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MECHANICAL PROPERTIES OF SOME METASTABLE AUSTENITIC ALLOYS 

Dilip Bhandarkar 

Inorganic Materials Research Division, Lawrence Radiation Laboratory, 
Department of Materials Science and Engineering, College of Engineering, 

University of California, Berkeley, California 

ABSTRACT 

'!'he present investigation was ini tia:ted to gain additional information 

about certain metastable austenitic alloys which undergo a strain-induced 

martensiti.c transformation. The mechanical properties of these alloys 

were investigated as a function of the temperature of prior deformation 

and nickel content at various test temperatures. The properties were 

correlated with the progress of the transformation during straining. 

The results indicated that prior deformation in the neighborhood of 

MD was beneficial if the temperature of deformation was conducive to the 

formation of an optimum amount of precipitation of carbides. Prior 

deformation below MD resulted in the formation of some martensite during 

deformation and this increased the yield strength without considerable 

loss in ductility if the amount of martensite was limited and the MD was 

high. It was also found that austenite stability was an important 

factor that affected the mechanical properties. When the stability was 

very low, premature yieldi_ng occurred at low stresses because of stress 

induced martensite formation and this was accompanied by a low elongation 

and extraordinarily high strain hardening rate. Nickel additions 

stabilized the alloys and prevented premature yielding. 
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INTRODUCTION 

In recent years there has been a great demand for high strength 

materials, par.ticularly steels, The mechanical properties of steel, 

including the yield strength and the elongation, are primarily governed 

by the composition and heat treatment. In recent years, another dimension 

has been added to the t~aditional processing of steel, i.e., mechanical 

working in conjunction with heat treatment. 

Conventional heat treatment of steel with a view of increasing the 

strength results in low ductility. A departure from conventional heat 

treatment has been suggested as a means for obtaining high strength levels 

in·hardehable steels. Lips and Van Zuilen1 reported that unusually high 

strength could be developed in steel by warm working metastable austenite 

prior to quenching to room temperature. 
2 The work of Schmatz·and Zackay 

confirmed the feasibility of this thermal-mechanical treatment as a means 

to improve the properties of high strength steels. Further studies in 

this dire~tion3 ' 6 have proved that the high strength obtained is due to 

the fine carbide precipitation and high dislocation density as well as 

reduction in the martensite plate size. 

The limited elongation of most high strength steels is due to the 

tensile instability which begins at low levels of strain, leading to 

necking and fracture. The criterion for necking; viz.,~~= a postulates 

that the strctin hardening rate must increase in direct proportion to the 

yield. st:r·ength if necking is to be prevented14 . Barriers stronger than 

dislocation tangles must be formed during plastic straining if the 

strain-hardening rate is to be increased. Martensi~e plates can act as 

strong barriers to dislocation motion. Metastable austenitic stainless steels are 
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found to strain-harden at high rates when martensi te forms during 

straining. 8 The effect of strain-induced martensite in increasing the 

strain hardening rate is still greater in steels of higher carbon contents. 

This has led to the development of a new series of steels which are 

known as TRIP steels (TRIP stands for TRansformation Induced Plasticity). 

Preliminary investigations on these steels have indicated that high 

strength levels could be obtained with excellent ductility and fracture 

toughness: 7,9 The effects of carbon and manganese contents, amount and 

temperature of prior deformation and test temperature have been inves-

t . t d f' th . lO~ll iga e ~ er .. The high yield strength of these steels is 

attributed to the dislocation tangles and precipitation of carbides that 

occur during the prior deformation. After the prior deformation treat-

ment in the austenitic state, the steels are rendered susceptible to 

the strain induced transformation to martensite on further straining 

below the ~ temperature. The formation of strain induced martensite in 

local regions of high stress or strain prevents necking in those regions 

and the neighboring regions start to yield. Thus the transformation 

proceeds with the propagation of the Luder's band along the gage section 

of the tensile specimen. This consider.ably hardens the gage section 

and prevents fracture until the whole. section has been transformed. 

The present status of knowledge about TRIP steels encompasses a 

fairly good understanding of the basic"strengthening mechanism, but 

there is still scope for the development of explicit theories that can 

predict the behavior of these steels under various experimental and 

service conditions. The present investigation was initiated with a view 

. of studying factors such as the effects of austenite stability, 
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temperature of prior deformation, rate of transformation during straining 

and also the so called phenomenon of "premature yielding". 

Stability of austenite· is controlled by composition and test 

temperature. The present investigation studied the effect of additions 

of nickel; The effect of austeni te stability on the mechanical properties 

has been investigated before in austenitic stainless steels.
8 ' 12

,13 

Stability governs mechanical properties because mechanical properties 

depend on what stage in the straining the transformation tO martensite 

begins and this in turn depends on how stable the austenite is. In this 

investigation,_ the austenite stability was varied by varying the 

nickel content and test temperature. Temperature of prior deformation, 

as a factor affecting mechanical properties has been studied before. 10 

The present study included prior deformation temperatures close to and 

below the ~ tem~erature. Temperature of prior deformation controls the 

mechanical :properties by influencing the extent of precipi tat_ ion and 

the resulting dislocati.on configuration. The formation of martensite 

during prior deformation, as happens when the prior deformation is given 

below the MD temperatu:re, can result in an increase in yield strength. 

One of -the most important factors is the progress of the transformation 

during straining. The rate at which the transformation proceeds 

determines the rate at which the steel strain hardens. It was proposed 

to study the progress of the transformation as a function of strain at 

different test temperatures and with different temperatures of prior 

deformation. Another phenomenon that was investigated in the present 

stl.ldy was the ·yield.1ng at low le. vel~ or stress that occurs when 

austenite is highly unstable. This has been referred to by Kulin~ et al. 

··-
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as the stress induced transformation to martensite and the term 

"premature yielding" suggested by the same authors can be used synonymously. 

Premature yielding is not desirable because it results in low yield 

strength and low elongation. Factors that can prevent this were studied. 

The investigation was complemented by a study of pure iron nickel alloys 

that d.id not · contain' t?ar.bcm. The behavior of these alloys .was compared 

with the carbon-conaaining alloys. 

.. 
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2 .. Experimental Procedure 

A.. Selection of Alloys 

Two main series of alloys were selected for this investigation. 

The series with carbon was selected on the basis of previous work on 

. . . t 1 7;10,16,17 high strength metastable austen1t1c s ee s. The nickel content 

was varied to get alloys with different stabilities of austenite. The 

MD temperatures of these alloys varied from above.room temperature to 

below .;..196°C. The M temperature was below room temperature so that the s 

alloys were austenitic on quenching to room temperature. 

The alloys without carbon were Fe-Ni compositions containing 

different percentages of nickel from 20% to 30%. Two of these alloys, 

h and i; are known to undergo strain-induced transformation to marten-·. 

"t 18,19 si e. The less stable of the two (h) had an~ above room tempera

ture and an M below room temperature and the alloy i, which was more s 

stable had both MD and Ms below room temperature. The other two alloys in 

this series were designed.to be on either side of the stability range 

mentioned above. 

The chemical composition of the alloys is given in Table 1. 

