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AN ISOTHERMAL STUDY OF BAINITIC AND MARTENSITIC TRANSFORMATIONS IN SOME
LOW ALLOY. STEELS USING A NEW MAGNETIC PERMEABILITY TECHNIQUE

‘ v Clyde Ernest Ericsson
Inorganic Materials Research .Division, Lawrence Berkeley Laboratory and
Department of Materials Science and Engineering, Coilege of Engineering;
University of . California Berkeley, California
© ABSTRACT -
:TheKUpneriand lower'bainitic'nardenabilities have been established}
’ forithe commercial low alloy heat treatable steels AISI 4l30, AISI_4140;
:_T_DGAQ and‘AMSA64l6 kBOO;M). The kinetics of the bainitic reaction below
' the martensite startitemperature (Mé) have'been studied and the martenSite
-range:temperatures have been determined. The materials AISI 4130 and :

l 300—M were'austenitized at~both 880°C and'1200°C and the effect of the
raustenitizing temperature'on the upper Bainitic hardenability.was determined.
A magnetic permeability technique was employed in this 1nvestigation to

”mpnitor the austenite transformations. Computational methods were developed

to decode,‘analyae and plot the austenite decomposition data.
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L, | i.’ INTRODUCTION
The microstructurevtoughness relationship in low alloy ultra high

strength steels ‘has received increasing attention. in recent years.

This interest has stemmed from the manner in which the toughness of the

steels has been found to vary'With increasing strength levels' The

change in toughness has not been predxmahle from steel to steel and

has appeared to be contingent upon the microstructure of each alloy.

The’ alloys studled in the 1nvestigat10n were AIST 4130, AISI 4140,

v 7D6AC anthMS;6416 (300—M). _These alloys ‘are referred to as tempered

.martensitic steels. ConVentiOnally; steels are considered to be of

the tempered martensitic type if they have good pearlitic hardenability
and ean be quenched to a fully martens1tic structure

-Some tempered martensitic steels have_good pearlitic hardenability

‘lwithout_gOQd:bainitic hardenability;” In these steels,'significant

B ,‘amounts’of proeuteCtoklferrite, upperﬁbainite'and lower bainite may

form during quenching."‘Small amounts of eithetr proeutectoid ferrite or

i'upper'bainite'haye been'shown'to‘have'detrimental effects on the

: fracture“toughness.;.'Loﬁer bainite is considered to be comparable to

o oo o 2 C s ' :
tempered martensite in fracture toughness. f3- Therefore, it appears

'essential to know the upper bainitic hardenability of tempered martensitic

alloys as. well as their pearlitic hardenabllity
The primary obJective_ofrthis inyestigation was to re-examine the

upper ‘and lower bainitic hardenabilities.of:fourlwidely used:temperedv

' martensitic Steels\(the"pearlitic hardenabilities of these steels are
- well known), This was to befaccomplishedfby utilizing'a.new sensitive

_nagnetic perneability method_to follow the austenite decomposition.'



flhekoriginal method of folloWingvphase_transformations'in‘steels was
developedvhv 3ain and bavenport in l930. This~involved very,lahorious”
metallographic examinationS'of:a series of specimens,that'had been
transformed for various periods'of time at each of a number of‘temperatures.
Althbugh this'method'Was widelv;uSed, it vas:very time consuming and it
'was.limited'by poor accuracy and’COnsistencv.
- Other investigators have followed the‘phase transformation by
monitoring the change in a physical property during the transformation.
~ The methods usedfhave-involved measuring changes in electrical resistan_ce,5
v physical dimensiOns,6 hardness,7 or a magnetic property.s’9 Most of
‘these techniques have been subJect to criticism. For example, the
electrical resistivity changekis_not only a function of the transformation,
'vbut it'is_also”anfunction of particle Size.and lattice coherency.4 The
measurement ofvdilation‘is subject to a similar criticism when the
reference specimen is aplong, thin rod and the transformation product
vhas an acicular struCture'like'that of bainite.lo
| There were three_secOndaryJobjectives‘of-the present investigationil
bdne of.these was-to examine the kinetics'of'the hainitic reaction below -
the M:. If the bainite reaction could be distinguiohed from the martensite
reaction "at temperatures below M s then the values of M50 and M9O could
be determined experimentally.'

Another objective was to examine the effect of the austenitizing
vtemperature on the upper bainitic hardenabillty A recent_lnvestigation
'-has shown that the fracture toughness of 4130, 4140 and 300—M increased
with an increase in the'austenitizing temperature.3’ll. Therefore, to

- determine 1f this enhancement of toughness was related to a change in the



"~ upper bainitic hardenability, specimens of 4130 and 300-M were.

-austenitized at both 800°C and 1200 c.

The final secondary objective was to check the valldity of the

'isothermal déagrams of the recently developed alloys, D6AC and 300-M.

Most sources of isothermal transformation data do not include time-

4‘temperature—transformation (TTT) dlagrams for these alloys, and it seemed

: advisable,to check the accuracy of the diagrams in the literature.



CoII. EXPERIMENTAL PROCEDURE

: A Material Preparation }

The materials used in this 1nvestigation were commerc1al low alloy
'heat_treatahlevsteels; They were received as 5/8'in. thick bar stock in
the fuliy annealed'condition."JTahle I‘lists thefchemical7compositionsvof:
_ these-alloys. Specimens for 1sothermal treatments were prepared by :

cutting 0. 05 in. thick strlps from the ‘bar stock and then cold rolling
the strips to'thicknesses of either '0.03 in; or 0. 02.in. The spec1mens
were then sheared to the final dimensions of 2. 5 in by 0. 56 in. by the
'appropriate thickness.," |

" B}: Magnetometric Technigue and Apparatus

~-The austenite transformations in each steel wore studied by

: employing a magnetic permeability method (MPM) which was recently l.

-.developed.lz’ The MPM permitted rapid and sensitive measurements
l" of ‘the rate of austenite decomp051tion as materials transformed
isothermally. i |

The MPM principally consisted of quenching a spec1men from an

”austenitizing temperature into a temperature controlled 1sotherma1

bath where the specimen was held within the - field of an inductor coil
‘:through which a one kHz current flowed. As the austenite.decomposed, the
"increaseuin-magnetic:permgability increasedvthe inductance'of the'coilti.
: The change @f:inductanceLresulted in a change ofvperiod.of an oScillator}'d :

.circuit..vBy continuously recording'the period, the decomposition of |
'f#he austenite cOuld:he convéniently followed; Figure 1 provides a
_schematic drawing of the apparatus.. Figure z.displays,thé'biock diagram_

-of'the~e1ectronic‘SYStem.
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The\qétdal gxpéfimental procedure consisted of the following steps:

The:éiectronic system was turned on and allowed to stabilize.

. The'SPQCimén was attached with téntalum wire (non-magnetic) to the

end of a Hastelloy rod, which paésed through'évwater cooled vacuum
seal at‘the.top>of?the furnace.
'The ‘specimen was positioned in .the cold zone of the furnace and the

bqttom'lLdlbf thé-furna¢e was closed.

vThe‘fufnacé was evacuated byva pumping sysfem'which included a

mechanical pump, a'diffusion'pump‘énd a liquid nitrogen cold trap.
The-quéhching medium was circulated in a counter—cufrent,

turbﬁlént manner and allowed to stabilize at the desired temperature.

+ After théining'a vacuum of 8X10—5'TOrr.or'better, the‘specimEn was

raised into the hdt zone and éustenitized fqr 15 minutes.

' After the 15 minute periodiﬂe tube furnace was isolated from the evacuation

s&stém and the latch hoiding'the Bottom 1id of the furnace was released.

The paper tape punch was turned on at a rate which recorded the

- period of oscillation at intervals of 0.77 seconds.

'10.

Argon gas was released into the tube furnace to force the bottom

lid_open.
-ThevHastelioy rod was then immediately thrust downward placing the -
Specimén\éimultaneously into the circﬁlating quench medium and

within the field of the inductor coil. (This motion of the

‘.'Hastelldy.rod also'activéted'a switch which cpn?erted the first

digit from an even to an ‘odd value in the coded six digit output.

. Only the last five digits were used to measure the period.)



'll;'.The interval of recordlng the periodeasvincreased to 7 7 seconds

' as’ the rate of transformation decreased As the rate of transfor;

B matiOn decreased-even further thedrecording interval was increased .

