
niu <[«..< . * . p 7ST2 „.«..„ "~g|l 
,..r ikr Unncu Bain 

mrlorm. IUH mt ui ihiu to 
ih» anploym. « 

Into™ 

n l n n t t •""*"'* *"" 
Table of Contents 

Page 

ABSTRACT v 
ACKNOWLEDGMENTS vli 

I. INTRODUCTION 1 

A. Alloy Design Considerations 2 

II. EXPERIMENTAL PROCEDURE 6 

A. Material Preparation 6 

B. Heat Treatment 7 

C. Dllotometry 8 

D. Mechanical Testing 8 

1. Hardness Testing . . . 8 

2. Tensile Testing 9 

3. Charpy Impact Testing 9 

4. Fracture Toughness Testing 9 

E. X-Eay Diffraction 10 

F. Microscopy 11 

1. Optical Microscopy 11 

2. Scanning Electron Microscope 12 

3. Transmission Electron Microscope 12 

III. EXPERIMENTAL RESULTS AND DISCUSSION 13 

A. Aging Reaction 13 

B. As Quenched and Quench and Temper Structure 14 

C. Gamma Cycled and Gamma Cycled and Aged Structures . . IS 

ill 



Page 

D. Grain Refined and Grain Refined and Aged Structures . . 17 

1. X-Ray Analysis 17 

2. Mechanical Properties 18 

E. Some Observations on the Effect of Aging 20 

IV. CONCLUSIONS 23 

REFERENCES 24 

LIST OF TABLES 28 

TABLES 29 

FIGURE CAPTIONS 36 

FIGURES 38 

lv 



AN Fe-12Ni-4Co-2Mo-.05Ti ALLOY 
FOR USE AT 77"K AND BELOW 

Bradley Watford Whitaker 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory and 
Department of Macerials Science and Engineering, College of Engineering; 

University of California, Berkeley, California 

ABSTRACT 

A variant of the maraging class of steels is proposed for applica­

tion at 77°K and below where a combination of very high strength and 

good toughness is required. The alloy has a composition of Fe-12Ni-

4Co-2Mo-0.05Ti with low interstitial content. 

The as quenched and quenched and aged structures were coicpletely 

martensitic with a prior austenitic grain size of 10-12 pm. This 

structure had a Y.S. of 138.5 ksi and 154 ksi before and after aging 

respectively. All aging was done at 444°C for 4 hours. The DBTT was 

shown to lie above 77°K as measured by C testing. 

Based on dilotometric studies of the a-*y and r+a transformation 

temperatures a cycling treatment consisting of reportedly heating to 

above the A. temperature followed by a water quench was utilized to 

further reduce the prior Y grain size to >v>4-6 pm. The structure was 

completely martensitic and possessed a Y.S. of 151 ksi at 77°K in the 

imaged condition with a Y.S./K-- ratio of 1.9 while the aged structure 

showed a Y.S. of 162 ksi with a Y.S./Kj- ratio of 1.3. C testing 

showed the DBTT to lie between 77°K and 4.2°K. 

Further grain refinement was accomplished by a 2 phase decomposi­

tion procedure which resulted in a grain size of 1-2 urn. The structure 

which contained decreasing amounts of austenite with temperature 

v 



(3.0Z at R.T. to 1.0% at 4.2°K) showed the best combination of strength 

and ductility at 4.2°K. A Y.S. of 205 ksi with a Y.S./K ratio of 

0.84 was achieved before aging. The aged structure was brittle at 

4.2°K with a Y.S. of 218 ksi and a Y.S./K^ ratio of 0.425. 

vi 



ACKNOWLEDGMENTS 

1 wish to express my deep gratitude and special thanks to 

Professor J. W. Morris Jr. for the many helpful discussions we had 

concerning this work. I would further like to thank Dr. S. Jin for 

his support during this study, and Madaleine Penton and Shirley 

Ashley who are directly responsible for the lack of "typos" in this 

thesis. 

This work was supported by the U. S. Energy Research and 

Development Administration. 

vii 



1. 

I. INTRODUCTION 

Alnost thirty years after its inception by G. R. Brophy and A. J. 

Miller 9Ni steel remains the primary ferritlc steel in commercial use 

for temperatures down to as low as 77*K. This steel offers the 

excellent strength normally associated with B.C.C. materials (nearly 

twice the yield strength of 304 S.S. at 77°K) while maintaining adequate 

ductility. It is a quench and temper steel and thus lends itself to 

simple and economical fabrication procedures. For a discussion of the 

role of nickel steels in LNG tankers see Reference 2 and for a compila­

tion of cryogenic alloys along with the tensile properties of each see 

Reference 3. 

Host work on cryogenic ferrltic steels has been performed on 9N1 

steel, ' ' with little attention given to the development of new high 

strength alloys suitable for use at temperatures down to 4.2°K. These 

low temperatures are below the lower limit of usefulness for 9N1 steel. 

The development of high strength alloys for use in this temperature 

regime has become especially desirable since the discovery of the 

phenomenon of superconductivity. 