B. Processing of Alloys 

Raw materials of purity 99,99% were employed in preparing the 

alloys by induction melting in a helium atmosphere. The molten alloys 

were caet into water-cooled cop!Jer :molds to get 16 lbs .. ingots. The 

ingots were homogenized for 3 days at ll00°C and forged at 1100°C to 

2-1/2" .x 1-1/2" section. Further reduction to a thickness of 1/4" 

was carried out by rolling at 450°c. The plates were then austenitized 

in stainless steel heat treating containers. An austenitizing tempera-
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ture of 1200°C for 2 hours was employed for the series of alloys with 

carbon and 1150°C for 1/2 hour for the carbonless series. Austenitizing 

was followed by a brine quench. 

The plates were then pickled to remove the surface scale. The 

aqueous pickling bath employed contained 10% nitric acid, 1-2% hydrochloric 

acid. The temperature of the bath was maintained between 38°C and 6o0 c. 

The time of pickling was three minutes. 

The material was then deformed 70% at various temperatures by 

rolling. Rolling at temperature· above room temperature was carried out 

using preheated rolls. The sheets were heated between passes to the 

rolling temperature. When rolling was carried out at room temperature, 

the sheets were cooled in water between passes. Cryogenic baths of 

dry ice in ethyl alcohol and ethyl alcohol in liquid nitrogen were used 

for rolling temperatures of -78°c and -120°C respectively. The time 

required for rolling was two hours or less in all cases. To avoid 

excessive.heating during rolling small reductions were given at a time. 

The plates rolled at temperature above room temperatures were water quenched. 

C. ... Mechanical Tes tins 

Tensile specimens were prepared f'rom the rolled ::;heets. The 

dimensions of the tensile specimens are shown in Fig. 1. Testing was 

performed on an Instron testing machine using a crosshead speed of 0.1 

cm/min. 

Room temperature tests were performed in air. For tests at -78°C 

the specimen was kept immersed in a mixture of dry ice and ethyl alcohol. 

Uquid nitrogen bath was used for tests at -196°c. 
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Gage marks were punbhed on the specimen so that the elongation 

could be measured by means of a traveling microscope graduated in 0.002 mm. 

Engineering stress could be calculated using the original cross sectional 

area of the specimen. To study the strain-hardening behavior, it was 

necessary to draw the flow stress curves. The strain hardening exponent 

(n) is related to true stress (cr) and .true strain ( E) by the reiJ:.ation 

a = A En 

where A is a constant known as the strength coefficient •14 

By differentating and solving for n 

n = d(log cr) 
d( log E) 

Log-log plots of true stress and true strain were plotted, from which 

the strain hardening exponent was determined as the slope of the straight 

line in the region of strain hardening, after .the Luders strain and be-

fore necking. 

D. · Magnetic Testing 

The· saturation induction of the specimen was measured before, during 

and after.tensile testing. The permeameter employed for this purpose 
. . 20 

has been described elsewhere. Percentage of martensite could be cal-

culated from the satrtluttation induction. Tensile tests at room temperature 

and at -196°c were accompanied by continuous magnetic tests. For tests 

at -78°'C, the specimen had to be unloaded and removed from the grips 

every time a magnetic reading was desired. A specimen containing less 

than.1% martensite,' as indicated by the magnetic testing, was assumed 

entirely austenitic. 

Only the series of alloys with carbon could be tested in this way 

because in this series of alloys the austenite >i'as non-magnetic whereas 
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the martensite was ferromagnetic. In the carbonless alloys under con

sideration the austenite was ferromagnetic because of the high nickel 

content and the increase in saturation induction due to martensite 

formation could not be detected. For this reason, optical microscopy 

was employed to follow the transformation where necessary. 

B.· Optical Microscopy 

Mechanical polishing was employed since it was found that no 

significant amount of martensi te was nucleated by 'polishing in this 

manner. The specimens were etched in a solution containing 5.0 gm of 

cupic chloride, 100 ml hy.drochloric acid, 100 ml methyl alcohol and 

100 ml water. 
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RESULTS 

A. Alloys Containing Carbon 

The tensile properties of these alloys are listed in Tables II 

through X. All these alloys ~ere given a prior deformation of 70% 

at various temperatures and tested at 2?°C, -78°C and -196°C. In Tables 

II through VI the p~operties for a particular test temperature are 

listed in each table, and in Tables VII through X the properties for a 

particular alloy are listed in each table. 

The yield strength, ultimate strength and percent elongation are 

plotted as functions of the temperatures of prior deformation in Figs . 

. 2 through 5, 7 through 10 and 12 through 15. The yield and ultimate 

strengths. were found to decrease first, then increase, reach a maximum 

and then decrease, as the temperature of prior deformation was increased. 

The peak in the strength was recorded at around 250°C-350°C. Elongation 

values iiwreased, then decreased, increased again and then decreased 

again as the temperature of pri:or deformation was increased. 

The transformation to martensite during straining was fo~lowed by 

magnetic testing and some typical variations of percent martensite with 

percent strain are shown in Figs. 20 through 22. The transformation 

initiated at a low rate, then the rate gradually increased, reaching a 

maximum when about 10-15% martensite was formed as a resuJ:t of straining 

alone and then decreased. The initial rates were higher for alloys 

deformed previously above ~· At low temperatures of testing, the 

alloy b deformed previously at 450°c formed a large amount of ~artensite 

~L the yield point observed in the stress-strain curve. There was no 

detectable transformation below this point. Alloy c showed two maxima 
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in the rate of the transformation. 

Figure 25 shows the variation. of yield strength, ultimate strength 

and elongations for alloy b deformed previously at 450°C and tested at 

22°c, -78°c, -196°c. The yield strength was a minimum at around -80°C. 

B. Alloys Without Carbon 

The tensile properties of' these alloys are listed in Tables XI 

thro'l.i.gh. XIII. 'l'hP yi Pl ii Rt.rFrngth, ultimate st:remi;th and percent 

elongation are plotted against the temperature of prior deformation for 

alloy i in Figs. 6, 11 and 16. Yield and ultimate strength showed a. 

decrease with increase in the temperature of prior deformation and then 

stayed constant. The properties are plotted as a function of test 

temperature for different alloys in Figs. 17 th~ough 19. 

The transformation to martensite was followed qualitatively by 

metallographic studies. Figures 23 and 24 gi've the structure of alloys 

h and i respectively for some cases of interest where it was necessary 

to interpret the mechanical properties in terms of the martensite 

transformation. . " 

. : 
I 
I 
I 
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DISCUSSION 

A. Variation in.Mechanical Properties with the Temperature 

of Prior Deformation 

Yield strength is plotted against the temperature of prior deforma

tion in_ Figs. 2 through 6; ultimate strength is plotted against the 

temperature of prior ~eformation in Figs. 7 through 11; and elongation is 

plotted against the temperature of prior deformation in Figs. 12 through 16. 

Ip the alloys that contained carbon, it was found that as the 

temperature of prior deformation was increased, there was first a decrease 

in yield strength, and then an increase, with a maximum in yield strength 

occurring at around 250°c to 350°C, before a drop occurred at.higher 

temperatures (Figs. 2:-5). 'l'he maxima that occurred around 250°c to 350°c 

are believed to be due to carbide precipitation. In other investigations 

with similar alloys, maxima have been found at 450°c. This has been 

taken to mean that prior deformation at 450°c gives the optimum properties 

for TRIP steels. The findings of the present investigation, however, 

prove that thi,s need not be the case for all the alloys that belong to 

this category of steels. The optimum temperature varies with the 

composition of the alloy. Whereas considerable variations in the percent 

of nickel do not show considerable variations in this optimum temperature, 

the addition of a new element may affect this temperature considerably. 