"to:77'O~Seconds. (These interval changes were denoted by changing :

. the value of ‘the first digit in the coded output )

_ ' Two austenitizing temperatures were used in ‘this investigation.
’The'materials_4130,-4140; D6AC and 300—M_were austenitized at ‘the
'conventionalfheat treatingbtemperature, 880°C. Studiesgwere also made
“on 4130 and-300+Mi-austenitized at71200°C; IanOnjunction with this
changebinitemperature the thickness of the épéciméh.waé also.altered
At the lower austenitizing temperature a 0. 02 in. th1ck specimen was used
,vand at the higher temperature a 0. 03 in.‘thick specimen was used.

After austenitizing,rthe specimens were 1sothermally held in bathsf'
whose temperatures ranged from 25 C to 500° C. Well below_theiM‘; specimens ;h
 were transformed at temperature intervals of 50 C. Upon approaching the
Ms’ and at’ temperatures above the M ; specimens”were transformed at
: .Smaller;ggmperature intervalsu - | .

Different quenchingfmedias’were‘used' dependingfupon the,temperature
at which the specimens were to be isothermally transformed hEor |
» temperatures between 25 C and 100°C a quenching oil was used ?.Between
'150 C and 200 C a tempering oil was substituted When temperatures
1gzeater than 200° C were needed ‘a 1ow temperature nitrate-nitrite.salt ’

was used.
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C. Cooling Rate Determination

Thefprocedure for determining the'combined cooling rate of the

'apparatus and material was as follows.

1. Specimens of 4140 were prepared with d1men31ons of 2.5 in. by
~0.56 in. by 0.02 in. and 2.5 in. by 0.56 in. by 0.03 in.
2.':Thermocoup1é leads were‘COldvrolled>to 3 mils or less and then

'spot welded to the opposite surfaces of the specimens.

3. The speclmens were austenitized in vacuum according to the

aforementioned procedure.
4."iThe auStenitized specimens:were'droppedvdirectly_into;the-quenching
::f‘medium.lllhe cooling rates were'followed with a high—speed recorder
at”a graph‘rate of 3_in.‘per‘second. ‘Table IT lists the cooling rates

Vas a function of quenching'medium temperature and specimen thickness.

D. v!gmperature—Structure Calibration
Calihration.forvthe composite'effect ofvtemperature and. structure
on’ the magnetic permeability of the material was performed using
0. 02 in. rhick specimens. For temperatures below M 5 the calibratlon s

'for 4140 4130 D6AC and 300-M consisted of quenching an austenitized

specimen,into 0il at room temperature. The lOOA martensite specimen
-:was'then held briefly at various temperatures below the Ms'to note
the change in period. At temperatures greater than MS, the temperature

- at which thevreference_structure was transformed depended on the

specific material.

Specimens of 4140 were completely transformed 1sothermally at

©1325° C and 450° For temperatures between the MS and 400°C, the 325°C

specimen was uSed as a reference for calibration. The 450°C specimen



wasiused és‘alreférénéé'fOQICaiibratiSﬁ ahovei400°C.diThe calihration B
curve of 4140 is given in Fig.b3;“.:. | |
| Specimens of 4130 were isothermally tnansformed to completion at -
375°C and 450°C. The 375 C specimen was used for calibration purposes‘
at temperatures above the M and up to 425°C the 450 C specimen was
' used at'temperaturesbﬁrom 450°C_to 500° The calibration curve of 4130
s shown in Fig. 4. B

| A specimen of D6AC that was completely transformed at 300 C was
'used as a reference for temperatures greater than the M ;' The calibration-
'curve of D6AC is given in Fig. S.V |

) The reference spec1men for 300—M was an austenitized specimen that
was quenched to room temperature and then held.at 300 C for one’ hour.
'Above 350 C the curve was.extended to be equivalent to the temperature—
structure calibration ‘curve of an AISI 4340 Bteel 12 The calibration curve
of 300—M is given in Fig. %, .(The-reason for this is-discussed in .
-detail later ) . | i | -

EfE;q'Volume.Fraction'Transtrmed'Calibration'

The non—linearity of the change in period (AP) with the- amount ‘of
_volume fraction transformed was determined by quenching specimens’ of "d.
differentvthicknesses_to room temperatureg_ Byvvmaintaining the other,p-
'dimensionSICOnstant;vthe change in thickness ofvthe'specimens could be =
' correlated to their change'invweight and in“turn; the volume'fraction"t_l
| transformed For example, the strength of the sional of a 2 gm specimen

that is IOOZ transformed is equivalent to a 4 gm specimen which is 507
transformed,» The APrwas measured for each,specimen having a thickness of
0.03, 0.02, 0.0.5, 0.010 and 0.005 in. The corresponding dependence of

AP with'meight is. shown in Fig. 7.



F. Cngﬁter'Ana;ysis
A coﬁbutér.prOgrgﬁ wa§~ﬁrifteh whi¢h'did'the folleing{
1.' Dé§6déd tﬁe béper.tape Output.. o
2.:”Correéted.for4the.ﬁon—liﬁearity'of thé change in AP vs.vbldme frééﬁibn

transformed.

_'3.”-CoﬁVéfted'the'correctedléhange-in AP to absolute volume fractionms.,

1 4, Plotted the kinetics of'transformation of the isothermal curves.

5. Plotted the initial TTT diagrams.

"A listing of the computer program‘isfgiven in the Appendix.

v G. Metallography

' Specimens for optical ﬁetallography were sectioned, mounted

1iﬁ.Koldm§unﬁ and ébraded on sucgeséively finer silicen carbide
‘papersft§ éoo'griﬁ;. The SPeCiﬁens wefevfhan polished with 1 miéron

.;  §iamop& pasté:and finallyiﬁiéropoiighe& in a solutioﬁ 6f distilied water
v~and_0.05 micron aigmiﬁa.v-Thg'épec;méné Qerevefchéd_with 1%~§r 2% nital

fbr_S-BO.seconds;
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;" III.  RESULTS AND DISCUSSION

:F'Aa 'Maggetometric'Technique?"b

f-.The magnetic permeability method permitted continuous measurementsj
‘to be. made of the fraction of austenite decomposed as’ the alloys were
isothermally'transformed.‘ To determine the identity of the decomposition
: products, it was necessary to observe the kinetics of the - transformation,'
and subseduently to correlate the kinetics with the microstructure.:

_ At the isothermal holding temperature of 25 C, ‘each of the-
vfour steels~exhibited_a transformation which stahilized at virtually
lOOZitranSformed within.the:initialvfourlseconds-*specimensdreachedv25°C.
within 2 seconds after immersion in the quenching medium This |
finstantaneous transformation was- recognized as an arhermal mattensitic‘
-phase:transformation;‘.As'the'isothermalfholding temperature was':
“increased'.the shape{of theftransformationetime curves-began to change.
'Less transformation occurred instantaneously; and the amount ahat transfonmﬂ
‘isothermally increased with time. " The fraction transformingvathermallya |
(to martensite)_decreased with'increasingftranSformation‘temperature. -
{dThe isothermal fraction transformed was regarded as bainitic which is

classified as a time" dependent transformation.lg_,

'\' HWith a‘continued'increase invisothermal holding temperauure, a
temperature wastreachedvat;whichlonly'one percent of the austenite,
°was instantaneously decdmpoééd=fAccording to,definition, this temperature
is identified as the M temperature.. FUrther.increases'in the'isothermal..
- holding temperature eliminated the athermal transformation.“if

At transformation temperatures above M ; a limitation of the MPM was

tencOuntered. The difficulty involved resolving‘two,time dependent

o
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transformations which occurred 31multaneously, such as. mlxtures of

‘ upper bainite with lower bainite, or upper bainite with proeutec01d ferrite.

However, by plotting a series of 1sothermal transformation curves, theg

~upper and lower bainite ranges could be determined when their individual

"bctivation»energie resulted in different incubation periods for nucleation.

‘Microscopic methods usually had to be employed for positive identification '
of mixtures of decomposition products.

| Two methods are currently employed to determine the temperatures at
which the values from M through M90 occur. One method requires that the.

M ‘be determined by metallography Then emperical equations are used

'_"to determine the temperatures for the other levels of martensite
: 1 :
transformation.'4v The second method is:known as the quench—temper.

"technique;fWhiCh was developed by Greninger and Troiano.ls'-This method

involves\Quenchingvaustenitized specimens to-variousftemperatures, holding
for a short period of time, then up-quenching to temper the martensite,

followedbe'Quenching’to transform’the remaining‘austenite to martensite.

‘This technique is limited to steels with high bainitic hardenability
:because martensite has a nucleating effect on the formation of bainite,
‘_and.alsouhecause the hainite has an appearance similar”to that of
f,-tempered martensite.;éi Both of these methods have been criticized for
i.the indirect manner in.which they attempted to attain the martensite

' range tempeaatures..