Recent work performed at this institution has shown Fe-12Ni-Ti 

alloys to possess an excellent combination of strength and ductility at 

77*K. Further work on an Fe-12Ni-0.25Tl alloy showed an excellent 

combination of strength and ductility at temperatures down to 4.2°K 

when the alloy was subjected to a two phase decomposition procedure to 
8 9 10 produce an extremely fine grain size of approximately 1 urn. ' ' 

Table 1 compares the two most popular cryogenic alloys with the 

Fe-12Ni-0.25Ti alloy in the grain refined (G.R.) condition. 
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The work presented here is an attempt to develop an alloy with 

superior strength and toughness to those alloys listed in Table 1. 

Special emphasis was given to properties at 4.2°K. The only restriction 

placed upon this work at the outset was the prohibition of thermo-

nechanical processes in fa,or of pure thermal treatment to effect the 

desired properties. It was then decided to concentrate upon B.C.C. 

iron based alloys because of the high strength obtainable with the 

B.C.C. matrix. No particular emphasis is placed upon economy in either 

alloy composition or alloy processing. No consideration was given to 

possible fabrication procedures. 

A. Alloy Design Considerations 

It is of primary importance when attempting to promote excellent 

toughness characteristics in a high strength ferritic matrix to adhere 

to the following general rules. 

i) Utilize a matrix which approaches optimum dislocation 

mobility and cross all? characteristics consistent with 

strength requirements, 

li) Minimize grain size - reduction in grain size Is the single 

clearly demonstrable parameter which simultaneously increases 

strength while promoting resistance to unstable crack 

propagation, 

ill) Avoid coarse ppt. in the matrix - decohesion at ppt./matrix 

interface or cleavage of hard ppt. particles result In: 

a) premature void nucleation in ductile matrices 
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b) initiation of mlcrocracks leading to unstable c•• -.ck 

propagation in less ductile matrices. 

iv) Avoid alloy segregation to or continuous ppt. at grain 

boundaries which might reduce the critical stress to cleave 

the boundaries resulting in a low energy intergranular 

fracture. 

Nickel is the single known element which when added to iron lowers 

the Ductile/Brittle Transition Temperature (DBTT) by fundamentally 

affecting the slip characteristics of the matrix. Although the exact 

role of Ni in this respect is not known it is known that the addition 

of Ni to Fe reduces the temperature at which a transformation occurs 

from cross (wavy) slip, characteristic of high temperatures, to planar 

slip associated with low temperatures. Ni also reduces the dependence 
12 of the yield strength on temperature and strain rate. The Ni-Fe 

matrix exhibits a highly dislocated massive martenFttic structure when 
13 Hi. Is present in the range of 6% to 25%. Such massive martensitic 

structures are conducive to high strength, good ppt. dispersion 

characteristics for those ppt. which axe dislocation nucleated, and 

good transformation characteristics since the optimum structure is 

produced by air quenching. 

The heat treatments used here were chosen because they represent 

proven techniques for the refinement of grain size in the absence of 
14 mechanical processing. G. Saul, et al., presented a method of 

refining prior austenitic grains in an Fe-Ni matrix (250 and 300 gride 

maraglng steels) by repeated cycling of the material into the y region. 
q S. Jin, et al., were abel to attain grain sizes down to approximately 
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.5 pm diameter by successive two phase decompositions which utilize a 

diffusion controlled austenitic reversion reaction. 

The temperature needed to effect austenite reversion in a reason­

able time during 2 phase decomposition (to grain refine) has been shown 

to promote overaged precipitate (presumably Ni.Ti) in an Fe-12Ni-0.25Ti 

alloy. Ti is added piimarily as a "gettering" element to remove inter-

stitials (primarily C and N but also possibly 0) from solution through 

the formation of Ti(C,N). ' * It is expected that the Ti in excess 

of that needed to rid the matrix of interstitials takes part in this 

precipitation reaction. Based on an expected maximum interstitial 

content of 100 ppm (by wt.) a Ti content of 0.05% is sufficient to 

scavenge the matrix. 

Co (Fe, Ni, Ti, Mo) precipitation has never been observed in an 

iron based alloy. Co additions of up to 8% (by wt.) in a 10N1, low C 

iron alloy was shown to effect a small solid solution hardening 

reaction, retardation of dislocation recovery at ^450°C, retardation of 

austenite reversion, and a reduction in the amount of austenite present 

at equilibrium. 

Mb when present with Co has been shown to be a unique couple in 

high Ni iron matrix of the maraging steels. A fine evenly dispersed 

Mo-Ni precipitate (commonly agreed to be orthorhombic or hexagonal 
19 20 21 Ni.Mo) ' ' is nucleated on the dense dislocation network which the 

Co has helped to preserve at aging temperatures. The nature and/or 

morphology of this precipitation has been credited in part Tor the 

excellent combination of strength and toughness of zsaraging steels. 
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Mo additions promote toughness in some thermally embrittled 

s t e e l s . The reason for th i s i s not clear but i t has been suggested 

that Mo inhib i t s prec ipi tat ion a t , or a l loy segregation to prior 
22 austenite grain boundaries. 

