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, ABSTRACT 

The upper and lower b~initic hardenabilities have been e'stablished 

for the commercial low alloy heat treatable steels AISI 4130, AlSI 4140, 

D6AC an<i AMS, 6416 (300-M). The kinetics of the bainitic reaction below 

the martensite start temperature (M ) have been studied and the martensite , ' s 

range temperatures have been determined. The materialsAISl 4130 and 

300-M wereaustenitized at both BBOoC and l200°C and the effect of the 

austenitizing temperature on the upper bainitic hardenability was determined. 

A magnetic pertne~bility technique was employed in this investigation to 

monitor the austenite transformations. Computational methods were developed 

to decode,analy~e and plot the austenite decomposition data. 
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I. INTRODUCTION 
, , 

'The microstructure~toU:glmess relatiom~hip in low alloy ultra high 

strength ste~ls has received increasing attention in, recent years. 

This int~resthas stemmed from the manner in which the toughness of the 

steels ha's'been found to vary with increasing strength levels. The 

change in toughness has not been pred:ictable from steel to steel and 

has appeared to be contingentup6n the microstructure of each alloy. 

Theall~ys studied in the investigation were '~ISI 4130, AISI 4140, 

D6AC and, AMS ,6416 (300-M). These alloys "are refe'rred to as tempered 

martensitic steels. Conventionally, steels are considered to be of 

the tempered martensit1c type if they have good pearlitic hardenability 

andean be quenched 'to a fully martensitic structure. 

Some tempered martensitic steels have good pearlitic hardenability 

without good bainitic hardenability. In these steels, significant 

amounts of proeutectoid ferrite, upper 'b'ain:ite and lower bainite may 

form during quenching. 'Small amounts of either proeutectoid ferrite or 

upperbainftehave been shown to have"detrimental effects on the 

1 fracture toughness. Lower bainite is considered to be comparable to 

temperedmal'tensite in fracture,toughness~2,3 Therefore, it appears 

essentialto)aiow the upper bainitic hardenability,of tempered martensitic 

alloys as well as their pearlitic hardenability. 

The primary objective of this investigation W2.S to re-examine the 

upper and lower bainitic hardenabilities of four widely used tempered 

martensitic steels (thepearlitic hardenabilities of these steels are 

well known). This was to be accomplished by utilizlng a new sensitive 

magnetic permeability method to follow the austenite decomposition. 
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,The original method of following phase transfonnations in steels was 

developed by Bain and Davenport in 1930. This' 'involved very laborious 

metallogniphic examinations of a series of specimens that had been 

transfomed for various periods 'of time at each of a number of temperatures. fI 

Although this method was widely used, it was very time consuming and it 

, ,4 
was limited by poor accuracy and consistency. 

Other investigators have followed the phase transformation by 

monitoring the change in a physical property during the transformation. 

S The methods used have involved measuring changes in electrical resistance, 

6 ,7· . ,8 9 
physical dimensions, hardness, or a magnetic property.' Most of 

these techniques have been subject to ·criticism. For example, the 

electrical resistivity change is not only a function of the transformation, 

4 but it is also a function of particle size and lattice coherency. The 

measurement of dilation is subject to a similar criticism when the 

reference specimen is a long, thin rod and the tranRformation product 

has an acicular structure like that of bainite.IO 

There were three secondary obje)ctives of the present investigation •. 
" 

One of these was to examine the kinetics of the bainitic reaction below . ' 

the M. If the bainite reaction could be distinguiGhed from the martensite 
s 

reaction -at temperatures below Ms"then the values of MSO and M90 could 

be determined experimentally. 

Another objective'was to examine the effect of the austenitizing 

temperature on the upper bainitic hardenability. A recent investigation 

has shown that the fracture toughness'of 4130, 4140 and 300-M increased 

• , 3 11 with an increase in the austenitizing temperature.' Therefore, to 

, determine if this enhancement of toughness was related to a change in the 
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. upper bainitic hardenability, speciinens of 4130 and 300-M were 

austenitizedatboth BOOoC and1200oC. 

The. final secondary objective was to check the validity of the 

isothermal diagrams of the recently developed alloys~ D6AC and 300-M. 

Most sources of isothermal transformation data do not include time­

temperature-transformation (TTT) diagrams for these alloys, and it seemed 

advisable to check the accuracy of the diagrams in the literature. 
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II. EXPERIMENTAL:PROCEDURE 

'A. Material Preparation ,". ". 

