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Fifth Quarterly Progress Report 

on 

THE TRANSFORMATION OF ATJSTENITE UNDER EXTERNALLY APPLIED TENSILE STRESS 

This report constitutes a summary of work performed during the last 

quarter period (March 1, 1953 to May 30, 1953) on the transformation of 

austenite to upper bainite in AISI 1085 and 4340 steels. Preliminary 

data are also presented on some mechanical properties of lower bainite 

resulting fr-ua stress application during isothermal transformation. 

Preparation of the specimens, experimental procedure, and calculation 

of stress, strain, strain energy and rate of transformation are similar to 

those reported previously.*^* "* 

AISI 1035 - UPPER BAINITE STUDIES 

Experimental Results 

A complete series of experiments were carried out on AISI 1085 steel 

at the high temperature bainite transforms, tion temperature level of 700°F. 

A few preliminary experiments were conducted at a transformation temperature 

of 3A5°F, but it was found that the beginning time of transformation, was so 

short that the specimen started to transform before reaching the transformation 

bath temperature, even in the absence of applied stress• 

Table I gives the range of stresses applied, isothermal holding time and 

ether relevant informations regarding the transformation of AISI 1085 steel 

at 700°F. 

The amount of bainite formed due to isothermal transformation is 

plotted vs. log-time under different average stress conditions and is 

(1) Third Quarterly Progress Report, February 17, 1953, p» 1. 

(2) Fourth Quarterly Progress Report, April 30, 1953, pp. 1-3, 6-7. 
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shovn in fig. 1« The affect of applied stress on the beginning sad 

stsdiag* tines of transformation is shown in Table II. 

Iron Us. 1, one can obtain a relationship between the applied stress 

and peroent belnite fosned for se&deted periods of isothermal transformation 

at the transformation temperature levels The data thus obtained are 

plotted in fig. 2. In fig. 3 is plotted the variation of two strain with 

tiae under different average true stresses. The amount of bainits foraed 

doe to isotheraal holding for oenstsnt periods of tine vs. true strain 

is shown is fig* 4« 

True stress-strain curve for unstable austenite prior to the appearance 

of any isotheraal decomposition product is plotted in Fig. 5. This ourfe is 

plotted from the true strain-tine relationship data shewn in fig« 3* for 

such short periods of tine during which even under the largest applied 

stress no isothermal transformation occurred. The true stress-strain 

relationship for longer periods of holding at the isotheraal transformation 

temperature is shown in Fig. 6. These curves are also similarly obtained 

from the plotted data of Fig. 3. Applied strain energy values are obtained 

by measuring the area under the curves in fig* 6 and these values are 

converted to bal. per mole quantities through conversion factor reported 

previously. (3) The amount of bainite P   aid due to isothermal holding 

for constant periods of time vs. app'~ed strain energy is shown in Fig. 7. 

Some experiments were conducted with AISI 1C35 steel specimens which 

were kept under stressed condition for a part of the total time of isothermal 

transformation. In Table III ie given tlis results of the experiments in 

which the specimens being initially allowed to transform under applied 

* The criteria of the beginning and end of transformation are taken, 
respectively, at 1% and 99% bainite formation. 

(3) Fourth Quarterly Progress Report, April 30, 1953, p. 3. 
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stress were subssq'uen-fcly allowed to transform with the stress removed* 

These data are shown la Fig. 8. 

Table X? above the results obtained when spacimana were initially 

allowed to tre&efom without applied stress* stress being subsequently 

applied, these data are sham in Figs. 9* 30, and 11. 

From the data of Table XV, Fig. 12 is plotted to Illustrate the 

dependence of true strain on the amount of bainite present prior to the 

application of stress. This curve shows the variation of the strength 

of the austsnite-beinite mixture at the transformation temperature level 

in relation to the amount of bainite present, under the assumption that 

the true strain under stress Indicates the strength characteristic of 

the structure. 

In Fig. 13 is plotted the logg (l-x) vs. time (t) under different 

average stresses, where x is the fractional amount of bainite formed in 

time t»   From a few experimental data an approximate curve is also shown 

for an applied stress of about 100,000 p.s.i. 