Because the maraging s t e e l s have h i s t o r i c a l l y exhibited an 

exce l lent combination of strength and toughness and in l i ght of the 

above considerations i t was decided to u t i l i z e a ppt. hardcnable a l loy 

patterned af ter the maraging s t e e l s . A 12Ni-Fe matrix was chosen as a 

base for h i s t o r i c a l reasons to which the Co-Mo conple was edded. No 

data i s avai lable concerning aging k ine t i c s or s o l u b i l i t y l imi t s in such 
23 a l loys but based on available data from 18Ni-Fe systems, a 4Co-Mo 

couple was found to be su i tab le . 

The al loy presented here then has a 12Ni-4Co-2Mo-.05Ti-Fe composi­

t i o n . A 12Ni-.05Ti~Fe a l loy was also tested and data from i t i s 

injected when needed to aid in discuss ion. 



6. 

II. EXPERIMENTAL PROCEDURE 

A. Material Preparation 

The alloys employed in this investigation were all prepared at 

this facility using a 100 Kilowatt vacuum induction furnace. All 

elemental additions were of at least 99.9% purity. Melting was 

accomplished in an Argon atmosphere at a pressure of 200 mm of Hg after 

a double evacuation procedure (to 20 um of Kg) coupled with a preheat 

to rid the system of non-inert gases. The melt was poured at approxi­

mately 1650°C into a rotating Cu chill mold and allowed to furnace cool 

over night. Table 2 shows the compositions of the ingots produced. 

The cylindrical ingots measured approximately 12 in. long and were of 

two types; a 23 lb. ingot which measured 2.75 in. in diameter and a 4 lb. 

ingot which measured 1.25 in. in diameter. 

All ingots were homogenized at a temperature of 1200°C (2i90°F ± 

20°F) for 24 hrs. in a vacuum resistance type furnace at a pressure of 
-4 

approximately 5 * 10 mm of Hg. Cooling was accomplished by back 

filling the system with Argon gas down to 300°C and furnace cooling to 

room temperature. 

The ingots were forged at approximately 1150°C (2100°F) in a single 

heat. The smaller type ingots were forged into slabs 1.7 in. * 0.5 in. 
x £ where the longitudinal axis of the slab was parallel to the 

longitudinal axis of the ingot (Fig. 1(a)). The larger type ingots 

were forged into slabs of dimension 2.0 in. * 0.75 in. x I where the 

longitudinal axis of the slab was perpendicular to the longitudinal 

axis of the ingot (Fig. 1(b)). Comparison of the test results from 

these two c .; igurations was based upon the fact that the microstructure 
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showed no preferred orientation in either case. The latter type of 

forging was performed r.o maximize the mechanical mixing of the ingot 

and further help to insure a chemically homogeneous material. 

B. Heat Treatment 

All test specimens were blanked from the forged ingots prior to 

heat treatment (H.T.) and machined subsequent to H.T. All heating 

except preliminary aging studies were performed in resistance type 

furnaces. No vacuum or special atmosphere was used for heats below 

800°C. Above 800°C specimen blanks were enveloped in stainless steel 

bags to prevent excess oxidation. Preliminary aging studies were 

performed using a low temperature salt pot (molten cyanide salts) with 

temperature control accurate to ±1°C during any particular heat. The 

temperature control of the resistance type furnaces was accurate to 

±2°C during any particular heat. 

All specimen blanks for mechanical testing were heat treated at 

900°C for 1 hr. and quenched to room temperature in agitated water to 

help insure an initially comparable microstructure subsequent to the 

various H.T. used here. 

Fig. 2 shows a schematic of the H.T. used here. In general, three 

separate cycles were employed and an aging treatment was added to each, 

resulting in six distinct structures. The first two consisted of the 

900°C/1 hr/W.Q. and the same structure aged at 444°C/4 hrs/A.Q. This 

corresponds to an as quenched and quenched and tempered structure, 

respectively. The second two structures are referred to as gamma cycled 

and gamma cycled and aged and correspond to the therual cycling shown by 
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the dotted lines in Fig. 2 to which the aging treatment is added. The 

final two microstructures are referred tu as grain refined and grain 

refined and aged. The G.R. structure consists of the y cycled structure 

to which a double 2 phase decomposition is added as shown by the dashed 

lines in Fig. 2. Again, an additional aging treatment is added. 

C. Dilotometry 

Dilotometry studies were conducted to ascertain the phase transfor­

mation temperatures of the alloys considered here. Hollow cylindrical 

specimens were machined from material which had been air quenched from 

a 900°C/1 hr. treatment. The specimens were 1 cm. lon^, 0,5 cm outside 

diameter with a 1 rem wall thickness. The specimens were heated in air 

at a constant 10°C/min. up to 850°C, held for 20 min. and cooled to R.T. 

at approximately the same rate. Expansion and contraction characteris­

tics of Y-»a and ct-+Y shear transformations respectively were recorded 

with respect to temperature. The results can be seen in Table 3. 