’The;MPMﬁprovides.a'direct ekperimental'means for’determining the

.Mé througth90 temperatures. A brief examinaticn of the kinetics of

_transformation curves given in Figs. 8-19 viv1dly depict the percentages

of martensite'that-were transformed athermally at a given temperauure.



-12- -

';t'f 3 15”.7va:>‘Cooling Rate Determination )
| In order to determine the validity of the MPM data as. the elapsed .
' time approached zero, it was necessary to measure the cooling rates |
:of'the'specimens”quenched to different temperatures.g'lt WaS'pOSSible -
to monitor these cooling rates by spot—welding a thermocouple to the :
opposing surfaces of the specimen. The thickness of the specimen was
also varied-so_the effect of»the cooling rate with thickness could be
observed;. | S o

*‘Therata7giyen'in Tablé’il‘éhoms that"%hé valuesvof“APfare’valid ;
_after the initial 2 seconds. These results were obtained from specimens
of 4140 but they ‘also pertain ‘to the materials 4130 D6AC and 300—M ‘

'C.' Temperature—Structure Calibration o

'The magnetic permeability of a. material is a function of the temperature;
. strain,'and morphology of the’ phases present.17 Therefore, calibration’
curves were needed for each alloy to account for the magnitude of these |
effects.f | | EEARERE |
| The structure of.the.reference specimens for calibration was selected
'vaccording to the temperature range that was to ‘be calibrated This S
';eliminated the. necessity of having to separate the individual effect vfft

of temperature and structure upon the permeability For the temperature
”frange below the M ,'a fully martensitic specimen ‘was used At temperatures .
above- the M , a fully bainitic specimen was’ substituted ' Iniboth

temperature ranges the specimens were held for a short period of time, .

and the slight tempering of the specimen that. occurred was found to ‘
:have'very little—effect on’the permeability. These experimentally

derived.calibration curves for 4130,_4140;VD6AC and 300-M are congruent'
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with that found for the general dependence of permeabllity w1th temperature.18
The method for. determinlng the calibration curve at temperatures

‘above M ‘was modifled for 300—M. Since the bainltic transformatlons

’ did not go to completion; these specimens ‘could not be used as a reference.
'Instead,a martensitic structure was_temperedbfor one hour ‘at 300°C and was

'_used7to‘appronimate-a;fully.hainitic structure}' This specimen'was then -
used'for"calibration at 300°C and 350°C. The tempereddnartensitic
standardzvasbnotnused at temperatures greater'than 350°C{j'Above this

_temperature, the calibration curve of an AISI 4340 steel was used

o The 4340 and 300-M calibration curves could be expected to be virtually

1dentica1, since 300—M has a chemical compositlon 31milar to that |

of‘4340.[

[

D, Volume Fraction Transformed Calibration

Thefchange'of inductance with volume fraction transformed is

" shown in.Fig; 7. ,The'relationship is not linear. It obeys the

duadratiéh'equation K = A(AP)2'+ B(AP) + C. The constants A, Band C
7 -3 |

are equal to 6.9%10 ', 1.3%10 ° and 1.58X10—1, respectively.

E. Analysis of Data

The martensite range temperatures for ‘most of the steels studied
. . : 16,20, 21 :
- in this investigation have already been reported However,
'many of the values Were not in accord-with those determined by using
the MPM. A comparison of these values is shown in Table ITI.
Generallv the MPM values are lower'than_those previously reported.
Several factors'could account for these variations. First, the

4140 studied in this investigation has a signiflcantly hlgher alloy

content. than the reference 4140. All of the common substitutional



~l4--

allovinglelementSilower:the>MS;ZZ thus;hthexincreased‘alloydcontentlcould,f".
1have‘causedkthe'decrease infthe'h;r. Second;vthese;discrepancieéﬁcouldh{_» -
:,have'arisenibecause Sf inaccuracies-inherent{in the'conVentional. |
measurement technidues.p Other investigators23 have suggested that these ,
techniques,"as discussed on page ll have the tendency to indicate M .“
values that—are higher than the actual values Also, it has been shown';

: that there should be approximately a 200°C difference between the M o

and M90 in low alloy steels‘14 These recent oplnlons favor_thg new Values; :

wahich were determined with the MPM.

The M temperatures of both 4130 ‘and 300—M increased when the i
austenitizing temperature was increased This change in austenitizing
_treatment resulted in larger austenite grains;'as shown in the comparison
of” Figs 20 and 21 with Figs. 22 and 23 In a 'singl'e phase 'grain_ growth_.' o
reaction,fit is expected'that the enlarged grains are bound bv lowervf;
'energ& boundaries.z_4 TThefefore, the:presence of,thevlower:energv 't
grain.boundaries'requires avsmaller thermal gradient for‘the‘oecurrengé;.
'of the martensiticrshear transformation. N ” '.' |

The recently published TTT diagrams of 4130 4140 D6AC and 300—M N
have shown that the bainitic transformation in these alloys obeys C curve .

19-21 ' '

kinetiCs. _ In this investigation an acceleration of the austenite

decomposition was observed at temperatures just above the M This decrease in

f3fvincubation period for lower bainite was observed~consistently_1n,allvu

six of the'TTT.diagrams, Figs 24-29, 'S-shaped'curves for the‘bainite :

. reaction have also been observed by other 1nvest1gators 25?26’27
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'V'Belcwﬁthe'MS the rapid deCOmposition of austenite continued for a

. few seconds beyond the time Tequired for cooling."This_behavior,
, whichhsuggests the formationvof'martenSitevbv"both‘isothermal and

'.athermal modes of transformation, has also been observed by Averbach and

Cohen 24.

- The bainite transformation can be followed below the M by subtracting

vthe martensitic transformation from the total amount of austenite decomposed.

In'this manner it can be shown ‘that the_lower bainite reaction is

'aCCelerated just below the M. This decrease in incubation period for

thefnucleation_of‘bainite is associated with the increased number of

'_nuCIeationasites which result from the presence of strained martensite-

untransformed austenite interfaces. As'the'temperature'is'further
decreased the'diffusionmrate decreases. Thus the growth’rate is also
decreased and the lower bainite transforms according to C curve kinetlcs.

: In the previously published TTT diagrams of 4140 and" 4130 the

B upper bainite-—lower bainite transformation has been shown as a single
- smooth C curve.19 From these diagrams it was not possible to determine

© the separate upper bainite and 10wer bainite hardenabilities. Using

theiMPM»these hardenabilities could be determined and are shown in

'Figs 24—26.

The hardenabilities of 4130 austenltized at 880 C are comparable to

'*the values expected from the published diagram 19 The mixed microstructure

of lower bainite and upper bainite transformed at 426 C is shown in

Fig. 22 . Austenitizing at 1200 C increased the austenite grain size and

a preferential effect on the hardenabillties was observed. The lower-

- bainite hardenability remained virtually'unchanged; whereas, thevupper
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'_bainitic‘nucleation;timehincreased‘from 3,sé¢~tb 9 sec; iTheieffect{ofi.
increased hardenability with increased austenite grain size has been
'explained on- the basis of the heterogeneous manner in which the bainite N
V: nucleates.at the austenitic grain boundaries.23 The.microstructure of_h?
'a specimen transformed at 500 C is shown in Figs 20»and'30l_ The obServed»f '.:yf
duplex microstructure was examined to determine if the difference in L |
; appearance was;caused by an orientation effect. The microhardnessiof _f:'
bothfregions”was-measuredhat sia ldcationsf:with noidifferencevin'hardness v
.r]detected Thus it appeared that the specimen was entirely upper bainitic
Optical metallography ‘of step—quenched specimens of 4130 transformed at
500 C did not reveal the presence of proeutectoid ferrite.‘h

For 4140 the MPM. indicated that ‘the lower bainitic nucleation time
‘»was approximately 200 seconds greater ‘than that shown in the published
diagram.l_9 The increased hardenability was attributed to the higher ,:;
‘alloy content of the 4140 tested by the MPM method' The upper bainitic f_'~"
"hardenability, however ‘was slightly lower than ‘that reported The s
fmicrostructure of a specimen transformed at 374°C 1s shown in Fig 31
Optical mctallography of step—quenched specimens transformed at 500 C
did not reveal the presence of proeutectoid ferrite.- | |