The drop in yield strength with temperature of prior deformation 

at higher temperature is due to two factors. One is the direct effect 

of precipitate coarsening. This is similar to the effect that occurs 

in the age-hard1::rnlng uf aluminum alleys. The second effect is the one 

that occurs as a result of the decrease in stability of these alloys. 
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With greater amount of precipitation taking place at higher temperatures 

of prior deformation, a depletion of carbon and carbide forming elements 

occurs and the stability of the alloys with respect to the martensitic 

transformation decreases, and the~ temperature increases. When tested 

at any temperature below~' martensite can form at low levels of stress. 

The stress induced formation of martensite can cause gross yielding in 

t 'l . 5 ,15 he tensi e specimen. This effect is discussed f'urther in a later 

section. The high yield strength with lower temperatures of prior 

deformation was accompanied by a decrease in the elongation. This 

occurred because a considerable amount of martensite formed when prior 

deformation was given at temperatures far below the MD temperature. The 

presence of large a.mounts of rnartensi te prior to testi1ig caused a. 

considerable loss in ductility. 

In the iron-nickel alloys without carbon there was no maximum in 

the yield strength at higher temperatures of prior deformation and the 

yield strength did not vary with the temperature of prior deformation 

as long as this temperature was above MD (Fig. 6). In these alloys 

there was no precipitation taking place, so the stability did not vary 

with the temperature of prior deformation. The dislocation configurations 

produced as a result of prior deformation can vary with the temperature 

of prior deformation, but the absence of difference in the mechanical 

properties with prior deformation temperatures up to 200°C indicated 

that the dislocation configurations were not different for temperatures 

below 200°C. The variation in mechanical properties with prior 

deformation temperatures below MD followed a similar trend as with the 

steel compositions. Yield strength and ultimate strength increased 
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whereas elongation decreased. This is indicated in Figs. 6, 11 and 16 

for alloy ~· 

In both series of alloys, it can be seen that there is no inverse 

relationship between strength and ductility. This behavior is due to 

the strain induced transformation to martensite that takes place. In 

this connection, Bressanelli and Moskowitz12 have shown that the 

mechanical properties of alloys in which a strain induced transformation 

to martensite occurs during testing depends on what stage in the 

straining the transformation starts. 
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B. Transformation to Martensite During Testing and Its 

Effect on Mechanical Properties 

The alloys that contain carbon have their Ms. temperatures suppres~ed 

to below -196°C after 70% deformation as a result of mechanical stabili-

zation. This effect is absent in iron-nickel alloys that do not contain 

carbon. So, whereas the former series of alloys was always tested above 

M , some tests in the latter series were below the M and therefore the s . s 

effect 01' a thermal martensi te ::;l1uu.lu also be considered. 

1. Alloys with Carbon 

a. Alloy b (8% Ni) This alloy was found to have an~ temperature 

slightly above 150°C. It _transformed during testing at all the three 

test temperatures employed. The progress of the transformation during 

testing at 22°C is shown in Fig. 22 as a function of percent engineering 

strain for different temperatures of prior deformation. The variation 

of the· a.mount of martensite with strain shows that the initial rate of 

transformation increased with strain, reached a maximum, and then 

decreased, as in the investigations of Angei. 13 It was found that the 

initial rate of transformation was higher with prior deformation ~bove 

~ temperature .than with prior deformation below ~· This is because 

prior deformation below MD causes some martensite to form during 

deformation. This causes some of the strain embryos to be used up as 

martensite nucleates at these embryos. As a result, martensite nucleates 

at fewer nuclei during testing. If tbis argument is true, then the 

initial rate should be lower with a prior deformation at 25°c than with 

a prior deformation at 150°C, since the former causes more nuclei to be 

used up by formation of more martensi te. This _is actually the case 

observed (Fig. 22). The initial rate of transformation with prior 
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deformation at 450°c was closer to the rate. observed for 150°C than to 

the rate observed for other temperatures above MD. This is probably 

because, when prior deformation is given· at 450°C, carbide precipitation 

occurs at some strain embryos, thus inhibiting martensite formation at 

these embryos. This leaves fewer nuclei for initial nucleation of 

martensite during testing. 

·.The dec::i:·ease in the rate of transformation during testing began 

after the formation of about 10-15% martensite as a result of testing 

alone, and the initial amount of martens"ite present before testing did 

not seem to have any effect on this. 

Room temperature tests for tensile properties indicated .. that· 

the ... !llloy· had good properties. when prior deformation is given at 150°C .. 

Very little, if any, precipitation can be expected to take place at 

150°C. The comparatively high yi.eld strength was ·therefore due mainly 

to the small amount of martensite that was present. Another interesting 

result was the yield strength of 281,000 psi with an elongation of 22.6% 

when·the J?rior deformation was given at 25°c resulting in the formation 

of about 33% ma.rtensite. 

This alloy was the least stable in the series. The premature 

yielding due to martensite formation occurred during testing at -78°c 

and -196°C. Though not very obvious, this effect was probably present 

to a slight. degree even at 22°C. Fi~ure 21 shows the variation of the 

amount of mar.tensite as a function of percent strain for the alloy 

previously deformed 70% at 450°c and tested ~t 22°c, -78°C and 196°c. 

At the .Lower temperatures there was ho transformation in the straight 

line portion of the stress-strain curve: At the yield points of the 
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stress-strain curves, a large amount of martensite was formed. On the 

other hand, at 22°C martensite formed gradually with increasing amounts 

of strain. 

b. Alloy c (12% Ni) The increase in ·nickel content to 12% caused 

consi~erable stabilization of·the austenite. The alloy did not transform 

during testing at room temperature. However, transformation was observed 

when tested at ~78°C. Excellent combinations of strength and ductility 

were obtained for all temperatures of prior deformation above 120°C. 

The latter formed some martensite during rolling and this considerably 

decreased the elongation. A yield strength of 195,000 psi with an 

elongation of 51. 7% was observed when the temperature of prior deformation 

was 200°C. The stress-strain curvE! for this alloy with this treatment 

is given in Fig. 27. The variation of percent martensite with percent 

strain is shown in Fig. 20. The variation shows maxima in the rate of 

transformations at two points. After the initial increase and decrease 

in the rate of transformation, there is another similar variation 

starting at a strain of about 20%. The cause of this is not exactly 

known. It seems to indicate that once one kind of nuclei are used up 

by the transformations, another set of nuclei are activated when the 

stra.in reaches about 20%, or when the stress corresponding to this 

strain is reached. 