D. Mechanical Testing 

1. Hardness Testing 

Hardness tests were conducted using a Wilson Rockwell Hardness 

Tester and a "Erale" penetrator in conjunction with a 60 Kg load (A 

scale). A minimum of 4 readings were taken and an average value 

reported. Surface irregularities were removed in all cases by grinding 

on a 240 grit wet belt grinder. 
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2. Tensile Testing 

The tensile test specimens used in this study are of the type 

shown in Fig. 3. The tests were conducted on an Instron Testing machine 

using a constant cross head speed of 0.05 cm/min. and a gage length of 

0.5 in. resulting in a strain rate of 0.039/min. All yield strengths 

reported were generated from data using the 0.2% offset method except 

where noted. 

Tests conducted at 77°K (-196°C) were performed by immersing the 

test specimen in L.N- during the test. An atmosphere of L.He9 was used 

to generate data at 4.2°K. 

3. Charpy Impact Testing 

Charpy impact testing was performed using the specimen shown in 

Fig. 4 and test procedures according to ASTM E-23-64 axcept for C tests 

conducted at 4.2°K. The testing was conducted on a 225 ft-lb capacity 

machine with a hammer speed of 19.6 ft/sec. Data at 77°K were generated 

by immersing the specimen in L.H, prior to testing. Data at 4.2°K were 
24 generated using a technique developed in this lab. All values 

reported are based upon the average of two tests. 

4. Fracture Toughness Testing 

Fig. 5 shows the configuration and dimensions of a standard 

compact tension specimen used in all F.T. testing presented here. All 

procedures followed correspond to ASTM E-399-72. Data at 77°K were 

generated by immersing the test specimen in L.N„ during the testing. 

Data generated at 4.2°K were generated using a technique recently 

developed here in this lab. 



In all cases K n values were reported as per ASTM E-399-72. 

However, K values were also calculated and presented based on the 

equivalent energy concept which strives to extend linear elastic 
25 fracture mechanics to the realm of elastic-plastic behavior. The 

method was shown to have the ability to predict plane strain data based 

on elastic-plastic response in some cases. The K value is calculated 

as shown below: 

(A./A2)1/2f(a/w) 
K - = P« 3= 

where A^ = area under .'oad-COD curve to maximum load 

A„ = area under the curve to any point P in the 

ela^tfc region 

fU/w) = geometrical factor available in ASTM E-399-72 

B = specimen thickness 

v = specimen width 

a = crack length 

E. X-Ray Diffraction 

A Picker diffractometer (model 3488) was used to determine the 

volume percent of Austenite. A Cu tube was used at 40 kV and 14 ma 
0 

with a LiF monochrometer (A - 1.542A). 

Samples to be tested were spec ia l ly heat treated for X-ray 

analys is or were cut from a non-load bearing sect ion of a fracture 

toughness sp-cimen. The samples were ground to 4/0 energy paper and 

chemically polished in a 5% HF-H202 solut ion for 3 min. 
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Samples were scanned from 28 - 70° to 26 = 95° to generate the 

(220) , (2il) , and the (311) peaks. The volume percent austenlte was 

calculated using the equation 

1.12 I 
Vy " I + 1.12 I < « 

a Y 

where I = area under the (211) peak a a 
I = average value of the areas under the (220) and (311) 

peaks. 

Values reported here are those calculated from equation (2) 

although they are valid only to ±5% in amounts as low as 2%. If no 

indication of a (111) peak was present (26 = 43.7°) an austenite free 

structure was reported. 

F. Microscopy 

1. Optical Microscopy 

Where possible photomicrographs were taken from samples heat 

treated along with the test specimen blanks. Otherwise the samples 

were cut from mechanical test specimens. 

The samples were mounted in Bakelite using a Struers hot press. 

Fine grinding was performed on emery paper in four steps down to 4/0 

grade paper (t<10 um scratch size). Kerosene was used as a lubricant. 

The samples were polished using 1 urn diamond paste on a rotating wheel 

and 0.0S urn alumina In a vibrating slurry. 

In all cases the specimens were first etched using a 52 picric 

acid solution in H„0 to which about 1 gm per 100 ml solution of Na 
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Dodecylbenzene sulfonate was added as a wetting agent. The samples 

were submerged in the etching solution and placed in an ultrasonic 

cleaner. Final etching was accomplished using a 2Z nital solution 

applied with a swab. 

Photographs were taken on a Zeiss 64559 metallograph using Polaroid 

type 55 positive/negative film. For magnifications in excess of 1000X 

oil immersion was used. 

2. Scanning Electron Microscope 

Fracture surfaces from selected Charpy and F.T. specimens were 

photographed using a Jeolco JSM-U3 microscope with secondary emissions 

at 25 kV. 

3. Transmission Electron Microscopy 

Foils suitable for examination were prepared using a standard Jet 

polishing technique. Samples were cut from specially heat treated 

specimens at approximately 0.030 in. in thickness. These samples were 

thinned to approximately 0.004 in. using a solution of 57, UF in H O . 

2.3 mm discs were punched from the thinned samples and Jet polished 

using a solution of 

77 gms CrO, 

400 ml Glacial Acetic 

21 ml H 2 0 

at approximately 25 volts. 