The bainitic hardenabilities of D6AC as determined with the MPM,,
- correlated extremely well with those recently published 21 Also; the N
“.bainite start (B ) and bainite finish (B ) are virtually equivalent
to those previously recorded The microstructure- of a specimen held at 500°
. for one . hour after austenltlzation is shown in- F1g. 32 This temperature is
'above the B ‘80 upon airvquenching to room.temperature, the spec1men trans—:

S

formed to martensite. Figure 33 shows a spec1men transformed for one hour
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at.355°é._'This transformation temperature;ishab0ve the'BF;vaPPrOXimately
70% ofnthe‘auStenitehhad transformed'to;bainite before.the_specimen'was
‘;air quenched to form martensite. ‘ : | | |

" The TTT diagrams ‘of 4130 4140 and D6AC Wthh were obtained with .
the MPM - are in general agreement with the previously published diagramsr
' The TTT diagram obtained for 300ﬁM austenitized at 880 c, however, varies
significantly from the previously published diagram The MPM diagram
and the Bethlehem Steel_Co; version are shown in Figs. 28 and 34, |
'respectively;. | | B

The incubation period.for the formation of bainite as measured by

the MPM is shown to be greater by a factor of lO over that of the

o previously recorded value This difference in hardenabilities has

probably resulted from the difference in austenitizing temperatures.
':The published information is for a 300-M with a higher vanadium content,
»'that wasvaustenitized at_855_C.» At 855°C allvthevvanadium carbides
"might”not haVe beenvdissolved; and the lower carbonbcontent’of'the
_ matrixﬁwould'cause the decbﬁpositibﬁ'Af"aﬁstehite-ta startiin'abshorter ,
:time. Complete austenite decomposition did not occur. The‘austenite f
was only about 60/ transformed From the kinetlcs oF transformation
curves‘given_in Figs 16 and 17 it can.be observed that most of the l
._isothermal»transformations have.stabllized w1th time after one hour.

The microstructure of'a“specimen held forione hour.at 560°C is
'shown 1 Fig. 23.4.This temperature1ishslightly'above the ﬁs’ so the
specimen was transformed to martensite upon air quenchlng to room
temperature. Figure 35 shows the microstructure of a specimen held

at 274°C for one hour, The structure appears to ‘be lower bainite.
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Upon air. duenching the specimen to ‘room temperature the magnetic
'permeability of the specimen was’ measured The MPM showed no further
} decompositlon of the untransformedlaustenite. After holding the o
specimen in liquid helium (4 2 K) for 20 minutes, the magnetic permeability
was again measured and showed no further decomposition Specimens |
’transformed for one hour at’ 298 C and 350 C also showed no further .
‘-increase’in austenite decomp051tion after being placed in 1iquid helium
Upon austenitizing the 300—M specimens at 1200 C _the bainitic -
:hardenability decreased,.relative,to that found for the lower austenitiaing
temperature;‘ The upper bainiterincubationiperiod.was notidecreased as.
| much*as was the incubatiOn'period of lower bainite;, (A decrease in
'hardenability w1th increased austenitlzing temperature has also been o

29’30)' Figure 29 also reveals that'

:observed by other investigators
- small percentages of austenite decomposed at the shorter incubation
periods, but ‘the 50/ transformed curve occurred at virtually the samelff
time for both austenitizing treatments In the bainite range, the
sustenite- decomposition 'did not go to completion, but began to stabilize
irwith_time5 as shown 1n'Figsf 18 and 19._ Aftervthe isothermal transformation,i
the specimens were’analyaed for'decarburization;, As,wasfthefcase withd | |
_ the other steels, no change in carbon content. was detected
The‘microstructure of a specimen transformed at 300 C for one hour
'.is shown in Fig. 21. The optical microstructure of‘a'similar silicon
. gteel appeared virtually identical.tofthis microstructure. Transmission,
electron microscopy of the former steel has shown that the light etching-

phase is lower baini_te.31 ‘Therefore, it is reasonable to conclude that the

light‘etching constituent invFig. 21 is lower bainite.
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e CONCLUSIONS'
The upper and lower bainite hardenabilities of AISI 4130 and

AISI 4140 are in general agreement with published data on

.the bainite hardenabilities of these steels
. The martensite range temperatures for AISI 4130 AISI 4140, D6AC

’;and AMS 6416 (300€M), that were determined with the MPM, are lower

than the published values.’

Austenitizing AISI 4130 at 1200 C increased the upper bainite

nucleation time from 3 sec to 9 sec and the lower bainite nucleation

t:'time'remained‘virtually unchanged.;.

An-acceleration'of the austenite decomposition»occurs just above"

.theNM-.“ This s—shaped transformation phenomenon is exhibited by

| all four of the steels and at both austenitizing temperatures.. |
'dMartensite forms both isothermally and athermally in AISI 4130

.AISI 4140, DEAC and AMS 6416 (300-4) .
"The TTT diagram of D6AC that was determined with the MPM, corroborates'
:-the published TTT diagram | |

.The TTT diagram of AMS 6416 (300—M), that was determined with the ‘::

’l MPM varies from the published data in the follow1ng manner:

H»(a) the nucleation time for bainitic transformation (0 5%) is greater
"byva'factor of:lO. (b) the austenite decomposition did not go to
‘completion above the M .g'” : o

';-Austenitizing AMS 6416 (300—M) at 1200 C decreases the bainitic

j hardenability as’ compared to the bainitic hardenability obtained

' from austenitizing_at.880° o
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APPENDIX

RUN764SCse

LGO.

EXITe

PROGRAM ERICS( JNPUTsOUTPUT « TAPE9E=101 +PLOT» TARESS=PLOT )

DIMENSION DIFF(400)+DIFiS(15)+PCTF (154400121 s TEMP(15)+TP(15:40042)

1.YEMPN(XS)0WT(15)-MFN(lS)tMP(QtlS)'KOUT(lS)oTDlFF(15)4'

889

888

INTEGER DAT(154400) vKAT (15040031 sPeBLI15) +B+PAT(151400)

I' = NUMDER OF ISOTHERMAL ébnvss }
FEMPN(K) ;'TsﬁbsnATunE - 'STRUCTURE (T-S) FACTOR

Kﬂer-L)ﬁ;nFFﬁsT DIGIT.OF THE CODED INPUT. IF EQUAL TO 9. 5;

" oR 3 The RécopuxNe'inERVAu IS Gu77¢ 7.7 AND 77.0 SECONDS RE-

SPECTIVELY. ‘ ‘ ‘ o

KOUT(K) = NUMBER OF RECORDED iNTEhVALs PRIOR TO queNcuxﬁc.
Tp(K;M-N);= DELTA PERIOD NORMAL.IZED TO WEIGHT INCLUDING T-S FACTOR
_pcrr(x.m.nj - 'PERCENT TRANSFORMED (MAYING ALLOWED FOR THE NON=

LINEARITY. OF THE STGNALe

1=
WTN=348000 °
AA=0,00000068 ' BB=0.0013 & ce= ;;58
DO 104 Kelel o '
‘conTInuE 7
READ.IOS'TEMP(KJ;TEMPNkK)owT(k)
IF(TEMP(K) oNEe 040) GO TO. 888
0 To 889 v v
CONT INUE

PRINT 200,TEMP(K)

CPRINT 105 TEMP (K) s TEMPN(K) ¢ WT (K)

102

PRINT 101+ (DAT(KsL) sL=MN) * . S

IF (DAT(KaN) oNEs 01GO TG 102

M==9 $ N=0

M=M+10 S NzN+10

READ 101+ (DAT (KoL) eL=MeNY

L=N’

DO’ 103 J=1+10

L=F'l

103

‘704

104
101
105
260

500

.80

90

50

" IF(DAT(KsL) oNEe 0)GO TO 704 R

éONTlNQE
CONTINUE
PRINT’Sdo;L
PL(K):#
FORMAT(IO]B;
FonMAf(JFxo.a) ‘ - ,
EonMAT(xnx'vx.ﬁjnl; ls.QHgf s é;Ao IN FOR TgMPERATURE’oFlO;A'/[
FORMAT(4%¢;LK 5’.15) v .
ACTIM=040 B

DO 1 K=lael _

M=0 S N=1 s LK=PL(K) s'KouNT;o"s K520 $:K3=0

DO 1 L=1sLK '
MeMt] S KAT(KeL)=INT(DAT(KWL)/10" o3 - % KATKL=KAT (KoL)

GO To (909030.?050-9‘@080.90)-KATkL '

ACTIM=040 % KOUNT=KOUNT+I & KOUT(K)=KOUNT £ A¥ogo $ B=800000
=1 .8 60 To 2 .