This alloy seemed to have the optimum stability of austenite with 

70% deformation at 200°C and at a test temperature of -78°c. The superior 

properties can be attributed to the fact that the transformation to 

martensite takes place in the most desirable manner and rate to prevent 

tensile.instability. This should be a guide line for design of new 
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alloys. Under the conditions mentioned above, the alloy had an~ 

temperature of about 20°C. In comparison with alloy b, it can be seen 

that a.1~%.addition of nickel had depressed the M by about 140°C. This 
·D 

is in contrast to a nickel factor of 9.5°C/percent nickel predicted by 

13 . 
Angel for the ~( 30) temperature. Another factor to be noted is that 

for obtaining the excellent properties, the test temperature was about 

80-90°C below the ~ temperature. To obtain such properties at room 

temperature the MD should be raised. This can be done by decreasing 

the nickel content to about 9-10%. 

c. Alloys with Higher Nickel Contents Increasing nickel contents 

above 12% stabilized the steel considerably. The MD was lowered to -120°C 

with 16% Ni and to about -196°c with 20% Ni. The alloy d with 16% Ni 

exhibited the best combination of ductility at -196°c' .which is about 8o 0 c 

below its MD temperature. With a prior deformation of 70% at 450°c, a 

yield strength of 228,600 psi and an elongation of 37% were obtained, 

whereas prior deformation at -120°C which is close to and slightly below 

the MD temperature, gave a yield strength of 348,500 psj_ and an elongation 

of 8.4%. The alloy with 20% Ni was very stable and showed very little 

transformation at a test temperature as low as -196°C. 

2. Alloys Without Carbon 

Ot: the four alloys in this series, the alloys f and j did not 

undergo a strain induced transformation to mar.tensi te. The former was 

martensi tic as quenched and the lat·ter was austeni tic even after testing 

at -196°C. For the other two alloys, the transformation was followed 

only qualitatively. 

a. Alloy h (29% Ni) This alloy was found to have an M of -20°C 
s 
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and an MD of 150°C. Prior deformation at 25°c caused the formation of 

martensite (Fig. 23a). Further transf'ormation occurred during testing 

at room temperature and a high elongation was obtained. The micro-

structure after testing showed more martensite than before (Fig. 23b). · 

At the test temperatures of -78°C and -196°C, athermal martensite 

formed on cooling to the temperature. The1·e was ::; Llll ::;u11it= allli Leni te 

left after the formation of strain induced martensi te during rolHng and 

athermal martensite on cooling to -78°C (Fig. 23c). Since t.he test 

temperature was below M , this austenite was extremely unstable and s 

transformed at a relatively low value of stress. This happened in spite 

of the fact that martensite present before testing strengthened the 

alloy to. some extent. Cooling to -196°C almost completely transformed 

the alloys (Fig. 23d) and the mechanical properties observed were 

characteristic of a fully martensitic structure. 

b. Alloy i ( 3l1% Ni) This alloy ha.Q. its MD below room temperature 

and therefore it did not transform during testing at room temperature. 

At lower temperatures of testing (-78°C and -196°C), the alloy could 

transform. The transformation prevented tensile instability, and 

resulted in higher elongation values than at room temperature. This 

alloy was susceptible to premature yielding at test temperatures above 

M . This was shown by the lower yield strength at -78°c, and -196°C s 

than at 22°C. However, unlike alloys with carbon, premature yielding 

in carbonless alloys did n~t cause a very serious loss in elongation, 

presumably because the iron-nickel martensite was quite ductile as 

compared to the iron-carbon martensite. 

Martensite formed during prior deformation when the temperature of 

! 

' i 

.. :! 
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prior deformation was below MD. The remaining austenite did not transform. 

during testing at -78°C. Since it was known that there was no mechanical 

stabilization in iron-nickel austenites, it must be concluded that the 

martensite formed during rolling must have been responsible for.this 

behavior. Once some _martensi te ha.d formed during rolling, it rTas harder 

to transform. the remaining austeni te by further straining at temperatures 

above Ms. However, if further st~aining took place at temperatures 

below Ms, as when testing at -196°c, the alloy was unstable and readily 

transformed to martensite. Figure 24b shows athermal martensite which 

formed on cooling to -196°c after a prior deformation of 70% at 200°c. · 

When tested at -196°C the difference between prior deformation 

temperatures above and below MD was that the latter caused a lower 

elongatioi1 due to the higher amount of martensi te that it had before 

testing. 
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C. Effect of Prior Deformation Around and Below MD 

The effect of prior deformation was to incorporate a high d~sloca-

tion density in the alloy so as to increase the yield strength. If the 

deformation was carried out at high enough temperatures, some precipi-

tation took place during deformation. In the undeformed alloy , 

temperatures as high as 500°C may be needed to cause .r,.iredrii tat ion 

because diffusion rates are low. In t.he d~f9rmed alloys, on the other 

hand, temperatures ~ low as 200°C can be. expected to induce precipitation 

since both nucleation and diffusion ar.e enhanced by pla,stic deformation. 

When the prior deformation is given below the MD temperature, these 

strain embryos can nucleate martensite as well.
21

•
22 

It is not desirable 

to have too much martensite formed in this wa:y as it can cause a 

cons.iderable decrease irt ductility" as found in alloy "c" ... deformed at 

-120°C and tested at -78?c. A significant result found_ with alloy "b" 

was that 32% martensite formed il'J. thiS manner did not caus'e a very large 

decrease in elongation. The yield strength of this alloy ·when tested 

at 22°C was 281,000 and the elongation was 22.6%. 

Prior deformation in the ne.ighborhood of MD imparted the best 

combination of strength and ductility. to alloy "b" at 22°C, but ·not at 

-78°C. When tested at the latter temperature, prior deformation 

temperature of' 250°C seemed to be the bes:L. So it follows that the 

stability at the particuJ.ar test temperature is an imp9rtant factor in 

determining the properties. A prior deformation temperature of' 250°C 

caused· more precipitation and hence rendered the· .alloy more unstable than a 

.l:'rior defo1·mation temperature of 150°C. ·The decrease: in 8t.i:i.bili ty 

tended to decrease yield strength and elongation '.fh~reas precipitation 
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tended to increase the yield strength. Then there :was also.the, eff~~t 

of test .temperature on stability. As the test temperature was decreased, 

stability decrease'Ci. Decrease in test temperature also increased the 

strengthening due to precipitation. The overall effect of all these 

factors was the following: with a prior deformation at 150°C, there 

was little, if any, precipi ta·tion and therefore there was no factor 

which could resist the tendancy for a decrease in. yield strength with · 

decrease in stability through a decrease in test temperature. On the. 

other hand, prior deformation at 250°C caused some precipitation 

strengthening, th.e effect of which increased. with a decrease in test 

temperature and this resi'sted the tendency for the yield drop; 

The differences in.·meclianical properties that arise out of a 

difference in prior deformation temperature are due to.the temperature 

level per se and'.not due to the relative difference between the 

temperature and~· When we say the dif'terencesare .due to the 

temperature level per se, we mean the precipitation and dislocation 

arJ:tangements characteristic of deformation.atthattemP,erature. However, 
.. 

if the temperature of prior deformation is below the MD temperature so 

that a significant. amount of martensi te. is formed duri.ng prior 

. deformation, the properties are improved depending on the stability of 

the alloy and the temperature of prior deformation. 
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D. "Premature" Yielding 

It has been observed before that the martensite transformation may 

be regarded as a deformation process that competes with the usual slip 

process. With decreasing temperature, the critical resolved shear stress 

for. slip increases whereas the resistance to martensi te formation 

decreases. When the alloy is relatively unstable, the transformation 

can be induced by tensile stresses within the elastic range. 15 The onset. 

of the transformation can cause gross deformation of a tensile specimen 

resulting in premature yielding at abnormally low levels of stress. 