TEM photomicrographs were taken on a Siemmens microscope using a 

100 kV accelerating voltage. All photographs were taken at 2Q.000X 

magnification. 
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III. EXPERIMENTAL RESOLTS AND DISCUSSION 

A. Aging Reaction 

Fig. 6 shows the result of extended aging times on this alloy. 

The curve for the 12N1-T1 ternary is included for comparison. A 

temperature of 443°C was chosen because it lies at the lower boundary 

of the normai maraging temperature range. A low aging temperature was 

thought desirable for the following reasons: 

1) to promote the retention of the high dislocation density and 

a finer precipitate dispersion 

11) to retard the formation of austenite due to 2 phase decompo­

sition 

ill) to Increase the degree of supersaturation of Mo in Fe-12Ni 

matrix. 

It is clear that the 4Co-2Mo alloy is stronger in the as quenched 

condition tha. the ternary alloy. This is most probably due to the 

solid solution strengthening effect of Ho. 

Fig. 6 provides evidence of precipitation on this alloy. While the 

ternary alloy is decreasing in hardness the 4Co-2Mo alloy is slightly 

increasing in hardness. 

The formation of tnetastable austenite at R.T. due to a low tempera­

ture aging treatment in the 2 phase region would invariably be 
28 associated with a rapid decrease in hardness. No such rapid hardness 

decrease is present out CJ ISO hrs. Also, X-ray analysis confirmed the 

absence of any r phase present at R.T. due to the 4 hr. aging treatment 

for both the quench and temper structure and the v cycled and aged 

structure. 
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H. As Quenched and Quench and Temper Structure 

Fig. 7 shows the cucrostructure of the 4Co-2Mo al loy in a quenched 

condition f*-) and a quench and temper condition (b) . (a) shows the 

rassive martensitic structure normally associated with Fe-Ni-low C 

a l loys in t h i s range of Ni content. The structure i s very "clean" and 

no prec ipi tat ion or grain boundary decoration can be seen, (b) i s 

ident i ca l to (a) except that some s l i g h t decoration of prior aus ten i t i c 

grain boundaries i s not iceable . The reason for the s e l e c t i v e etch 

attack at the grain boundaries i s not known but may be due to the 

migration of free i n t e r s t i t i a l s to the grain boundaries which represent 

areas of eas ier accomodation. Such e f f e c t s were noted in work with 

Fe-12Hi binary a l loys subjected to a ir cooling from the Y region. The 

decoration seemed to decrease as the Ti content increased. 

The prior austen i t i c grain s i z e can be seen from (b) to be 

approximately 10-12 um in diameter. 

Table 4 shows the t e n s i l e data for t h i s structure tested at 77°K. 

The % Elong. and % R.A. both suggest exce l lent d u c t i l i t y at th is temper­

ature. However, Charpy V-notch t e s t s conducted at 77*K showed an energy 

absorption of only 20 f t - l b for both s tructures . Fig. 8 shows the C 

fracture surface for both the quenched (a) and quench and temper <b> 

• p e d B t n s . Both surfaces c l ear ly show a predominantly tranagranular 

cleavage fracture code. The aged structure (b) showed cleaved facets 

approximately th» s i z e of the prior austen i t i c grain boundaries, while 

the imaged structure (a) did not show the saae correlat ion. Clearly, 

the g .b . in the aged struccure seen more a f f e c t i v e in inhib i t ing 

unstable crack propagation. 
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77°K was judged to be below the DBTT and no further work was done 

on this structure. 

C. Gamma Cycled and Gamma Cycled and Aged Structures 

Fig. 9(u> shows the microstructure resulting from the treatment 

shown In Fig. 2 by the dotted lines. Fig. 9(b) is, again, the same 

structure but aged four hours at 443°C as shown in Fig. 2, The isolated 

areas of somewhat laminar morphology are most probably caused by partial 

reversion of Y at high temperatures just prior to and during tue shear 
29 reaction a-t-y. The Y phase nucleates at martensite lath boundaries, 

and grows preferentially along those boundaries-- under the influence of 

enhanced Ni diffusion. Complete homogenization does not occur at 777°C 

due to the reduced diffusivity of Ni in F.C.C. Y iron. 

The decoration of prior austenltic grain boundaripJ is again 

apparent as a result of aging. The size of the prior austenite grains 

can be seen to have been reduced to approximately 4-6 urn in diameter. 

Fig. 10 and Fig. 11 show T.E.H. photomicrographs oi the imaged and 

aged structures respectively, both of which are in the 100 orientation. 

A highly dislocated substructure consisting of lath martensite is 

apparent in both figures. Comparison of the two structures reveals 

little difference. However, in Fig. 11 there appear to be very small 

dark areas which seem to lie along the dislocations. Although no 

definite conclusions can be Justified on the basis of these two photo­

graphs it is expected that these may be the dislocation nucleated 

precipitates reported for similar alloys. The lath size Is seen to be 
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approximately 0.5 pm In width. No indication of a second phase was 

noted in the diffraction patterns* 

Tahle 5 shows the tensile properties of the y cycled structure in 

both conditions. Comparison of data for 77°K (Table 4) show that t'.e 

Y cycling treatment increased both measures of strength by ^10 ksi with 

little if any sacrifice in % Elong. and X R.A. This can be attributed 

to a reduction in prior austenitic grain size. Table 5 clearly shows an 

increase in strength with decreasing temperature common to B.C.C. metals. 

