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Tif4h Quarterly Progress Report
on

THE TRANSFORMATION OF AUSTENITE UNDER EXTERNALLY APPLIED TENSILE ZTRESS

This report constitutes z 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 elso presented on some nechanicel properties of lower beinite
resulting fiva stress application during isothermal transformation. .

Preparation of the specimens, experimental procedure, eznd calculation
of atress, strain, strain energy and rate of tranciomation are similar to

those reported previously.(l) (2)

AIST 1085 - UPPER BAINITE STUDIES

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

at, the high temperature bainite transformntion temperature level of TO09F,

A fov preliminary experiments were conducted at & transformation tempersture
of 345°F, but it was found that the beginning time of tr;snsformatiﬁn was SO
short that the specimen started to transform before reaching the transformation
bath temperature, even In the absence of epplied stress.

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

The amount of bheinite formed due to isothermal transformstion is

plotied vs. log-time under different everage stress condltions and is

(1) Third Quarterly Progress Report, February 17, 1953, p. l.
(2) Fourth Quarterly Progress Report, April 30, 1953, pp. 1-3, 6=7.
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shown In Pig. 1. The effeot of applied stress on the beginning end
ending® times of trunsformation i3 shown in Table II.

From Fig. 1, one osn obtain & relaticnship between ths spplied stress
and perost beinits formed: for selsoted perieds of iscthermel transformation
at the trensformation temperature level. The deta tims obtained are - 'A
plotted in Fig. 2. In fig. 3 is plotted .the variation of trus strain with
time under different averege true stresses. The smount of bainite formed
dne to lsothermal holding for comstent pericds of time va. true strain
is shown in Fag. 4.

True stress-strain curve for unatable sustenite prior to the appear:nce
of any isothermal decomposition product is plotted in Pig. 5. This curve is
plotted from the true strain-time relationship data shown in Fig. 3, for
such short periods of time during which even under the largest applied
stress no isothermal ‘trensformation occurred. The true stress-strain
relaticuship for longsr periods of holding at the isothermal transformation
teaperature ig shown in Fig. 6. These curves are also similarly obtained
from the plotted data of Fig. 3. Applied strein energy‘_values are obtained
by measuring the erea under the curves in fig. 6 and these values are’
converted to cal. per mole quantities through conversion factor reported
previously.(3) The emount of buinite 7~ ned dus to isothermal holding
for comstent periods of time vs. app .ed strain energy is shown in Fig. 7.

Scne experiments were oonducted with AISI 1C35 steel specimens which
ware kept under stressed condition for a part of the totsl time of isothermel
transfometion. In Table III is given the raosults of the experimsnte in

which the specimens being initlelly allowed to transform under applied

# The oriteris of the beginning =nd end of transformation are takem,
respactively, at 1f and 99% beinite formation.

(3) Fourth Quarterly Progress Report, April 30, 1953, p. 3.
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stress were subssquently allowed to tremsform with the stress removed.
These data are shown in Fig. 8.

Table 1V shows the results obtained when specimany were initially
ailowed to trensform without spplisd streas, strese being subsequently
spplied. ZThess data are showm in Figs. 9, 10, end 11,

From the data of Table IV, Fg. 12 is plotted to 1llusirate the
depmdenoooftmctrginanthenomto#bdnitp present prior to the
‘sppldcation of stress. Thie curve shows the veristion of the strength
of the austenite-bainite mixture at the transformation temperature level
in relation to the emount of bainite prasent, under the assumption that
the true strain under stress indicates the strength cheracteristio of
the structure.

In Pig. 13 18 plotted the logy (i-x) ve. time (t) under different
average stresses, where X is the fractional emount of bainite ~formed in
tine £, From a few experimental data an approximate curve is slse showm
for an applied stress of about 100,000 p.s.i.

Iwo experimental runs vwere made in the low temperature bainite trans-
formation tempersture level at 5359F., fme spscimen was allowed to trans-
form to > 99% bainite under no applied stress and snother to approximately
the same amownt under & stress of about 60,000 p.s.i. These two specimens
were tben tested ia & pesadulun typs wire itezting mechine, The dats indioate
thet the true breaking siress for both the apeo‘imens- is about 360,000 pes.i.
The Youngs Modulus for both the spevimsns is about 30x10€ pes.i., but the
true stresses corrasponding to 0.002 in/in true strain are 270,000 peBele
end 320,000 p.s.i. for fha beinite products formed without stress znd with
stress, respectively. Although the two stress values are not too precise,

they nevertheless indicate that the bainitic product formed under stress
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hag 2 higher yield strength or a kigher 0.2% offset stress than
that formed under no stress. Th’-mngaﬁmhzmemwt@hmﬁo
prodast formed inder stress is slightly lower then that of the produst
forned under no stress.

Hardness measuremants on bainite formed at 535°F under no stress and
under different magnitudes of applied stresses are observed to de virtually
the sams. An average DFN of 650 is obtained (500 g. load), corresponding
to a converted R¥c® 57.3.