This effect was found in the alloy b. This alloy exhibited a lower 

yield strength .at -78°C than at 22°C for all temperatures of prior· 

deformation. The effect was particularly noticeable when the prior 

deformation was given at 450°c. Figure 25 shows the variation in tensile 

properties with test temperatures for steel b deformed 70% at 450°c. At 

this relatively high temperature, significant amount of precipitation 

must have taken place, thus depleting carbon and carbide forming 

alloying elements from the austenite matrix. Considerable coarsening 

of the precipitate also must have taken place. In this condition the 

alloy ~as relatively weak and unstable. The stability decreased with 

decrease in test temperatures whereas the matrix strength increased. 

The former caused a decrease in yield strength due to premature yielding. 

Accordingly the yield strength dropped from a value of 145,000 psi at 

22°C to 84, 200 at -·78°C. If the former factor. above continues to 

operate, the yield strength should be still lower at -196°C. However, 

the strengthening of the matrix with decrease in temper.ature can resist 

yielding and accordingly a slightly h~gher yield strength was observed 
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at -196°c. The presence of these effects is indicated by the curves 

that show the variation of percent martensite with strain (Fig. 21). 

There was no· formation of martensite in the straight line portion of the 

stress-str'ain c.¥ve, but at the "yield point" there was formation of a 

large a.mount of.martensite. Once a large amount of martensite was 

formed, there was rapid strain hardening and a high ultimate strength was 

recorded along with a low elongation. Figure 26 shows the stress-strain 

curves at different test temperatures for this alloy. The strain 

hardening exponents were as high as 1.28 and 1.1 for test temperatures 

~18°c and ~196°c respectively. 

Premature yielding was present in the alloys without carbon also. 

Alloys that were:deformed above~ and tested.below MD exhibited low 

yield strengths at··-78°c and -196°c (Fig. 17). However, in these alloys 

the yield drop was not so serious as in the s.teel compositions. Moreover, 

no yield. point resulted in these alloys due to prf:?mature yielding. There 

was gradual and continuous yielding. This was probably because the 

formation of iron-nickel martensite did not cause very high.stresses in 

the austenite matrix and also, martensite in these alloys was more 

ductile and thus deformed without a sharp yield point. 

In spite of a high ultimate strength and.strain-hardening rate, 

premature yielding is not desirable as it causes considerable decreases 

in elongat.ion and yield strength. The present investigation showed 

. • . ! 

that there are three ways by which premature yielding can be resisted: 

These are (1) Increasing the stability of an alloy by increasing the 

·nickel content.~. preiuature yielding was found in alloy b ( 8% Ni) 

whereas it was absent in alloy c (12% Ni). The addition of 4% nickel 
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decreased the ~ by about 140°C so that the stability at low temperatures 

was greatly enhanced. (2) Forming some martensite durine; pri.or 

deformation. The martensite that formed hardened the steel by a 

"dispersion hardening" effect. The amount of martensite was critical. 

Too little martensite was not effective (alloy b. with prior deformation 

at 150°C) whereas too much martensite ca.u.sed a considerable decrease in 

elongation (alloy c deformed at -120°C and tested at -78°C). (3) Causing 

optimum amoilnt of precipitation during deformation. This was found in 

allq~ b. deformed at 250°C. Here premature yielding was resisted to 

some extent.· due to the strengthening of the matrix by precipitation of 

alloy carbides. 

The first two factors are more effective than the last one. 



-25-

SUMMARY AND CONCLUSIONS 

In the carbon-containing alloys, the.variation of yteld strength 

with the temperature of prior deformation showed a maximum at a certain 

temperature of priordeformation. For the different alloys considered 

in this investigation the maxima occurred in the temperature range 

250°C-350·°C. These maxima corresponded to an optimum precipitate size 

a.nd became less. pronounced as the nickel content of the alloy was in-

creased. The alloys without carbon did not exhibit the maxima. 

Martensite formed when prior deformation was given below ~· If 

the ~ was high, this caused an increase 'in yield strength on. subsequent 

testing, without causing a large decrease in ductility. In steels with 

low ~' however, there was a significant decrease in elongation when 

large amounts of marternlite were formed during prior deformation. 
'-

The stability of austenite was an important factor that controls 

the mi:ochRn:i.r.al properties. When austenite stability is very low, 

martensite can form at low stresses during testing, and formation of 

martensite can cause gross yielding of the tensile specimen. This is 

termed premature yielding and this results in a low elongation and high 

ultimate tensile strength with extraordinarily high strain hardening 

rates. Premature yielding during testing can be resisted 'by forming 

martensite during prior deformation, or by increasing the austenite 

stability by increasing the nickel content. With respect to the latter, 

it was found that a 4% increase in nickel content caused a decrease of 

about 140°C in the ~ temperature. 

8 0 0 h t A difference of about 0 C~90 C between t e test emperature and 

l'1J was the most beneficial for mechanical properties. 
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The formation of martensite during testing st::i.rted at a low rate 

initially. The rate gradually increased, reaching a maximum when about 

10-15% martensite was formed, and then decreased. The initial low rate 

was not noticeable when the austenite stability was very lowo Instead, 

a very high rate was observed at the "yield point" observed in the 

stress-strain curveo 

In alloys that were deformed previously below ~ to form martens·ite, 

the va.riation of' initial n1.~e of murt•:.nsite formation during testing 

showed a decrease with decrease in the temperature of prior dei'ormationo 

·.) 
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Table I. CHEivIICAL COMPOSITION OF THE ALLOYS 

Alloy Alloy Alloy 
Series No. Designation wt. % Cr wt. % Ni wt. % Mn Wt. % c wt. % Fe 

I 691-12 'b 9 .8 2 0. 325 Balance 

691-13 c 9 12 2 0.290 Balance 

691-14 d 9' 16 2 0.292 Balance 

691-15 e 9' 21. 4 2 0.287 Balance 

II 692-10 f 20 Balance 

692-12 h 29 Balance I 
\>I 
1--' 

692-13 i 33.7 Balance I 

692-14 j 37,8 Balance 



Table II. PROPERTIES OF ALLOYS AT 22°C AFTER -7~% PRIOR DEFORivlATION 

Temperature Strength 
of Prior Coe:-ficient Strain %.Martensite 

Deformation Y.S. T.S. ·T.S. % 5 A, Hardening Before ·After 
Alloy· % :Ni % c oc 1000 psi 1000 psi Y.S. Elongation 10 psi Exponent, n Test Test 

b 8 0.325 450 145 256 1. 77 20.0 11. 54 . 0. 71 o.4 73,5 

300 178.5 246.5 1.39 16.6 6.50 o.44 o.6 61. 5 

250 188 25C.,5 1. 38 20.6 6.11 o.41 0.7 75 

200 165~2 23c: 1. 41 22.3 6.48 0.52 o.8 63,5 

150 188 251 1. 37 31.0 5.62 0.38 1.2 74.o I 
\..N 
[\) 