The results of C impact testing are given below. 

C Energy (ft-lb), 7 Cycled Structure 

Condition 298°K 77°K '>.2°K 

imaged 

aged 

It is clear that the DBTT lies between 77°K and 4.2°K. Fig. 12 

shows the C fracture surface for both the imaged (a) and the aged 

structure tested at 77*K. Both surfaces exhibit dimple rupture fracture 

characteristic of an extremely high energy fracture. It is significant 

to note that aging results In a snail incraase in energy absorption for 

temperature above the DBTT. 

On the basis of the C results presented above fracture toughness 

teats were conducted at 77*K and the results are presented in Fig, 13. 

While aging Increased the toughness as measured by C testing, the F.T. 

tests showed a decrease In toughness with aging. These results show 

201. 

206. 

152. 

163. 

20.7 

16.5 
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that the aged structure has a K
Tp/c ratio of 1.3 which is excellent 

toughness at 162 K S ! yield. Fig. 14 shows the fracture surfaces 

associated with the F.T. dota. A quasi-cleavage fracture mode is 

apparent but here the facet size is approximately the same for both 

imaged (a) and aged (b) structures and generally corresponds to the 

prior uustenitic grain size. 

D. Grain Refined and Grain Refined and Aged Structures 

Fig. 15 shows photomicrographs of the G.R. (a) and G.R. and aged 

(b) microstructures. A homogeneous structure has been approached, i.e., 

there is no indication of a preferred orientation in the overall 

structure. The grain size ranges from 0.5 Mm to 5 Mm but most seem to 

be from 1 to 2 p . 

1. X-Ray Analysis 

Table 6 shows the results of quantitative analysis for austenite 

in a G.R. structure, unageu. All analyses were conducted at R.T. The 

samples were air cooled to R.T. where they remained during machining 

into test specimens. The data then refer to austenite present after 

reheating to R.T. from the temperatures noted. All samples were at the 

desired low temperature for a minimum of 3 rain. 

Since the G.R. structure is a v cycled struct e which has under­

gone a double 2 phase decomposition and no austenite was detected in 

the Y cycled structure ve oust conclude that the austenite reported in 

T'thlt* ft Is ttii' nut rails I onwd lit̂ '1 Ni v plu'st- f.t'iii'rult'tl in Hit* '.' pliiisi' 

region. Fe-Hl austenite is unstable at R.T. in Mi concentrations less 
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30 than approximately 25% ( w t . ) . Based on Fe-Ni binary da t a , the Ni 

content of y formed a t 670°C i s approximately 15% ( w t . ) . Even allowing 

for a range in these values due to elemental add i t i ons to the Fe-Ni 

binary i t i s highly un l ike ly tha t the a u s t e n i t e reported i s s t ab l e at 

&.T. and below. 

R. L. Miller observed metastable austenite in a similar ultrafine 

grain Fe-Ni low carbon alloy which remained untransformed even to 4"K. 

Although this effect is unexplained, Miller proposed that the austenite 
31 was present due to a "compartmentallzation,, effect. 

In order to check the character of the austenite in this a]loy a 

specially heat treated grain refined alloy was W.Q. to about R.T. and 

immediately quenched in L.N_ and held for 12 hrs. No austenite was 

found after this treatment. The nature of this austenite, then, is 

different from that reported by Miller. 

The behavior reported in Table 6 and described above can best be 

explained through a classic y stabilization mechanism. Free inter-

stltials act to pin dislocations in the ot-y interface (or in either 
32 phase) thus inhibiting the shear transformation. 

2. Mechanical Properties 

Table 7 shows a tabulation of tensile data generated at R.T., 77°K, 

and 4.2°K. Comparison of this data with the data in Table 5 shows the 

G.R. structure to be less strong than the Y cycled structure when 

tested at 298°K and 77°K. This is In direct contradiction to the Hall-

Petch relationship pnd known effects of grain refinement in similar 
q 

alloys. The reduced strength of the G.R. alloy may be the results of 
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metastable austenite present at the test temperatures. The comparative 

strength values at 4.2°K. are consiotent with the reduced amount of 

austenite at 4.2°K. 

Fig. 16 shows a plot of yield strength and U.T.S. vs. temperature 

for both the unaged and aged structures. The rapid decrease in strength 

with increasing temperature characteristic of B.C.C. materials is 

clearly seen and is, in this case, augmented by the increase in the 

amount of austenite with increasing temperature. 

Fig. 17 shows a graphical presentation of the results of Charpy 

impact testing at 298°K, 77°K, and 4.2°K. Clearly, 4.2°K is above the 

DBTT as measured by this test. Two facts c i be seen from the graph, 

the first of which is the rather large scatter at lower tec. eratures. 

The second is that the data does not plot a straight line as would be 

expected above the DBTT. The concave upward shape of the plot may be 

due to the variation in y present in the microstructure as a function 

of temperature. 