AISI 1085 STEEL - LOWER BAIHITB PBOPERTIES 

Two experimental runs were made in the low temperature bainite trans- 

formation tempersture level at 535aF. One specimen was allowed to trans- 

form to > 9936 bainite under no applied stress and another to approximately 

the same amount under a stress of about 60,000 p.s.i. These two specimens 

ware then tested in a pendulum type wire testing machine* The data indicate 

that the true breaking stress for both the specimens is about 360,000 p.s.i. 

The lounge Modulus for both the specimens is about 30x10° p.s.i., but the 

true stresses corresponding to 0.002 in/in true strain are 275,000 p.s.i. 

and 320,000 p.s.i. for the bainite products formed without stress sad with 

stress, respectively. Although the two stress values are not too precise, 

they nevertheless indicate that the balnltio product formed under stress 



ha* a higher yield strength or a higher  0.256 offset stress than 

that formed under ao stress. The elongation In 2 Inches of the btlaitio 

product foraed under stress is slightly lover the* that of the product 

fonted under no sires*. 

Hardness Beesureaents on fceiait* formed at 5i5°F under no stress end 

under different saagaitudes of applied stresses are observed to be virtually 

the sacs. An average SFS of 650 is obtained (500 g. lead), oorrespoading 

to a oonverted H«e* 5*7-3-, 

BeafflMUdflB flf. Met faffletfff 

It is quite evident from Fig. 1 that under increasing amount of stress 

both the beginning and ending times of transformation are shortened and 

these results are given in Table XI. It is also observed that a very high 

stress of the order of 100,000 p.s.i. causes the beginning and the ending 

of transforaation tiaes to reduce by factors of 9 and As  respectively. 

It can also be observed from Fig. 1 that the effect of stress on the 

saouut of bainite formed is significantly changed at a certain applied 

stress level. This is also clearly evident in Fig. 2, which indicates 

that when the applied stress level falls in tae range of 26,000 to 29*000 

p.s.i. (henceforth to be referred to as the critical stress range), the 

amount of bainite formed is very much lt&oreaaed for those periods of times 

for which transformation under no stress lies in the range of 1% to 20£. 

The sffsct of stress of &* aacuut lower or higher than this is approximately 

linear for the same periods of time* 

From Fig. 5, the yield stress of the unstable austenlte is indicated 

to be 26,000 p.s.i. It is quite evident that this yield stress is closely 
> 

related to the critical stress mentioned above* 

Fig. 4 shows the variation of the amount of bainite transformed with 

true-strain for different periods of holding time and the relationship 
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U eiailar to that saem in fig. 2. It. is indicated frat fig. A that 

tag assist of feaiYiite formed increases to a i*?g» extent vfrm  the trus 

strain value lies in the range of 0«02S to 0.032 is/in (henceforth to 

be referred t© as oritieaX tree it3?sis)e Jfcea thi data, of Hg# 6* the 

stress levels corresponding to tbes© singes of oritioal true strcins Is 

observed to be ?4a000-£7jG30 &»«•£• ^beae stress levels correspond veil 

to the erltieal stress range of 26»000-89,O0O p«s.i. and tba field 

strata of 26*000 p*a*4» 

applied statin energy vaXnaa (obtained graphiaally *fcaa fig* ©5 *»• 

ss&unt of feaiaite formed are plotted in Fig.. 7« It is q«dta evident that 

a critical strain energy is involved in promoting the amount of bainite 

formed. This is what is expected from the critical stress and critical 

strain values obtained from tba other figures* 

The data plotted in Fig. 8 shewn in the form of various letter 

symbols and identified in Table XII, indicate that when the austenite 

is initially stressed with a stress above the range of critical stresses 

for a length of time, end the externally- ap lied stress is subsequently 

withdrawn, the transformation characteristic of the remaining austenite 

after the withdrawal of the applied stress, follows closely that of the 

austenite under applied stress. '2bis indicates that the highly defamed 

regions in the austenite grains, behaving as nucleating centres, are not 

sufficiently relaxed to allow the transformation to proceed at a rate 

corresponding to that under no stress* This can be seen in 31gc 13, where 

the slope of the curve at say instance gives the rate of decomposition 

of the residual austenite. 