Dis g £ the Resultss

It iz quite evident from Fig. 1 that under increvsing smount of stress
both the beginning end ending times of transformation are shortened and
these results are given in Table II. It is also observed that a wery high
stress of the order of 100,000 pe.sS.i. causes the beginning and the ending
of transformation times to reduce by factors of 9 and 4, respectivsly.

It can also be observed from Fig. 1 that the effect of stress on the
amoimt of bainite formed is signilicantly changed at e certain applie&
stress level. This is also clearly evident in Fig. 2, which indiceates
that when the applied stress level falls in the range of 26,000 to 29,000
pes.i. (henceforth to be referrsd to as the criticsl stress range), the
amount of bainite formed 1s very much increased for those periods of tines
for which transformation under no atx_-ess 1lies in the range of 1% to 20%.
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st o of an amount lower or hnigher than this is epproximately
linear for the same periods of time.

From Fig. 5, the yleld stress of the unstable eustenite iz indicated
tg be 26,000 pes.i. It 18 quite evident that this yield stress is closely
related to the oritiocal stress mentioned abeve.

¥ig. 4 shows the variation of the amount of bainite trznsformed with

true-strein for different periods of holding time and the relationsnip
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is sluilar to that shown in Pig. 2. It &s indicated from Fig. 4 that
the amount of bainite formed increases to & large extent when the true
strain value lies in the range of 0.028 to 0.032 in/in (henceforth to
bs referred to as ori%iml é.ms strain), From the dats of Pig. 6, the
stress levels corresponding to these renges of oritiesl true streins is
observed to be 24,000-27,000 p.s.i. These stress levels correspond well
to the eritlcal stress rengs of 26,000-29,000 p.g.d. And the yield
.utrua of 26,000 p.sedis

Applied strain energy valuss (obtained grepizally fram Fig. &) vs.
amount of bainite formed are plottad in Fig. 7. It is quite evident that
& oritical strain ensrgy is involved in pmt.ing the amount of beinite
- formed. This is whst is expected from the criticel stress and critiocal
strain values obiained from ths other figures.

The data plotted in Fig. 8 shown in the form of various letter
symbols and identified in Teble III, indicate that when the austenite
i1s initially stressed with a stdese above the renge of critlcel stresses
for a length of time, snd the externally ap.lied stress is subsejuently
withdrewa, the transformation characteristic of ths remaining austenite
after the withdrewel of the spplied stress, follows closely that of the
‘sustehite under epplied stress. This indicates that the highly deformed
reglonz in the austenite grains, tehaving as nucleeating centres,are not
sufficiently relaxed to allow the trensformation to proceed at a rate
corresponding to that under no strese. This cen be seen in Fig. 13, where
ths sispe of the curvs at any imstancs gives e rate of decomposiiion
of the residusl austemite.

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

residual austenito g- = d-f} increases up to a certain value and then

{ 1-x dt
becomes fai‘rly constant. This conatant rate of decomposition is found
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to vary with eppliei stress and thess data are shown in Table ¥, These
date indicate that below the critical range of stresses snd even a little
above it, the effeot of stress in increasing the constant maximun rate
of decomposition of residual austenite is not pronounced. It is alse
ovidenced from Fig. 13 that with increasing emounts of applled siresses
the slope of the curve 1s reaching e constant velus at an earlier stage
of the decomposition of austenits. for excmple, et stresses up %o 33,000
pe8.d. {which 1s somewhat ebove the criticsl stress rangs) the maximum
in the elope ie reached when about 53% of eustenite has been trensformed
to bainite, whereas, in the cases of 46,000 peSels, $0,000 p.s-i., and
100,000 p.s.i. stresses the respective constant rates are resched after
about 46%, 41%, and 30% (approximete) of esustenite have decomposed.

The date plotted im ¥ig. 9, shown in ths form of warious letter
symbols and identiffed in Table IV, indicate that when the initial
trensfomatién 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 charecteristic of the remsining sustenite. This is
to be expected because owing to an initial transformation of 20% or more,
the strength of the mggregste increases to such an extent that a stresss
of 60,000 p.s.i. subesquently applied iz not sufficient to accelarate
the transfcrmation to any appreciable extent.

The data plotted in Migs. 10, and 11 shown in the form of wvarisus
letter cymbols identified in Table IV show that the effect of a stress
greater than thw oritical stress ajplied for a period of tims sufficient
to produce @ siruin larger than the oritieal strein, iz wost marked vhem
the stress ies applisd st the end of the incubation paricd under nc stress,
ccmpared to application of stress before or after this time,

Ths variation of the strength of the sustenite-bainite mixture with
the smount of bainite present, as reflected in the true strain walues,

48 shown in Fig, 12.. The straight~line portion of the curve indicates
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that the strength of thls aggrsgate is a logaritimic fimction of the
‘emount, of bednite present in the eustenits-baliite mixturs and 1s mot &
linear function, as might be expscted from ordinary lews of mixtures.