Figs. 18-21 show the results of fracture toughness testing at 77°K 

and 4.2°K along with the fracture surfaces relative to each. 

If Fig. 16 is compared to Fig, 11 and Table 7 is compared to 

Table 5 it can be noted that the K /a ratios for both the y cycled 

and the G.R. structures in both unaged and aged conditions are greater 

than 1* All four structures are tough at 77°K. However, the high Y.S. 

of the y cycled and aged structure gives it the best combination of 

strength and toughness* 

Fig. 19 shows a quasi-cleavage fracture surface characteristic of 

a high energy fracture. 
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Fig. 20 shows the result of F.T. testing at approximately 4°K. The 

unaged specimen is tough at this temperature with a K n/o ratio of .84. 
1L y 

Note the shear lip in the macrofractograph. However, the aged specimen 

exhibits a K /o ratio of 0.44 and a flat fracture surface. Fig. 21 

shows the microfracture surfaces. The unaged specimen (a) exhibits a 

rather fine quasi-cleavage structure while the aged specimen (b) shows 

much less dimple rupture and some indication of the riverlet pattern 

characteristic of transgranular cleavage, 

E. Some Observations on, the Effect of Aging 

Fig. 22 shows a plot of Engr. stress vs. Engr. strain for this 

alloy in both the unaged and aged condition for the as quenched 

structure tested at 77°K, Three effects of aging can be seen and are 

listed belr-

i) -clearance of an upper and lower yield point 

ii) increase in U.T.S. 

iii) work hardening rate is increased* 

The three effects can clearly be explained by the presence of a 

ppt. in the matrix. To check this further the ternary (Fe-12Ni-.01Ti) 

alloy was tested under the same conditions with the following results* 

Unaged Aged 

o U.T.S. % Elong. Z R.A. 
y 

o U.T.S. % Elong. % R.A. 

118.5 132 33 73 128/127 135 36.5 75 

All values reported in ksi. 
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An uppe.r and lower yield point also appeared but in an alloy 

presumably devoid of any precipitation. Clearly the 4Co-2Mo couple has 

little to do with the appearance of the yield point effect. 

The U.T.S. seems to be increased less in the ternary alloy than in 

the 4Co-2Mo alloy as would be expected due to predipitation in the 

4Co-2Mo alloy. 

The rate of work hardening is increased less in the 4Co-2Mo alloy 

than in the ternary alloy. To the extent that the % Elong. reflects 

the rate of work hardening it is clear that a Mo-Hi ppt. has little to 

do with the increase in work hardening. 

Further, the yield point effect due to aging was also noted for the 

y cycled structure tested at 77 CK and for the G.R. structure tested at 

both 77°R and 298°K. Tha yield point effect was not observed in the y 

cycled and aged structure tested at R.T. Note that an upper and lower 

yield point was observed in the G.R. and aged structure even when aging 

at 444°C occurred subsequent to 1 hr. aging at 670°C. This suggests a 

low temperature effect. 

A specially prepared tensile specimen was grain refined and aged 

at 444°C for 10 min. only. It was thought that if the yield point 

effect was caused by free interstitials the specially prepares specimen 

would also exhibit an upper and lower yield point. It did not. 

On the basis of the observations above we can say that: 

i) precipitation due to Mo-Ni during aging does not play a 

significant role in the appearance of an upper or lower 

yield point; 



22 . 

i i ) precipitation due to Mo-Hi during aging does not play a 

significant role in the increase in work hardening; 

i i i ) free i n t e r s t i t i a l s do not contribute significantly to the 

formation of an upper or lower yield point. 

Fig. 21 is taken from Floreen and clearly shows the effect noted 

here. The more rapid increase of the 0.02% offset yield stress suggest 

the formation of an upper and lower yield s t ress . It should be noted 

that both measures of the yield stress continue to rise until tin* 

presence of reverted austenite begin to effect the data. Also, i t 

should be observed that the U.T.S. is almost completely unaffected by 

this phenomenon. 

Although no data i s available concerning the toughness of ternary 

alloys after aging the implication here is clear. Although the cause 

of this effect is not known such aging treatments may represent a 

method of increasing the strength of an iron-nickel alloy in the absence 

of precipitation which i s known to be detrimental to toughness. 
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IV. CONCLUSIONS 

(1) Cryogenic alloy design utilizing a variant of the maraging 

steels proved to be a successful method of combining high strength and 

excellent toughness for low temperature application. 

(2) An Fe-12Ni-4Co-2Mo-0.5Ti alloy subjected to a straightforward 

Y cycling procedure to reduce the prior austenitic grain size to ^4-6 urn 

exhibited an excellent combination of strength and toughness at 77°K. 

The alloy had a yield strength of 151 ksi with a K „/a ratio of 1.9 

before aging and a yield strength of 162 ksi with a K /o ratio of 1.3 

after aging. 

(3) The same alloy subjected to a more complicated grain refine­

ment involving miltiple 2 phase decomposition to produce a grain size 

of 1-2 ym exhibited a yield strength of 205 ksi at 4.2°K with a KJ° 

ratio of 0.34 in the unaged condition. Aging produced a yield strength 

of 218 ksi but with a £„/<; ratio of only 0.425. 