It can be observed from Fig. 13 that the rate of decompostion of 

I * ^ residual anetenlte A. —« — 1 increases up to a certain value and then 
i   1-x dtj 

becomes fairly constant. This constant rate of decomposition is found 



0 

Q 

to vary with eppliei stress and these data ar© shewn in Table f. These 

date Indicate that belev the critical range of stresses end even a little 

above it. the effect of stress in increasing the constant maximum rate 

of decomposition of residual austenite is not pronounced. It is also 

evidenced from Fig. U that vith increasing amounts of applied stresses 

the slope of the curve is reaching a constant value at an earlier stage 

of the decomposition of austenits. -*br example, at stresses up to 33,000 

p.s.i* (which is somewhat above the critical stress range) the maximum 

in the slope is reached when about 53$ of austenite ha3 been transformed 

to bainite. whereas, in the cases of 4,6,000 p.s.i., 60,000 p»3*i», and 

100,000 p.s.i. stresses the respective constant rates are reached after 

about 46$, 41$, and 30$ (approximate) of austenite have decomposed. 

The data plotted in *'ig. 9, shown in the form of various letter 

symbols and identified in Table IV, indicate that when the initial 

transformation is of the order of 20$ or more* the subsequently applied 

stress of about 60,000 p.s.i. does not cause any appreciable change In 

the transformation characteristic of the remaining austenite. This is 

to be expected because owing to an initial transformation of 20$ or more, 

the strength of the aggregate increases to such an extent that a stress 

of 60,000 p.Ss£c subsequently applied is not sufficient to accelerate 

the transfoxmtion to any appreciable extent. 

The data plotted in Tigs. 30, and 11 shown in the form of various 

letter symbols identified in Table XV show that the effect of a stress 

greater than the oritieal stress applied for a period of time sufficient 

to produce a strain larger than the critical strain, is most marked whse 

the stress is applied at the end of the Incubation period under n& stress, 

ooBpared to application of stress before or after this time. 

The variation of the strength of the austenito-balnlte mixture with 

the ssount of bainite present, as reflected in the true strain values, 

Is shown in Fig* 3ft. The straight-line portion of the curve indicates 

msadti* 
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that the strength of this aggrsget* is a logarithmic function of the 

ssessat of bainite present in the enstanite-balaite mixture and is sot a 

linear function, as sight be expected* fw» ordinary lavs of mixtures. 

Mstallogvephle examination of the microstruetaapes of the apeeiaierfia 

repeal many interesting aspects of transformation. The effect of stress 

in increasing the amount of bcinite formed is shown in the series of 

photomicrographs of fig. 14. The effect of stress higher than critical 

stress in decreasing the sise and producing preferrential distribution 

of bainitic products is not very marked. In fig. 15 is shown preferrential 

distribution of bainitic products at a stress of 60,000 pss.i. and twining 

of the prior austenite (now martensite) due to a stress of 1009000 p.s«i. 

At illustrated in Fig* 16. bainite formed under high stresses is 

preferrentielly fozsaed at grain boundaries, and in some cases completely 

outlining the prior austenite grain. 

SuBPary and Conclusionst 

An applied stress exceeding the yield stress of the austenite was 

found to increase the amount of transformation to a large extent. It was 

also observed that this large increment in transformation is related in 

the same manner to a critics! true strain and deformation energy value. 

Thus it Is observed that the effect of applied stress on high temperature 

bainite transfbrmatiea is almost identical t© that on low temperature 

bainite transformations reported previously. '*' 

One of the current theories of bainite formation suggests that 

supersaturated ferrite forms from unstable austenite, and owing to 

diffusion of carbon within the ferrite plates, iron carbide particles 

U) Fourth Quarterly Progress Report, April JO, 1953, pp. 9-10. 
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are eventually precipitated. It Is suggested by the experimental 

results presented as related to stress application during and prior to 

transformation, that the body centered cubic structure of ferrite be 

formed by slip occurring vithin the face centered cubic lattice of 

austenite, and thus be a aeehanism for the formation of supersaturated 

ferrite platelets. The observed effects of stress on the beginning and 

ending times of transformation, the rate of decomposition of residual 

austenite, the earlier attainment of the constant rate of decomposition 

of residual austenite and the effects observed in -igs. 8, 9,  10, and 

11 can be quite adequately explained from this theory and the proposed 

mechanism of supersaturated ferrite formation. The not so pronounced 

effect of increasing stress above the critical stress on the fineness 

and preferrential distribution of the high temperature bainite, as 

contrasted to that on low temperature bainite, may probably be due to 

the higher rate of diffusion of carbon at the high temperature trans- 

formation level. 