Metallogrephic examination of the microstructures of the specimeas
roveal many interesting aspects of tranaformation. The sffect of stress
in increasing the smount of belinite forwed 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 preferrentiel
distribution of bainitic products at a stress of 60,000 pes.l. and twining
of the prior austenite {now marbméite) due to a stress of 100,000 p.s.i.
As $1lustrated in Fig. 16, bainite formed under high stresses is
preferrentially formed at grain boundaries, and in some cases completely
cutlining the prior austenite grain.

Sumary end Conclusions:

An epplied stress exceading the yleld stress of the eustenite was
found to increase the amcunt of transformation to & large extent. It was
also observed that this large increment in transformation 1s related in
the same mannsT to & eritical itrue strain and deformation energy value.
Thus it. is observed that the el{fect of applied stress on high temperature
bainite transformation is almost identinel ¢o that on low temperaturs
bainite trensformstion, reported previcusly. (4)

One of the current theories of bainite formstlon suggests that
supersaturated ferrite forus from unsteble sustenite, and owing to
diffusion of carbon within the ferrite plates, iron carbide particles

(4) Pourth Quarterly Progress Report, April 30, 1953, pp. 9-10.
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are eventually precipitated. It is suggested by the experimental

Tesults presented as related to stress application during and prior to
tranaformation, that the body centered cubic structure of ferrite be
formed by slip occurring within the face centered cubic lattice of
austenite, and thus be a mechanism for the formation of supersaturated 1
ferrite platelets. The observed sffects 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 deccumposition
of residual austenite and the effects obserﬁed in Figs. 8, 9, 10, and
11 ocan be quite adequately explained from this theory and the proposed
mechanism of supersaturzted ferrite formation. The not so vronounced
effect of increscsing stress above the critical stress on ths fineness
and preferrentiel distribution of the high temperature hainite, 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 mucleation and growth
suggests the controllihg factor to be the diffusion rate of carbon in
austenite. This theory alone can not adequately explain the observed
effects.

AIS A - UPPER BAINI
Published isothermal diagrems of AISI 4340 steel show that the trans-
formation of austsnite to upper bainrite, in the temperature range of 300° -
100097, iz completed anly aftsr an extremely loug sojourn at temperature.
Furthermoyre, the onset of transformation at about 850°F occurs in approx-
imately 15 sec., whersas at 1000°F the transformation starts after an
elapsed time of about 30,000 sec. This part of the report summarizes the

transformation studies carried out at a temperature of 845°F under no

P
- a
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applied stress ani under ar applied strees of 60,000 pes.i. This rsther
iarge stress wes selected because it was believed that a lerge acceleratlion
in transformstion rate wonld be required to bring the time of comolete
transioraation within reasonaeble limits.

The transfornation data are shown in Fig. 17.

Discussion of Results:
It is observed ia 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 faptor of 4
unde:r en applied stress of 60,070 p.s.i. It mey be noted in Fig. 17
that as transfﬁrmation proceeds this factor increases very repidly, end
this circumstence is summarized in Table VI,

It is of interest to note that t..: time required under nc stress to
secure 99% bainite, compared to the time required under 60,000 p.s.i.,
is greater by & fector of about 10,000. This value is based upon & rougily

extrapolated time (Fig. 17) of 10 sec. for the formation of 99%
bainite under no stress. From a plot of logg (1-x) vs. time, calculations
have been made which show tha. the maximum rates of transformation of

residual austenite i-'.&..fyﬁi,hoth under no stress and an applied stress

of 60,000 p.s.i. are 0.%2; bgznite/seo. and 3.0% bainite/sec., respectively.
Thus the effect of this stress is fourd to increase the maximﬁm rete of
transiormation by a factor of about 20 whereas the efféct of the same amount
of stress at & 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. 6.
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pes.1. and no stress show no appreciable difference ai a magnification

of 1500, particularly in randomness of diastribution and finenese of the
carbide particles.

A stress of 60,000 p.s.i. is found to effect the rate of transfor-
mation in such & way as to decrease the ending time of transformetion by
a factor greater then 10,000. The mechanism of bainite transformation
under stress, suggested earlier in this report, explains this effect
adequately. Owing to the high temperature of transformstion the amount
of deformation suffsred by the specimen is large (25% elongation in about
5 inches) and as a consequence of the atiendani strain energy the trans-
formation proceeds at 2 high rate within a few seconds subsequent to the
onget of transformation. Although the applied stress brings sbout virtual
ending of transformation in about 100,000 sec., the sluggishmess of transe
formation near the end of the process is evident from the circumstence
that about 80% of bainite is formed within 35 sec.

Although no difference was observed microscopically in the size and
shape of the carbide particles in the bainite formed under no stress and
60,000 p.s.i., electron diffraction and microscoplc &tudies will be made
of selected structures.

/ > ///7//’

M%W

Gaorge L. Kehl

Project Directer
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FIG. 3 AlISI 1085 STEEL, ISOTHERMALLY TRANSFORMED AT 700.F
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FIG.!3 RELATIONSHIP SHOWING THE VARIATION IN THE
RATE OF DECOMPOSITION OF RESIDUAL AUSTENITE

WITH APPLIEC STRESS IN AIS| 1088 STEEL,

ISOTHERMALLY TRANSFORMED AT TOO°F
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