(4) Aging resulted ia an increase in C energy for all test 

temperatures above the DBTT in both the Y cycled and G.R. structures. 

(5) Aging at low temperatures was found to increase the yield 

point independently of the U.T.S. and introduced an upper wid lower 

yield point. The cause for this effect was traced to the Fe-Ni 

"gettered" matrix but the mechanism remains unknown. 
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Table 1. Cryogenic Alloy Mechanical Properties 

Alloy 
73 •K 4-6,K 

Alloy 
Y.S. 
(KSI) 

U.T.S. 
(KSI) 

Cv 
(ft-lb) V 

(KSI/in) 

Y.S. 
(KSI) 

U.T.S. 
(KSI) 

C v 

(ft-lb) 
KIC 

(KSl/ln) 

9 Nl Steel 146 172 92 168* 208 231 75 73 

304 S.S. 81 235 128 * 
213 105 270 130 168* 

12Ni-l/4Ti-Fe bal. 149 154 115 307* 195 219 99 232* 

After S. Jin et al., Comparative Fracture Toughness Testing of Cryogenic Alloys at Liquid 
Helium Temperature Co.# N00014-69-A-0200-1062 MS 031-762 Tech. Rpt. 15 * Value calculated using equivalent energy concept. 

XBL 758-6848 



Table 2. Ingot Compositions 

Ingot No. Ni Co Ho Ti C 0 N p s 
* 749-26 12.08 3.97 2.0' 0.03 +0.001 - - - -
752-12 12.10 4.00 2.00 0.046 f0.001 0.060 O.O01 0.008 0.004 

* 749-24 12.03 N/A N/A 0.01 f0.001 0.050 0.001 0.004 0.004 

752-11 12.24 N/A N/A 0.13 - - - - -
754-26 11.90 3.94 1.89 0.050 - 0.00o - 0.010 -

* 
.All values reported in wt. % 
j. less than 
4 lb type ingot 

XEL 758-6849 
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Table 3. Transformation temperature. 

As Af Ms Mf 

749-26* 690°C 

749-24* 663°C 

742°C 

672°C 

460°C 

483 °C 

431°C 

458°C 
* Heating and cooling rate 10°C/min. 

KBL V.-685I) 



Table 4. Tensile properties at 77°K. 

As Quenched Quenched and Tempered 

oy* U.T.S.* Z Elong. % R.A. oy* U.T.S.* % Elong. % R.A. 

133.5 152.0 28.9 75.8 154/153 163.0 31.1 76.2 

Values reported in KSI. 

XBL 758-6851 



Table 5. Tensile properties, y cycled structure. 

Solution Condition Aged 444°C/4 hr/A.Q. 

Temp. * 
(Jy 

* Tensile % Elong % R.A. it 
ay 

* Tensile % Elong % R.A. 

298°K 

77°K 
• * * 4.2°K 

103.5 

151 

205 

110.0 

162.5 

218.6 

20.6 

24.2 

17.9 

86.1 

75.0 

67.2 

106.5 

162/161 

212 

113 

165.5 

226.5 

24 

32.9 

21.9 

86.1 

75.8 

69.5 

All values reported in KSI. ** 
Values based on one test. All others based on two. 

XBL 758-6853 
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Table 6. Volume % austenite.* 

Structure 298°K 77°K 4°K 

Grain Refilled 3% 2 - 1 / 2 % 1% 
Unaged 

Samples air cooled to R.T. and 
subjected to low temperature at some 
later time. 

"U. 758-6S1)' 



Table 7. Tensile Properties, Grain Refined Structure 

Temp. Solution Condition Aged 444°C/4 hrs/A.R. 
* rrv Tensile* X Elng. % R.A. * 0 y 

* Tensile % Elng % R.A. 

298°K 90.6 102 26.4 85.6 97.5/97.5 109 30.7 84.6 

77°K 136.0 153 30.4 78.8 153/153 159 32.8 77.4 

4.2°K 205 228 22.3 70.3 *218.5 *235 *22.3 *68.6 

All values reported in ksi 
Values based on one test, all others based on two 

XBL 758-6854 
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Fig. 2. Heat treatment schematic. 
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conditions. 

Fig. 12. Fracture surface of Charpy specimen y cycled in both unaged 

and aged condition tested at 77°K. 

Fig. 13. Fracture toughness data of Y cycled and Y cycled and aged 

tested at 77°K. 

Fig. 14. Fracture surface associated with fracture toughness tents 

above showing classical quasi cleavage fracture mode charac­

teristic of high energy fracture. 

Fig. 15, Photomicrographs of G.R. and G.R. and aged microstructure. 

2000X mag. 
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Fig. 16. Plot of o and U.T.S. vs. temperature for both aged and 

unaged structures. 

Fig. 17. Charpy data plotted vs. temperature. 

Fig. 18. Fracture toughness data from tests performed at 77°K. 
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Fig. 22. Engineering stress-strain curve illustrating the effects of 
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38. 

10 
I m 

m 
m x 
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