A=0e77 $ B=900000 $ J=M $ GO TO 2

A=7470

IF(KS +NEs 0) GO TO 99



99

30

S5

llq

339

601

607

. 600

KS=1 -s»q=b.77

JsM  $ B=500000 % GO TO 2

A=77. '

IF (K3 oNEs 0) GO TO S5

Kj:f $ AS7.70

J=M S 32300000 ‘

TSA+ACTIM 8 ACTIM=T s TP(K+MeN)=T
UAi(K.L)=1Aés(DAr(K.L)—B)
lF(DAT(K-L?-;OOOO?l]Ovlllvl!i

DAT(KsL)I=DAT(K«L)+100000

- N=N+1

PAT(KsL)=1ABS (DAT (K¢l )=DAT(Ke1}) "
IF (PAT(KsL) oLTe -0) GO TO O

TPIKeMsN)=PATIKsL ) # (WIN/WT(K) } #TEMPN(K)

DO 339 L=1el
PL(L):PL(L)';KOUT(L)

DO 600 K=1+1

NN=PL(K)~1 % J;o

DO 600 M=1 NN

DIFF (M) =TP (KoM+142)=TP(K+1+2)
15(DIFF (M) GE. DIFF(M-J)} GO TO 601
TDIFF‘(K-)=DIFF‘(‘M—J).-

GO TO 607

TOIFF (K)=DIFF (M)

CONTINUE .

Jz1

DO 368 K=141

PRINT 578+ TOIFF(K)+K
368 CONTINUE

578 FORMAT(6Xs#TDIFF(K) =#eFBe2i3Xs4K = #413)

IK=]l=1 -
MAX=1}-

[ 604 JEleIK "

lF((Tb!FFxJ#l)-TolFqux) «GTe 0s0) GO TO . 961

._lTbIFF(J#1)=fDlFF(J)
GO..TO 604
961 MAX=J4‘!V
604 CONTINUE

PRINT S87¢MAXsTDIFF(])

587 FORMAT (3X+#MAX =%y 133X+ ¥TDIFF(1)=%sFBe2)

~

DO 705 K=1s1
MEN(K) =PL(K) $ NK=PL(K)
DO 605 M=2sNK

TT=TRPIK M 2)=TP(Ky142)

PCTF(KAMe2) = ( (AARCTTHR2)4BB*TT+CCI1000)/ (AAR(TOIFF (1)) %%2488¥TD IF

1F (1)+CC) )
IF(PCTF(KsMi2) «GEe 040) GO TO 901

PCTF (K +M+2)20.006

901 CONTINUE

605 §CTF(K'va)=TP(k-Mg1)
. PRINT 805:PCTF(KsNK,2)
705 CONTINUE
805 FonmAtisdx.QPch(K.NK.a) 2#.FBe2)
DO 350 K=141
oo_dao:g;x-s

330 MP(J.K)=2
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' i »"24 . b . '
+ LS
» .
v D0 210 K=1e1' 309 CONTINUE :

LK=MEN (K) - 1 ' - ; S C - o » i S 3 :' - ‘povzos L=M7S LK _
bo 300 MPS=2.LK - L o E .-_ o R 7 ' | IF(PCTF (KoL +2)~904) 205 +205+206 R - : N
}F(PCTF(K.Mps;;)—o.5)306'560f301 - o . o ;__ o 205 MPL84K) =t . . ; r

300 WP(1 Ky MBS o _ - | OPRINT 207.TEMRCK) L - o T

101 ééNﬁiNUE L S S o T ) o a0e FORMAT (5X 0+ #NINETY PERéaN7'5As'Nor TRANSFORMED FOR IEMPE&ATURE»=;'
DO 201 M:Més}Lgf_ o ;1V: . T . "]'._ S _‘_.'_ ‘ I 1F1044) ' v ' v : ‘ ,
xF(péngK.mié{-i.odzox?eox.zoé'i' .  . /GO To 210

201 MP(2eKyzM - . T Zii R o T o 206 CONTINUE' :

| 202 CONTINUE ' » ‘ PRINT 208, TEMP (K)
0O 302 MS5eMeLK - :ébabFORMAY(gerMORE_THAN.N;NETV,P&RCE&T HAS TﬁANSFonMED FOR TEMPERATUR
© IF(PCTF (KaM542)5,01302+302+303 AT v: . R ;, 1€ = %iF1004) - . o
_éoz MP(34K) sM5 L ;vPR[NT ixd.EETF(K;L‘g; _
303 qoyyfuue"f A S "‘; S - ‘_ ;_ S T 710 FORMAT (12X s %PCTF (KoL o3} =K oF702)
" bo 304 M;o=§5{us". U L _: R o _:,' _ 'fA 210 CONTINUE
- '.1?(Pch(K.be;z)-;0.0)509-304-5-5 ih_ _ - N o ‘ o - ' S o , KOUNT={ s YMI==2.0 s YMA=040
) 304 MP(Q;K)=M10 ’ o _‘_', L .  ., o ,: p i 233 QONfiNuE V
© 7305 CONTINUE. . o ‘ CALL enapym(x.MF&}Kodﬂr‘pérs;vmxQVMA.MP)
; DO 306 M25=M10.LK | . - O ) o o o k0uui=xouN7+1 s YMI==1.0 Q»VMA=;.o' .

_iF(Péfé(g.Mzs.zy;25.01306~366{3 a . o S IF (KOUNT .éo- 23 éo TO 5;5 . -

306 MP(S.K{:MESZ ‘ v . cALL GnAFTT<x.T§Mp.pch'M§)

307:CONT}Nué ‘ ‘ GU 7O 999 .
00 203 J=M?5;LK T o ) ' : ;',”-' ’ B équrlNuE
IF(PCTF (K4 Js2) ~5040)20342030208 : i s ) : o ' PRINT 909

203 MP(6+K) =y P09 FORMAT(9Xe¢/ ¢ #THERE IS AN ERROR IN THE DATA®) .

204 CONTINUE - GO TO 999

DO 308 M7S5sJiLK 2001 CONTINUE -

IR (PCTF(KAMT7542)=7540)308+30843 9 PRINT 2002

308 MP(74K)=M7S 2002 FORMAT (3X+*THERE IS NOT ENOUGH TRANSFORMED*)‘ )

'-,.EZ*':-‘



999 CONTINUE ) SUBROUT INE GRAPHM(l-PL.KOuNT.Pch.VMI.vMA.Mpi L
 cALL cceNd L - - S e B ' o o ) A LOMMON/CCPOOL/XMIN-XMAX.YMXNQYMAX-»CXMlN'CCXMAX‘CCYMlN'CCYMAX'
sToP- ST b.  ' o  . L . _ : h ' : - o : ' COMMON/CCFACT/FACTOR |
END S . o -." S ", - 1: "" o ', ' ) 7 D IMENS 10N x(aoé).v(adO).PCTF(xs‘p' .za;mpkg,xs)
" SUBROUTINE GRAPHT (1sPLaKOUNTWACTE o¥MIoYMA) © . . © ‘ - . INTEGER PL15)
COMMON/CCPOOL/XMleXMAX'YMIN-YMAXapCXMIN-eCXMAX'CCYMlNo : . ) e o . _ ' e
COMMON/CCFACT/FACTOQ ‘ S . o S ¢ TﬁlS,SqéROUTINg PLOTS THE DATA WHEN FITTED TO THE JOHNSON-MEFIL
DIMENSION xT(aOO).vr(aoo).Dch(15.400.2) [EET A o ,.:_  e .-'ANQ.AUSYE&‘é‘C‘éTT EQUATIONS . _;f oo .J :
INTEGER PL(i5) '; L ] . v‘ B o : ‘v'. o é_ ‘ .1: R o ‘ C . B o ’
c . ’ - S e . ) ~xm|~=ALonq(1}0) s xMAx=Audc;6(1 eore s CCxMAX=300040
c ThIs' SUBROUTINE PLOTS PERCENT TRANSFORMED vEésus'+|ME: - S T . YMINSYMI® S YMAXSYMA s NLYPI2 S NLYSS 2 $ NCY=0 S Nex<a
E . : -:" . n _ : : } S - e )  TltLL=0-;0d' % TlCLLl 0.167 »
XMINZO. s xmkk%&edo...s.FAcTo§=1}_‘s”cpoiN=loot 5 CCXMAX=1500e ~ - ) DO 807 J=1sa-
CCYMINS100s '8 CCYMAX:1000e snvml&=o. $ YMAX=100.0 . . o o . KAxlS g |
cALL CCGR]D(Q.S.sHLABELs.q.Q) ' . IR . T . cALL CCLOGTC(KAX!S'NCV'NCX‘TICLL-TlCLLlvNLYP.NLYS) 'r'gf
0O 3 n:}sl ke A . o ) o o . T go7 conTinge ) r
PRINT 4410PLIKY .« . ' ’ o '; o o ‘ R _ .i.' a ’ caLL c;aLQGx«NgQ)
a41 FonMAr(16x.~cRAPH¥—4MF&(K}.=*-|6i R o  _‘ :.  . S LInvsNLY sTuLInk=o
‘N=pL(g,_i % NG=1 ;‘LK:PL!K, ) ) ) o :__ © . cALL chBL(LlNQ.nyv)
‘00 112 g:a,LK - K N ) ;" - B ‘ MM=6 »
JM=u-1 s xv(JM)=pch(K.J§1)_ . : ) _ T B " j: ‘ oo 3:K=e;f5 ;
112-YT(JM)=PCTE(qu'é) :‘ R e S "'Tv.h " . . : ! N=PL(K)=2 MM=éﬁ+lv .
CALL ccPLot(xT;vf.&.thoiN.NS.i) o ' T ) . ' '. ' ’ -.‘.’ P cé_fo ‘l~3'0'5'6°9"hM g
3 CONTINUE o S : ‘_ . . ) . 1 nses _ .
caLl CCLTR(500.010--0’219HT1ME(SEC)09) _ : ,. o : ) 6o 1o 7 _ : . ‘-’. STl . _  g
CALL CCLTR(xo..sao..x.z.LQHPERcENT TRANSFORMED.IQ) S o . 2 Ns=6. : . .
CALL CenexT Co ' o S >_-: o et : ' - : S A
RETURN t .. ‘ o ) E - ) . 4 ~s=| 
END : . - o e oo . o GO To 7
. ‘
. I . »