The other theory of bainite formation by nucleation and growth 

suggests the controlling factor to be the diffusion rate of carbon in 

austenite. This theory alone ean not adequately explain the observed 

effects. 

AISI JLMD STEEL - UPPER BAINITE STUDIES 

Published isothermal diagrams of AISI 4340 steel show that the trans- 

formation of austenite to upper bainite, in the temperature range of 300° - 

1000°?, is completed only after an extremely long sojourn at tempera-tun. 

Furthermore, the onset of transformation at about 850aF occurs in approx- 

imately 15 sec., whereas at 1Q00°F the transformation starts after an 

elapsed tine of about 30,000 sec. This part of the report summarises the 

transformation studies carried out at a temperature of 845°F under no 
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appHed stress and under an applied stress of 60,000 p.s.i. This rather 

large stress was selected because it was believed that a large acceleration 

in transformation rate would be required to bring the time of complete 

transformation within reasonable limits. 

The transformation data are shown In Fig. 17. 

Discussion of Results; 

It is observed in Fig. 17 that the beginning times of transformation 

under no stress and 60,000 p.s.i. are about 20 and 5 sec, respectively. 

Thus, the beginning time of transformation is reduced by a factor of U 

under en applied stress of 6O»OC0 p.s.i. It may be noted in Fig. 17 

that as transformation proceeds this factor increases very rapidly, and 

this circumstance is summarized in Table VI. 

It is of interest to note that t..j  time required under no stress to 

secure 99$ bainite, compared to the time required under 60,000 p.s.i., 

is greater by a factor of about 10,000* This value is based upon a rou^'.ily 

extrapolated time (Fig. 17) of 109 to 10  sec. for the formation of 99# 

bainite under no stress. From a plot of loge (l-x) vs. time, calculations 

have been made which show tha. the mfnrlimim rates of transformation of 

residual austenite )- . —-*( ,both voider no stress and an applied stress 
L    l-x dt3 

of 60,000 p.s.i. are O.L$ bainlte/seo. and 3,0% bainlte/sec, respectively* 

Thus the effect of tills stress is found to increase the maximum rate of 

transformation by a factor of about 20 whereas the effect of the same amount 

of stress at a lower bainite transformation temperature level of 650°F, 

reported previously, ^5' is about 4.6. 

As illustrated in Fig. 18, the bainitic structures formed under 60,000 

(5) Fourth Quarterly Progress Report, April 30, 1953, p. 16. 
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p.s*I. and no stress show no appreciable difference at a magnification 

of 1500 g  particularly in randomness of distribution and fineness of tb* 

carbide particles* 

Senary and Qonc^usiensjL 

A stress of 60,000 p.s.i. is found to effect the rate of transfor- 

mation in such a way as to decrease the ending time of transformation by 

a factor greater than 10.000. The mechanism of balnite transformation 

under stress, suggested earlier in this report, explains this effect 

adequately. Owing to the high temperature of transformation the amount 

of deformation suffered by the specimen is large (25$ elongation in about 

5 inches) and as a consequence of the attendant strain energy the trans- 

formation proceeds at a high rate within a few seconds subsequent to the 

onset of transformation. Although the applied stress brings about virtual 

ending of transformation in about 100.000 sec. the sluggishness of trans- 

formation near the end of the process is evident from the circumstance 

that about 3t% of balnite is formed within 35 sec. 

Although no difference was observed microscopically in the sise and 

shape of the carbide particles in the balnite formed under no stress and 

60,000 p.s.i., electron diffraction end microscopic studies will be made 

of selected structures. 

(barge L. Kehl 

Project Director 
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