'· .. I 
• .. 25 281 282.5 1.01 22.6 5.90 0.34 32.8 68.0 
~·'?:· · . 
... \'~·, 

.. ·; ... c 12 0.29 l.i50 180 18C 1.00 5,7 0.2 i.4 ,,;-; 

~~~,.. 

::oo 195 19'.:. 1.00 4.4 0.3 1.0 

c:50 182 18::: 1.00 3.6 0.2 0.9 

coo 183.2 183.2 1.00 6.1 0.3 0.3 

150 182.4 182.l.i !..00 3.6 0.3 o.4 

100 196 196 l. 00 4.1 o.6 1. 3 

25 199 199 1.00 3.8 1.8 7,5 

-120 293.8 293. 8 1.00 2.4 32. 5 32.9 



Te..ble III. PROPERTIES OF ALLOYS AT 22°C AFTER 70% PRIOR DEFORMATION 

Alloy % Ni % c 

d 16 0.292 

e 21.4 0.287 

Temperature 
· of Prior 
Deformation· Y.s. 

0 c 1000 psi 

450 173.5 .. 

300 182.2 

200 171 

100 172. 

25 175.5 

-78 197. 5 

-120 201. 5 

450 169.7 

300 180. 7 

200 153.8 

25 159.5 

-78 179.5 

-120 222 

T.E-. T.S. % 
1000 psi Y.S. Elongation 

173-5 1.0 4.o 

182.2 1.0 3,7 

171 1.0 3,3 

172 1.0 3,3 

175.5 1.0 3,3 

197.5 1.0 2.3 

201.5 1.0 . 2.9 

169. 7 1.0 2. 7. 

180.7 
.. 1.0. 2.8 

153.8 1.0 2.9 

159.5 1.0 2.7 

179.5 1.0 3,5 

222 1.0 2.2 

Strength. 
Coefficient Strain 

. · · ·A, Hardening 
105 psi Exponent, n 

.;.. 

·% Martensi te 
Before. After · 
Test Test 

0.1 0.2 

0.1 0.2 

0.1 0.2 

0.1 ·0.2 

0.3 0.3 

0.5 0.7 

1.6 1.8 

0.2 

0.2 

0.2 

0.3 0.3 

0.2 0.3 

0.1 0.2 

I 
VJ 
VJ 
I 



Table IV. PROPERTIES CF A~OY3 AT -7E·°C AFTER 70~; PRIOR DEFORMATION 

·Temperature· Strength 
of Prior Coefficient Strain % Martensite 

Deformation Y.S. T.S. T.S. % 
lOrf ;si 

Hardening Before After 
Alloy % Ni % c oc 1000 psi 1000 psi Y.S. Elongation Exponent, n Test .. Test 

b 8 0.325 -4 50 84.2 282.5 3,36 10.3 107.20 1. 42 o.4 82.2 

3)0 148.8 302 2.03 21.4 16.oo 0.77 0.1 87.1 

250 156.2 31T 2.03 21. 3 2·2.20 0.89 0.9 88.6 

2:JO 128.5 283.5 2.21 14.o 27.60 0.96 ·0.9 85.5 

1.50 138.l 292.5 2.12 17.3 25.lD 0.90 2.5 86.3 I 
·01 
.i=-

:25 269 32E 1.22 15.2 8.07 0.37 33,7 89.5 I 

c 12 0.29 l.!50 196 22c 1.13 :+2.9 6.06 0.81 0.2 69 

300 218.2 228.4 1.05 44.1 5,96 0.75 0.2 . 71 

250 185.4 19~ 1.06 33.2 5.86 0.59 0.2 73 

200 195 20...,..7 1.07 51. 7 5.56 0.82 0.1 63.7 

.:...50 194 205 1.06 48.6 . 5.46 0.79 0.2 69.1 

100 200 20). 5 1.03 43.7 5.;o . 0. 79 0.3 63 

~5 213 . 213 1.00 36.8 5.46 0.69 1.9 60.3 

-120 294.5 31-6 1.07 2.5 38 41 

'·. 



Table V. PROPERTIES OF ALLOYS AT -(8°C AFTER 70% PRIOR DEFORMATION 

Temperature Strength 
of :Pricir Coefficient ·strain % Martensite 

Defcrmation · Y.S. · T.S. T.S. % 5A, Hardening · Before After 
Alloy % Ni • % .. c oc 1000 psi 1000 psi Y.s. Elongation 10 psi · Exponent, n Test Test 

d 16 .292 450 196 196 1.0 (.2 0.1 1.9 

300 193.8 193.8 1.0 4.2 0.1 1.1 

200 189 189 1.0 6.6 0.1 0;1 

100 1(8.5 1(8.5 1.0 5,5 0.1 1. 4 

25 183.4 183.4 1.0 5,3 0.2 1.6 
I 

\.)J 

-78 206.6 206.6 4.6 o.6. 
\Jl 

1.0 2.2 •· 

-120 217 217 1.0 4.( 2.0 3,7 

e 21. 4 .287 450 186 186 1.0 3,7 0.2 0.2 

300 191. 5 191. 5 1.0 . 4.2 o.4 o.4 

200 171 171 1.0 3!2 0~2 0.2 

25 176 1(6 1.0 3.8 - o.4 o.4 

.-(8 189. 5 189 .5 1.0 3.8 -

-120 198 198 1.0 3.2 o.4 o.6 



Table VI. PROPERTIES OF ALLOYS AT -196°C AFTEF. 10% PRIOR DEFORMATION 

'l'emperature Strength 
of Prior Coefficient St::-ain % Martensite 

Deformation Y.S. T .. S. T.S. % . A·. · Har•lening ~efore After 
Alloy % Ni % c oc · 1000 psi 1000 "JS:'.. Y.S. Elongation. '105 , ~Si Exp-:ment, n Test · .. Test 

d 16 .292 450 228.6 236.5 1.03 37.0 4.53 0.29 57 

300 233.4 233 4 1.00 25,7 3.92 0.20 45.3 

200 230 232 1.03 34.2 4.32 0.27 45·. 7 

25 220 224 1.02 21. 4 3.4:: 0.15 0.8 35.B 

-18 2·72 272 1.00 8.6 1. 4 17.9 
I 

-120 348.5 348.5 1.00 8.4 1.1 16.6 ""' . ()'\ 

I 

e 21. 4 .287 450 193 220.5 1.14 12.7 3.3L 0.07 0.3 2.1 

300 197.2 220.5 1.12 8.3 2.56 0.03 0.3 2:1 

2)0 186.4 207 . 1.11 1.11· 2.6~ 0.06 0.3 . 1.0 . 

25 iB7.8 215.8 1.15 12.5 2.75 0.06 0.3 2.5 

-78 . 223 236 1.06 6.7 0.2 _;2. 2 

-J20 268 296 1.11 9,7 .. - 0.2 0.9 

For alloy e yield strength refers to 0.1% offset~ 



T~ble VII. · PROPERTIES OF ALLOYS AFTER 70% DEFCRMATION 

ALLOY b . 8 % Ni 0 .. 325 % c 9% Cr 2% Mn 

Temperature Strength. 
Test of Prior Coefficient Strain % Martensite 

Temperature Deformation Y.S. T.S. . T.S. % A Hardening Before After 
oc oc 1000 psi 1000 psi Y.S. Elongation 105 psi Exponent, n Test Test 

22 450 145. 256 1. 77 20 11.54 o. 71 o.4 73.5 

. 300 178.5 248.5 1. 39 16.6 6. 50 o.44 o.6 61.5 

250 188 258.5 1.38 20.6 6.11 o.41 0.1 75 

200 165.2 232 1.41 22.3 6.48 0.52 o.8 63,5 I 
~ 
-..;i 

150 188 257 1. 37 31 5.62 0.38 3,5 74 I 

25 281 2e.2. 5 1.01 22.6 5.90 0.34 32.8 68 

-78 450 84.2. 282.5 3.36 10.3 107. 20 1.42 o.4 82.2 

300 148.8 302 2.03 21.4. i6.oo o. 77 0.1 .87.1 

250 156.2 317 2.03 21. 3 22.20 o'.89 0.9 .. 88.6. 

200 128.5 283,5 2.21 14.o 
.. 

27.60 0.96 0.9 85,5 

150 138.1 292.5 2.12 17.3 25.10 0.90 2.5 86.3 

25 269 . 328 1.22 15.2 8.07 0. 37 33,7 89. 5 

-196 450. 116 334.7 2.89 9.9 55.60 1.24 0.2 85,7 