21

543

542

538

o

552

NS=7 -

Go T0° 7

‘NS=9

GO 10 7 -
NS=S

CONT INUE
LK:PL(K)

DO 112 JU=3eLK -
JM=J;2 '

lF(PCTF(KoJaZ)'-?T. lOo)‘GO TO 21

LO=MP(aeK) -5 PCTF(KIJs11=PCTE(KILOs1) 'S PCTE(KeJs2)=PCTE (KsLO+2)

50 10 211

" CONTINUE

IF(PCTF(KsJe2) oLTe 90e) GO TO 211

LN=MP(BIK) <% PCTF(KeJe1)=PCTEIKILNGT) PCTF (K+ds2)sPCTR(KeLN+2)

X (M) ZALOG1G (PCTF (Keus 11)

IF( KOUNT — 1)543,543,542
Y(JM)=AL05101AL6¢101140)&}.0—(P¢TF((.J-2)/1 RYEY

GO TO 538 ’ ‘ ‘
'v(JM>=ALocxo(gpéT;(K.J.é)(lob.d)((l.o-(pcrrfkou.zd)noo.Oy){
CONTINUE -

IF(Y(JIM) «GTe YMI) GO TO 10

PRINT ll-X(JM)’Y(JM)ok'J .
FORMAT (4Xi#X (UM) 2% 0EBeGe2Xs kY (M) S5 eFBaS s aX 04K Qi-xs;zk.1J=¥,13)
Y (UM)=YMI - '

CONT INUE

IF(X(JM) +GEs ALOGIO(1403) GO TO S52

XCJM)=ALOG10(] a0)

CONT INUE

112.

54

-

540

CONTINUE - -
CALL CCPLOT(XsYsNsaHJIOINSNSs1)

éON;rl&uE .

CALL' CCLTR(460 e+ 100 +0s2 ¢ 15HLOG

JF(KOUNT = £154145414540

CONT INUE
CALL CCLTR(10493300+1+2428HLOG

GO TO 539

CONT INUE

CALL»CCLTR(lQ.'330-gl'2-20HLOG

539

CONTINUE
CALL .CCNEXT
RETURN

END

TIME {SEC)«15)

LOG (171-=Y)

© J=M EGs28)

(Y/1=Y) A-R EQ+24)

SUBROUT.INE GRAPHR (1 4PLyKOUNT+PCTE 4 YMT s YMA)

COMMON/CCPOOL/XMIN'XMAX0VMIN'VMAXOCCXMlNoCCXMAXtCCVMlNOCCYMAX

 COMMON/CCFACT/FACTOR

XMIN=0e0 $ XMAX=ALOG10(1000040) % CtxMAX:stO-O $ YMIN=0.0

808

'YMAX=ALOGI0(100e)

DIMENSION XR(400)+.YR(400) +PCTF (15440042)

INTEGER PL(15)

THIS SUBROUT INE PLOTS LOG PERCENT TRANSFORMED VERSUS LOG TIME.

DO 808 J=1s4

KAXIS=J & NCY=2 "% NCX=4 $ TICLL=0.100. $ TICLL1=0e167

CALL CCLOGTC(KAXIS-NCY-NCX.TlCLLoTlCLLloNLYP;NLYS)

CONT INUE

CALL CLBLLGY(NCY)




" 353 -CONTINUE - S

| CALL CLBLLGKR(NCX)
100 3 K=let” v
N=PL(K)-2 & NS=1 S LK;PL(E)
D0.112 J=3eLK ‘ B '_: - L o
M=J—2 $ XQ(JM)=AL°Glo(pCTF(k'J;l)b 5 YR(JM) ALOG]O(PCTF(K'J'Z))
lF(XR(JM) .Gh. ALOGIO(I.O)) (o] TO 552
} xR(JM)-ALOGxO(l.O),'

552 CONTINUE

- IFCYR(JM). oGEs 040JGO TO 5831 * ..o 8

YR(JM) =0e0

12 co~7iNQE
cALL CCPLOT(XQ'VR-NoAHJOIN'NS'1)
‘3 CONTINUE s _
‘CALL CCLrp(oso..io,‘q.z.xsuﬁch xlye_éssci.xsi
" CALL CCLTR(104433004152+23HLOG PERCENT TRANSFORMED + 23)
_tALL'qc&EXT. » o » i
RETURN
SUBROUTINE GRAPHK(I'TEMPoNu) R
COMMON/CCPOOL/XMIN'XMAX.YM]N'YMAX0CCXM[NOCCXMAXOCCVM[NCCCYMAX
COMMON/CCFACT/FACTOR

'olmemson_x(15>-vr15)vTenptls)‘Rfosv'

THlb bUBROUTINE PLOTS THE lNVERSE TEMPERATURE VERSUS LOG lNVERSE»

oF lNTERCEPT OF THE ISOTHERMAL CURVES.

leN:iz;o'_s XMAX=1740 s leN- 340 S YMAX=0+0. % CCXMAXZ1200e0

CALL CCGRID(S.Z'sHLABELS~304)

DO 3 K=NUs L

.,CALL CCPLOT(X'VcNosHNOJOlNuNSol)

£ND‘

RK(16)=11,0 & RK(11)=8el $ RK(12)57¢4  $ RK(13)=644

RK(14)27e3 % RK(15)=8e7 °

J=1 -$°Ns1 S NS= s'

X(J)'lOOOOtO/(TEMP(K)*273nO)

Ytuy= ALOGlO(l./RK(K))"-'

CONT INUE
CALL.. CCLfntaeo;.10.-6.2{18H1000 VA (KELVXN).IB)
CALL CCLTD(10..380..1.2'8HLOG(1/K).a) PR 1_ S [

CALL CCNEXT

RE?URN

SUBROUTINE GRAFTT(loTEMPoPCTFvMP)

COMMON/CCPOOL/XMIN'XMAX'VMIN'YMAX0CCXMINOCCXMAXGCCYMINOCCYMAXVI

COMMON/CCFACT/FACTOR

-DIMENSION XTT(lS)cVTT(lS)-PCTF(lSoQOOvZ)-TEMD(lS)oMP(?‘ls)cXS(lS)-

- lYS(lS)

THIS SUBROUT INE PLOTS THE TIME

XMINZALOGIO(140) S XMAX=ALOGIO(1: .0)»'§’ccxMAX=xsdo.o

" YMINZ0.0 'S YMAX=600+0 $ NLYPS6 S NLYSZ2 & NCY=0 § NCX=4

. DO 807 Jiisa

. 807

TICLL=04100" $ TICLL1=0e167

KAXIS=J

CALL CCLOGTC(KAXISeNCYNCXeTICLLoTICLL1 «NLYPINLYS)

