing inside a lucite box (top view). 
\ 

Fig. 16. Schematic illustration of· the test method (front view). 

Fig. 17. Transfer of liquid helium to the box system. (Liquid helium 

is about to come out.) 

Fig. 18. Cooling curves obtained using Au(0.07%Fe)--chromel thermocouple • 

. a. Thermocouple tip is directlyimmensed in liquid helium. 

b. Specimen temperature when liquid helium is transferred. 

Fig. 19. Photographs of the broken Charpy bars of the Fe-12Ni-0.25Ti 

alloy after testing at 77°K and 6°K. 
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Fig. 20. Load-crack opening displacement curVes in fracture toughness 

testing at nOK. 

Fig. 21. Post-test fracture toughness specimens~ 

Fig. 22. Scanning electron microscope fractographs of the specimens 

shown in Fig. 21. 

Fig. 23. Comparison of Load~COD curves of the Fe-l2Ni-0.25Ti alloys, 

counnercial9-Ni steel and 304 stainless steel at 77°K~ 

Fig. 24~ Comparison of the fracture toughness specimens tested at 

(a) 77°K and (b) 6°K. 

Fig. 25. Lucite box system'to encase the fracture toughness specimen 

and the styrofoam during the' fracture tou,ghness testing at 

liquid heliumtemp~:rature. Holes in the lucite box were made 

elongated toprevent-,.cracking of the box when the specimen 

was pulled. 

Fig. 26. Front view (schematic) of the box system placed into th~ MTS 

machine. A 1/16 in. diamete r hole was drilled near the crack 

tip down to the centerline of specimen thickness'. A plastic 

tubing was glued onto this hole. This tube sticks out through 

the hole in the lucite box, and the thermocouple is placed 

through the tube. 

Fig., 27. 'Side view (schematic) of the box system. 

Fig. 28. Photographs showing the fracture toughness test procedure at 

6°K. (a) Box system is placed into the MTStesting machine. 

'A strain-gauge, a'thermocouple and a liquid heliUm transfer 

line are also. in place. 'A thin sheet of Myler was used to 

,-
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protect the. strain gauge from liquid helium. (b) Transfer of 

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

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

helium vapor from the vicinity of the strain gauge. (d) Speci-. . 

men was broken and the test was finished. Lucite box remained 

safe without cracking. 

Fig. 29. Change of specimen temperature during the test is shown as a 

function of time. Liquid helium transfer was initiatedatt=O. 

Fig. 30. Load-COD curves in fracture toughness testing at 6°K. 

Fig. 31. Scanning electron microscopy fractographs of the fracture 

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

.. 
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