300 162 264. 5 1.63 8.7 50.60 1.15 o.8 69.5 



Table VIII. PROPERTIES OF A~OYS AFTER 70% DEFOPJvIATION 

ALLOY c 12% Ni 0.29% c 9% Cr 2% Iv:n 

Temperature Stre::igth 
Test of Prio:r Coefficient Strain % Martensite 

Temperature Deformatim: Y~S. T.S. T.S. % A Hardening Before After 
oc On 1000 psi . 1000 psi Y.S. · Elongation 105 psi Exponent, n Test Test ·v 

22 450 180 180 1.00 5,7 0.2 1. 4 

300 195 195 1.00 4.4 0.3 1.0 

250 182 182 1.00 3,6 0.2 0.9 

200 183.2 183.2 1.00 6.1 0.3 0.3 

150 182.4 182.4 1.00 3.6 0.3 o.4 

100 196 196 1.00 4.1 o.6 1.3 I 
VJ 
a>. 

25 199 199 1.00 3.8 1.8 7,5 
I 

-120 293.8 293.8 1.00 2.4 34.1 32.9 

-78 450 196 222 1.13 l2,9 6.06 0.81 0.2 69 

300 218.2 228.4 1.05 44.1 5,96 0.75 0.2 71 

250 185.4 197 1.06 33.2 5.86 0.59 0.2 53 

200 195 207,7 1.07 51. 7 5,56 ·0.82 .0.1 63:7 

150 194 205 1.06 ~8.6 . 5. 46 0.79 0.2 69.1 

100 200 205.5 1.03 43,7 5.50 .o. 79 0.3 63 

25 213 213 1.00 36.8 5.46. 0.69 1.9 60.3 

-120 294,5 316 1.07 2.5 38 41 

. ,·.\._,•- ..... . 



Table·IX~ PROPERTIES OF ALLOYS AFTER 70% DEFOF:MATION 

ALLOY d 16 % Ni 0.292% c 9% Cr 2% Mn 

'' 

Temperature Str.ength 
-. Test of 'Fri.or Coefficient · .Strain % Martensite 

Temperature Deformation Y.S. T.S. T.S. % - A. Hardening Before After 
oc cc iooo psi 1000 psi Y.S. Elongation 105 psi Exponent, n Test Test 

22 450 173.5 173.5 1.0 4.o 0.1 0.2 

300 182.2 182.2 1.0 3.7 0.1 0.2 

200 171 171 1.0 3,3 0.1 0.2 

100 172 172 1.0 3,3 0.1 0.2 

25 175.5 175.5 1.0 3,3 I 
0.3 0.3 VJ 

'° I 

-78 197 .5 197. 5 1.0 2.3 0.5 0.7 

-120 201. 5 201. 5 1.0 2.9 -· 1.6 1.8 

-78 1+50 196 196 1.0 7.2 0.1 1.9 

300 193.8 .193. 8 '1.0 ' 4.2 0.1 1.1 

200 189 1B9 1.0 6.6 0.1 0.1 

100 178.5 178.5 1.0 .5.5 0.1 1. 4 

25 183.4 183.4 1.0 5.3 0.2 1.6 

-78 206.6 206 .. 6 1.0 4.6 o.6 2.2 

-120 217 217 1.0 4.7 - 2.0 3,7 



Table IX. (Continued) PROPERTIES OF ALLOYS AFT3R 70% DEFOPMATION 

ALLC·Y d 16% Ni 0.292% c 9% Cr 2% Mn 

'l'emperature Strength 
Test. .of Prior Coefficient Strain % Martensi te 

Temperature Deformation Y.S. T.S. T.S. q: .A Hardening Before After 7o 
oc oc 1000 :i;:si 1000 psi Y.S. Elongation io5 psi Exponent, n Test Test 

-196 450 228.6 236.5 1.03 37.0 4.53 0.29 57 

300 233.4 233.4 1.00 25.7 3,92 0.2 45,3 

200 230 232 1.03 34.2 4.32 0.27 45,7 

25 220 224 l.02 21.4 3.43 0.15 o.8 35.8 

-78 272 __ 272 1.00 8.6 1. 4 17.9 I 
-!="" 

-120 348.5 348.5 1.00 8.4 
0 

1.1 16.6 I 



~able X. PROPERTIES OF ALLOYS AFTER 70% DEFORMATION 

ALLOYS e 21. 4% Ni 0.287% c 9% Cr 2% Mn 

Temperature Strength 
Test of Prior Coefficient Strain % Martensite 

Temperature Deformation Y.S. T.s.· T.S. % A Hardening Before After 
oc oc 1000 psi 1000 psi Y.S. Elongation l05psi Exponent, n Test Test 

22 450 169.7 169.7 1.0 2.7 0.2 

300 180. 7 180. 7. 1.0 2.8 0.2 

200 153.8 153.8 1.0 2.9 0.2 

25 159.5 159;5 1.0 2.7 0·;3 0.3 l 
..r::--
I-' 

-78 179 ·-5 179. 5 1.0 3.5 0;2 0.3 
I 

-120 222 222 1.0 2.2 0.1 0.2 

-78 450 186. 186 . 1.0 3.7 0.2 

300 191.5 191. 5 1.0 4.2 o.4 

200 171 171 1.0 3.2 0.2 

25 176 176 1.0 3.8 0.4 o.4 

-78 189.5 189.5 1.0 3.8 

-120 198 198 1.0 3.2 o.4 0.6 



Table X. (Continued) PROPERTIES OF ALLOYS AF'I'ER 70% DEFOR!V'.t.ATION 

ALLOY e 0.237% c 0% Cr 2% Mn 

Temperature Strength 
Test of Prior Coefficient Str!;.in % Martensite 

Temperature Deformation Y.S. T.S. T.S. % A Hardening · Before · After 
oc oc 1000 psi 1000 psi Y.S. Elor:gation 105 psi Exponent, n Te1:1t Test 

-196* 450 193 220.6 1.14 12.7 3.34 0.07 0.3 2.1 

300 197.2 220.6 1.12 ·8.3 2.56 0.03 0.3 2.1 

200 186.4 207 1.11 11.l 2.61 0.06 0.3 1.0 

25 187.8 215.8 1.15 12.5 2.75 ·0.06 0.3 2.5 

-78 223 236 1.06 6.7 
I 

0.1 2.2 ~ 
ID 
I 

-120 268 296 l.ll 9,7 0.1 0.9 

* Yield strength refers to O.:!.% offset. 



Table XI. PROPERTIES OF ALLOY.3 AT 22°::: AFTER 70% PRIOR DEFORMATION 

Temperature Strength 
.of Prior Coefficient Strain 

Deformati·:m .· y ;t;. * T.S. T.S. % 
l0 5Ap.si 

Hardenihg 
Alloy % Ni % c oc lOOJ psi 1000 psi Y.S. Elongation ·Exponent, n 

f 20 25 16) 164 1.03 2.8 

h 29 25 104.6 108 1.03 18.4 1. 8 0.19 

i 33,7 -120 143.7 153 1.03 2.1 

-78 135 139.5 1.03 2.5 

25 97,5 103 1.06 4.4 
I 
+-" 

100 97.25 101 1.04 5.0 
\jJ 

I 

200 95,9 100.5 1. 04 6.2 

j 37.8 -120 102.4 107.7 1.05 2.1 

-76 101 106.6 1.06 3.2 . 

25 97 .2 100.8 1.04 4.2 
.. . 

I 
v 

* 0 .1% Offse:; 



Table XII. PROPERTIES OF ALLOYS AT -i8°C AFTER 70% PRIOR DEFO~¥.Ji.TION 

Temperature Strength 
of Prior · Coeff'icient Strain 

Deformation ~.s. * T.S. T.S. % lO~psi Hardening 
Alloy % Ni % c oc 1000 psi 1000 psi Y.S. Elongat:.on Exponent, n 

f 20 25 163.2 175 1.07 3.5 

h 29 25 i32.5 141.8 1. 72 e.. 2 

i 33.7 -120 161 166 1.03 3.0 

-78 139 14'2 1.02 3.6 

25 . 30. 5 110. 7 1. 40 .18.0 1.66 0.13 I 
.!::" 
..j::-

100 90,75 109.5 1.21 17.5 1. 83 0.18 I 

200 1•)1.9 112.5· 1.10 20.C. 2.09 0.24 

j 37.8 -120 .115.5 127.2 1.10 5.6 