CONTINUE

CALL CLBLLGX(NCX)‘

TEMPERATURE = TRANSFORMATION DIAGRAMe




4 &.
1 \ . < . N
v L
_'LINY:NLY? % Lx&xso ) ) o lF(x}T(J) ;§E¢:ALOGjO(i.A); 6o 10554
CALL CCLBLILINXSLINY) < - SR :_ v ;; L o . XTT(J)=ALOGIOC1e0) . R
DO 3.L=1+8 S R R e | 554 CONTINUE -
Ni1 S S BT J L j S T YTT;;)=+£M5(Q; % XSCJ)=PCTF(UaMaT) . ;vYS}J)=TEMP(J) .
60 TO (1:2+445160748i91 1L . " PRINT 1021 4XS(J3eYS(J) - ' :
, ) 1 NS=8 : P . L IR ;. A*_ _"- s ‘;1021 Fonﬁar;sxwix77«g;;*.Flo.Avax;ivTr(Q$ =¥ eF104a1 "
6o To 10 o 7 L e T ' :2 R ‘§12TCONTiNUE' : '
2 N5=6f L L o »f_'b ERR . TR cALC'ccPLofxxTT.vTT.&.eHNOJOlN‘NS-1)
GO TO 10 A '. _ : R . __;A e o L . © 3 conTinue » ’
4 NS=8 | o ' . ' cALL CCufRiAiO.fIOo-O'ZvlSHLbG TIME (SEC)e15) ;
GO 16 10 ) - CcALL cthR(xo«.gaoJ{l.é.lsHTEmpEnAfQRE (€14159
5 Ns_=8. o RO L L ‘ T ' _C/iL:L CC‘NE)(T‘ . ‘ .
G0 TO 10 S R ‘ © ReTURN '
) & NS=8 o ) I R o TS Co END v
B GO TO 10 o S RN ' SUBROUT INE CCLocTc<KAxxs;ch.ch.TxéLL-TICLLl6Nva;NLvsq‘
7 NS=7 ¢ THIS SUBROUTINE PLOTS LOG SPACED TIC MARKS USING fHé'CAP comp ROUTINES ; :
GO TO 10 ' c KAXIS OF 1=LOWER AXISs 2=RIGHT HAND Axls;,3=oppER'Ax;s.‘a;LEFr HAND -AX1S Ej
8 N§=¢ € NC=NUMBER OF CYCLES' ' V ' l . !!
‘e Tto0 - T EEREE ;ﬂ' S o .- ¢ . TICLL=LENGTH OF SECONDARY TIC MARKS IN INCHES
9 NS=7 ¢ TICLLI=LENGTH OF PRIMARY TIC MARKS IN. INCHES ‘

10 CONTINUE COMMON/CCPOOL/XM[N(XMAXtVMIN'YMAXoCCXMIN'CCXﬁAXoCCVMINchVMAX

00 112 J=141 COMMON/CCFACT/FACTOR

T MEMP (L) DIMENSION XT1C{30)sYTIC(30)
JIF(PCTF(JsMe1) 6T 20) GO TO a, X1SAVE=XMIN $ X25AVE=XMAX $ Y1SAVE=YMIN. $ Y2SAVE=YMAX

PRINT 4011PCTE(JsMel)ad GO TO (1004110+120+1303 +KAXTS

401 FORMAT (6X+*PCTE (JoMe1)=#4F10a300Xe%d =¥, 161 . : S - 100 XMIN=O, $ XMAX=FLOAT{ NCX) & YMIN=Os % YMAX=140

PCTF(JsMe1)=140 B=l00-/(FACTOR*&CCYMAX—CCYMIN))

400 CONTINUE GG TO 208

XTT(J)=ALOGIO(PCT¢(J;Mol)) 110 XMIN=1e $ XMAX=0e $ YMIN=Oe



IF(NCY «GTe 0) GO TO SO1

YMAX=(FLOAT(NLYP))*100e

60 70 s02

-

S0

502

YMAX=FLOAT (NCY)

CONTINUE

821006/ (FACTOR¥ (CCXMAX=CCXMIN) )

120

130

S04

505

300

© 208

200

GO TO 300

XMIN=O4' $ XMAX=FLOAT(NCX) & YMINzle % YMAX=Oe

B=100e/ (FACTOR¥(CCYMAX~CCYMIN) )

GO To 208

XMIN=O4 % XMAXZle S YMIN=O.

“IF(NCY ,cf.‘o) G0 76;504_
VMAgé(FQOAT(NLvPI)*xoo;
G0 TO 505 '
YMAX=FLOAT (NCY ) -

-CONT INUE

a:1Qo./(FACTon1tccxMAx-ccxMIN)1,

NC=NCY

‘60 To 200

NC=NCx s ) '

TICL=TICLL*B
TicLi=TreLLi*8

IF{NC .+EQs 0).GO TO dbo
co 2os’st;Nci» v
L=t

D0.204 J=1.9
ﬁJ;J': .
XTxc¢=ALocxo(§J)4K;1.

DO 203 =13

201

XTIC(L)y=xTICC
GO TO (201+202¢2017%¢1

YTIC(L)=0

GO TO 203

202

. 203

204

YTIC(L)=TICL

L=+

CONTINUE

XTIC(L)=K E '

©OYTIC(L)=0

206

207

205

400

GO TO (206+20742065207) sKAXIS .

IF ((JeEGeT) dANDe(KeNEw1)) YTICILI=TICLL | -

CALL CCPLOT(XTICsYTICLs4HIQIND

GO TO 208

CALL CCPLOT (YTICoXTIC oL ¢4HUOIN) -

CONT.INUE

60 To 590
CONTINUE. -
THUD=10040"

DO, 405 K=1sNLYP -

L L=y

401

402

YTIC(L) =0

‘DO 404 J=1.NLYS

AJ=J _
le¢c=((AJ+K-).)llbo.y—THpo
DO 403 r=1;3' N '
XTIC(Ly=XTICC

GO fd (401.402;46{).1
éovro'qoé

YTIC(L)=TICL



C

403

404

405

S00

IF((J,EQ.I).AND.(K-NEil))‘YT!C(L);TléLI
L=b+1

fHuD:O.o

co&?x&ué

XflC(L)éK'lOOo e

YT]C(L):O.“. B

CALL CCPLOT(YTICsXTICeL +4HJIOIN)

CONT INUE

"CONTINUE

XMIN=X]1SAVE $ XMAX=X2SAVE $'YMIN=V[5AVE % YMAX=YZ2SAVE
RETURN
END

SUBROUT INE CLBLLGY .(NC)

" COMMON/CCPOOL /XMIN ¢ XMAX s YMIN ¢ YMAX.« CCXM TN+ CCXMAX s CCYMIN o CCYMAX

COMMON,/CCFACT/FACTOR

C ROUTINE LABELS ¥ AXIS IN LOG SCALE.

C

2

NX = NC + 1

DO'1 1 = 14 Nx

‘WRITE (98¢ 300}

SCY = CCYMIN- + (l-y)l(QCVMA*-CCYMIN) 7/ NC - ol
CALL. chrétccxme-es.-cc9.6.2)

12 = ( YMINASIGN(.SeYMIND ) + |

IF ( +ABS(12) «GTs 9 ) GO TO'2

IF ( 12 «EGe 0 1 12 = 40

WRITE ' (984302) . 12

GO To '3 .

WRITE (98+ 301) 12

300
301

302

-

"CALL CCLTR(CCXMIN=40e+CCY+100+0¢1)

CONTINUE

RETURN .
FORMAT ( 2H10 ).
FORMAT « 13 )
FORMAT ( 12 )
END

SUBROUT INE CLBLLGX(NCX)

' COMMDN/ECPOOL/XMIN.xMAx.YM1~'vaxoccxmlN.ccxMAk.ccvme.pcy@Ax

COMMON/CCFACT/FACTOR

ROUTINE LABELS X AXIS IN LOG SCALES

NX=NCX+1
DO 1 -I=1.Nx
WRITE. (98s 300)
ccx=CCxM1N+(1-1)f(ccxMAx;CQXMxN)/ch-éa1
CALL CCLTR(CCX+CCYMIN=4000042)
122 (XMIN+STONC a5 eXMING ) 45=1
IF(1ABS(1ZF +GTe 9) GO TO 2
lF}iZIIEQ. Q) 12=+0

WRITE(984302) 12

GO-TO 3

WRITE(98+301)12
CALL CCLTR(CCX+25¢+¢CCYMIN=2544001)

CONT INVE

RETURN

_fsz_.



300 FORMAT ( 2HI10 )
301 FORMAT ( .13 )

©.302 FORMAT (

REEN .
© SUBROUTINE éCLag(Nxx;NYk) R SR
. coMMON/ccﬁoo;)xMxN.xﬁAx-vmxu.?m@x;?gg@xn(CCxéax.cévme.ccvnAx~
COMMON/CCFACT/FACTOR ' o
15zERO=0 .
~  XQ=XMAx-leN:'. | svBavMaX {ﬁ}N

CCXD=CCXMAX-CCXMIN  SCCYD=CCYMAX-CCYMIN

- Lo
: KS1ZE=2
KORIENT = 0
CIF g:in-.Eo. 0. 69 105

c o s ‘
C . LABEL FROM RIGHT 70 LerT ALONG tHE-xéAXIs;_ "
-C. V ‘ - : ) ) ' -

XI=XD/FLOAT(NX1):"

DO 2 NX=1SZEROWNXI -
'CCX=CCXMAX-chD*FFOAT(NX)/FLéAT(NXl)7—
X2 (ECX~CCXMIN #XD/CCXDAXMIN .

.Cv N N
c . SET X TO A TRUE ZERO IF X=0e TO WITHIN ﬁAéurNE ACCURACY.
o . _ .

_x#(kas (x/xl);LY.x.oé-é)xso.
NN = fFl*‘ﬁx + o)
WRITE (98‘27).~ﬁ
2 cALL CCLTR»(CCX—65;*FLOAT(KSlZE)/FAéfOR.
x . i;cciM}N—q.*FLOAT(ngzE)/FAcron.

[

x . : KOR!EQT._stZE ;'. : b-; - T e jj  = -T,;.
c 7 ' ! i . - .. .
5 1F ¢ &vn..go} o) RETURN- :
c _. - . . - . . T
c | -LABEL Uﬁwnnb ;L9N§-THE Q-Axls. S s ‘<f 2 .
Lo s . ;i:YD/éLQAT(NYI)J ) ]
DO 3 §v=lszERo.NY1 - X
o H,'écy=ccvhyn+cc§o-FL0Ar(&Y)/FLoAtxnvg;';; ]
_ y;(gCy-gcyM}Ni;vo)ccvo4YM1& ‘ K .
1 ) c ‘ . - - ' . » *
< SET V7O A rnue-zénor;k ¥=04 fO:QlTHiN-MACHlNE ACCURACYy
< :“ o v ‘
xF(Aas_(Y/Qxi.Lv.i.éeée;v=o} ‘ " B
aF (?; ;60. 101+ 102 - » : ég
xongva'{f{x'<v-.1) s G0 10 108 . _*_\*' , ",_
101 ijf_o  s o To 104 .
! lOé;NM’?.iFlX fYt;n)r )
.103 wé]*s:;98.28)inn. )
3 ;C}yL_CCLTR(éC*th-70;;%LbQT(K§iZE)/%ACTOR'CCY}KQRIENT.fSIZE) -
RETUR‘N _‘
. | :
" 27 FORMAT (110)
28 FORMAT (110): -
END -
. P _
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Table I. Chemical composition of alloys- (given in wtZ). .. . -

Alloy

Mn

cr

CCu.

)

_DBAC
~ AMS 6416 (300-M)
| AISI 4140

AISI 4130

0.46. .
0.41 .
10.40

0.34

(pﬂesi
0.79
0.94

0.51

. 0.98
'0.75
0.90.

0.95

0.58
1.85
0.09

0.16

0.83
0.‘43

0.22

0.19

0.003,.
0.002
0.012.

£ 0.014

0.25.

1.59

0.‘_. 28

.0,27‘

0.04

0.17

1 0.11°

. 0.009.

. 0.008

~0.008

0.11

0.08

*Lessnthan 0;6057._‘ "‘

0.008

—ge-



.. Tablé IL.

]"Specimén

';;34__':’

FCoélinéthiﬁgéfo'AISI 414Q é?éciﬁenS.

Thickness

Qdehcthediﬁm'Téﬁﬁéfatgre'Eﬁ

:.-‘.'25:°C

225°C. - -

325°C -

0.02

l.S‘éég

'l;b sec'

1.5 sec

«0.8-sec;

1.2 sec

425°C -
.0.7'se¢v

1.0 sec

Téble III. ’Comﬁarison ofimértensitejrange.témperatures(°C);‘_

Material =

Mg

' MSO" o

Mgo -

MPM
- Values

| ‘Pubiished |
Values

won

PM | Published
. Values

. Values

MPM
- Values

" Published
Values

AISI 4140

Aust. at 880°C . -

- 295

340

1200

3007

90

27019

- D6AC
" Aust. at 880°C

290

~ 290°

- 21

‘.E170;-‘

50

| AISI 4130

- Aust. at.880°C ;”

“Aust. at 1200°C

360
350

——————

250

250 |

150 .
150 ¢

~ AMS 6416 (300-M)
_ Aust. at 880°C
Aust. at 1200°C

270
290

170
|- 190

.60

60

- ———




| Fig

- Fig.

" Fig.

- Fig.
'_F;g;
Fig.
Fig,,

Fig.

. Fig.

Fig.

" Fig.
Fig.
- Fig.

. Fig.

Fig.-

Fig.

-35-

FIGURE CAPTIONS

"Schematic of the MPM apparatus

Block diagram of the MPM electronic system

'_Temperature—structure calibnation curve of 4140

'Temperature%strncture calibration curve.of'4l30.

‘~Pemperatureestructnrefcalibrationpcurne ofPD6AC.
.vvTemperature¥struCtnre'calibration curve of 300-M.

' Voiume.fraction'transformed'calibration curve.

’ Percent{tranSformedivs time_for'4140 anstenitized at 886°C.

PvLog“percent:transformEd'vs'log'time for 4140"anstenitized_at

- 880 C

10.

11.

. 120

13.

14.

15.

Percent transformed vs time for 4130 austenitized at 880 C

Log percent transformed vs log time for 4130 austenitized at

'880°

g Percent transformed vs time for 4130 austenitized at 1200°C

Log percent transformed vs log time for 4130 austenitized at

: 1zoo°c. '

Percent transformed vs time for D6AC austenitized at 880°C.

Log percent transformed Vs time for D6AC austenitized at 880°C.

-'Percent transformed vs time for 300—M austenitized at 880°

'Log percent transformed vs log time for 300—M austenitized at

3 880°C

Percent transformed vs time for. 300~M austenitized at 1200°cC.

Log percentitransformed vs log time for_BOO—M austenitlzed at

 1200°. o



- Fig.

Fig;.
Fig.

. Fig.

Fig.

CFig.

Fig}_

 Fig.

Fig.

- Fig.

Fig.

Fig.

"‘-Fig,

Fig. .

Fig.

20;_

23..

24,
25,

26, -

36~

Microstructure of 4130 after austenitizing for 15 minutes at o

. 1200 C and 1sotherma11y transformed for

(1200 C 500°C)

- Microstructure of 300ﬁM after a (1200 c,

Mirrostructure of 300—M after a (880 C
Time—temperature—transformation diagram

880° c.

Time—temperature—transformationAdiagram
' 880°C§

Time—temperature—transformation diagramv

'_':1200 c..

27.
28."

29,

7Time—temperature—taansformation diagramv
, at 880 c.
Time—temperature—transformation diagramf

_»at 880°C

Time-temperature-transformation diagram

*_"at 1200° c.

30.

Enlargement of micrograph in Fig. 20

2 hours at 500 c -

300 C) heat treatment.;_

Microstructure of 4130 after a (880 C 426 C) heat treatment. S

500 C) heat treatment

of 4140 austenitized at_

of 4130 auStenitiZedvat N

of 4130_austenitized at
of;D6ACiauétenitized!f

Of 300—M aUStenitized .

©of 300-M austenitized -

'Microstructure of 4140 after a. (880 C 374°C) heat treatment.'

Microstructure of D6AC after a (880 C 500°C) heat treatment{

Microstructure of D6AC after a (880 C, 355 C) heat treatment‘

_Time-temperature—transformation diagram

' -Microstructure'of 300-M after a (880°C,

of 300-M austenitized

. at 855°C (Bethlehem Steel Co. version, Bee Ref. 20)

274°C) heat_treatment.“
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Coil
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Oscillator

- IGOO

{ Counter

ImHz
Time Basg

- Count=0000 -
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“ Timing
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Count=1000 Interval

Tﬁﬁe;-”‘

. Sfop ] Counter |

I
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I

|
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|
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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