-78 i14 124.6 1.19 4.1 

25 110 119.4 1.09 ... c:-
I•.) 

* 0.1% Offset 

" 



Table XIII. PROPERTIES OF ALLOYS AT -196°C AFTER 70% PRIOR DEFORMATION 

. TemperatUZ"e . Strength . 
of Prior Coefficient · Strain 

Deformation y·.s. *. T.S. T.S. % A H~rdening 

Alloy % Ni % c oc 1000 psi 1000 psi Y.S. Elongation 105 psi Exponent; n 

f 20 - 25 19·3. 5 208.8 1.05 4.1 

h 29 - 25 107.5 187 l.74 9.9 

i 33,7 - -120 196 196. l.00 9.8 1.24 0.07 

-78 121.4 183.2 l.51 15.6 3,05. 0.18 

25 73,5 165.8 2.26 17. 7 2.69 0.16 
1. 
+ 

100 72.65 167 2.30 17.4 2.66 0.16 
. \Jl 

I 

200 73 .. 2 170 2.32 17.7 2.84 0.18 

j 37.8 -· -120 150.4 156.2 1.04 24.4 2.73 0.22 

-78 144 154.8 1.08 25.2 2.97 0.27 . 

25 144 144 1.00 25.7 2.46 0.21 

* 0.1% Offset 
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FIGURE CAPTIONS 

Fig. 1. Tensile specimen used in the determination of tensile properties. 

Fig. 2. Variation: of yield strength of alloy b at different test temp

eratures as a function of the temperature of prior deformation. 

Fig. 3. Variation of yield strength of alloy c at different test temp

eratures as a function of the temperature of prior deformation. 

Fig. 4. Variation of yield strength of alloy d at different test temp

eratures as a !'unction ot· the temperature ot priul' uefunuaLluu. 

Fig. 5 •. Variation of yield strength of alloy e at different test temp

eratures as a function of the temperature of prior deformation. 

Fig. 6. Variation of yield strength of alloy i ·at different test temp-

eratures as a filllction of the temperature of' prior deformation. 

Fig. 7, Ultimate tensile strength of alloy b.at different test temp-

eratures plotted against the temperature of prior deformation. 

Fig. 8. Ultimate tensile strength of alloy c at different test temp-

eratures plotted against the temperature of prior deformation. 

Fig. 9. Ultimate tensile strength of alloy d at different test temp-

erl:itures plotted agaim:>t Ll1e t erupe1· at lll'e or prior deformation. 

Fig. lU. Ultimate tensile strength of' a.Uoy e at d.it't'erent test temp-

eratures plotted against the temperature of' prior deformation. 

Fil,g. 11. Ulti:mat.e tensile strength of alloy i at different test temp-

eratures plotted against the temperature of prior deformation. 

Fig. 12. Percent elongation as a function of the temperature of prior 

deformation for alloy b tested at different temperatures. 

Fig. 13. Percent elongation as a filllction of the temperature of prior 

deformation for alloy c tested at different temperatures. 

, .. 
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Fig. 14. Percent elongation as a function of the temperature of prior 

deformation for alloy d tested at different test temperatures. 

Fig. 15. Percent elongation as a function of the temperature of prior 

deformation for alloy e at different test temperatures. 

F'ig. 16. Percent elor,gation as a function of the temperature of' prior 

deformation for alloy i at different test temperatures. 

Fig. 17. Yield strength of carbonless alloys as a ·function of test temp

erature. Prior deformation: 70% at 25°C. 

Fig. 18. Ultimate tensile strength of carbonless alloys as a function of 

test temperature. Prior deformation: 70% at 25°C. 

Fig. 19,. Percent elongation of carbonless alloys as a function .of test 

temperature. Prior deformation: 70% at 25°C. 

Fig. 20. Variation of volume percent martensite with percent strain-for 

alloy c with a prior deformation of 70% at 200°C. Test temp

erature: -78°c, 

Fig. 21. Variation of volume percent martensite with percent strain.for 

alloy b tested at different test temperatures. Prior deformation: 

70% at 450°c. 

Fig. 22. Volume percent martensite vs. percent strain for alloy b with 

prior deformation at temperatures indicated, and tested at 22°C. 

Fig. 23. Optical micrographs df alloy h with a prior deformation of 70% at 

25°C 

(a) Before room temperature test. Ma.gnification 250x .. 

(b) After room temperature test. Magnification 25ox. 

(c) Cooled to -78°C after prior deformation, Magnification 250x. 

(d) Cooled to -196°c after prior deformation. Magnification 250x. 
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Fig. 24. Optical micrographs of alloy i with a prior deformation of 70% 

at 2.00°c. 

(a) After testing at -78°C. Magnification 250x. 

(b) Cooled to -196°c after prior deformation. Magnification 250x. 

Fig. 25. Tensile properties of alloy b as a function of test temperature. 

Prior deformation:-70% at 450°c. 

Fig. 26. Engineering stress-strain curves of alloy b deformed previously 

at 450°c and tested e:t different test temperatures. 

Fig. 27. Engineering stress-strain curve of alloy c deformed previously 

at 200°C and tested at -78°c. 

.,.·, 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