The ,ma,terials used in this' investigation were connnercf.al low alloy, , 

heat treatable steels. They were received a.'s '518 in. thick bar stock in 

the fully anr.ealed condition. Table I lists thechemicalc'ampositi~ns of 

these all()ys. ' Specimens foriscithermaltreatmerits were prepared by 

cutting ,0.05 in. t,hick strips from the bar stock and then cold rolling 

the str:t.ps to thicknesses ote'ither 0.03" in. or 0.02 in. The specimens 

were then sheared to thetinal dimensions of 2.5 in. by 0.56 in. by the 

appropriate thickness. 

B. Magnetometric Technique and Apparatus 

Theausten1te transformations in each steel were studied by 

employing a magnetic permeability method (MPM) which was recently 

developed. 12 The MPM ':permitted rapid and sensitive measurements 

of the rate of austenite decomposition as materials transformed 

isothermally. 

The MPM principally consisted of quenchinga'specimen from an 

austeni~i?:ing temperature into a temperature controlled isothermal 

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 

increase in magnetic permeability increased the inductance of the coiL 

The change of inductance resulted in a change of period of an oscillator,' 

circuit., By continuously recording the period, the decomposition of 

the austenite could 'be conveniently followed. Figure 1 provides a 

schematic drawing of the apparatus., Figure 2 displays the block diagram 

of the electronic system. 

'-0 : 



'-5-

The act'i.lal experimental procedure consisted of the following steps: 

1. The electronic system was turned on and allowed to stabilize. 

2. The specimen was attached with tantalum wire (non-magnetic) to the 

end of a Hasteiloy rod, which passed through a lvater cooled vacuum 

seal 'at ,the top of 'the furnace • 

. 3. ThesJ:.ecimen was positio'ned 'in the cold zone of the furnace and the 

bottom lid of the furnace was closed. 

4. !hefurnace was evacuated by a pumping system which included a 

mechanical pump, a diffusion pump and a liquid nitrogen cold trap. 

5. The quenching medium was circulated in a counter-current, 

turbulent manner a~d aliowed to stabilize at the desired temperature. 

-5 ' " 
6., After obtaining a vacuum of 8xlO Torr or better, the specimen was 

raised into the hot zone and austenitized for 15 minutes. 

7. 'After the 15 minute period the tube furnace was isolated, from the evacuation 

system and the latch holding the bottom lid of the furnace was released. 

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

period of oscillation at intervals of 0.77 seconds. 

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

lid ,open. 

10. The Hastelloy rod was then immediately thrust downward placing the 

specimen simultaneously into the circulating quench medium and 

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

Hastelloy rod also activated a switch which aonverted 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.) 
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11. The interval of recording the period was increased to 7.7 seconds 

as.therate of transformation decreased. As the rate of transfor-

mationdeci:easedeven further the recording interval was increased \. . 

to 77.0 seconds. (These interval chariges were denoted by. changing 

the· .• valueof 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 

conventional heat treating temperature, 880°C. Studies,were also made 

on 4130 and 300~Matistenitized at 1200oC. In conjunction with this 

change in' temperature the thickness of the specimen was also altered. 

At the lower austeriitizing temperature a 0.02 in. thick specimen was used, 
, , 

and at the higher temperature a 0.03 in. thick specimen was used. 

After austenitizing, the specimens were isothermally held in baths 

whose temperatures ranged from 2SoC to SOO°C. Well below the M , specimens s .. 

were transformed at temperature.intervalsof 50°C. Upon approaching the 

MS' and at temperatures above the Ms' specimens were transformed at 

smaller ~eruperature intervals. 

. '. ," 

Different quenching medias were used, depending upon the temperature 

at which the specimens were to be isothermally transformed. For 

temperatures between 25°C arid lOOoC a quenching. 0:1.1 was used. Between 

150°C and 200°C a tempering oil was substituted~ When temperatures 

greater than 200°C were needed, a low temperature nitrate-nitrite salt 

was used. 
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C. GoolingRate Determination 

The procedure for determining the combined cooling rate of the 

apparatus,and material was as follows:' 

1. Specimens Of 4140 were prepared with dimensions of 2.5 in. by 

0.56 ~n. by 0.02 in. and 2.5 in. by 0.56 in. by 0.03 in. 

2. Therm~couple leads were cold rolled to 3 mils cr less and then 

spot-welded to the opposite surfaces of the specimens. 

3. The specimens wereaustenitized in vacuum according to the 

aforementioned procedure. 

4. The austenitized specimens were dropped directly. into the quenching 

mediUm. The cooling rates were followed with a ~igh-speed recorder 

at a graph rate of 3 in. per second. Table II lists the cooling rates 

as a function of quenching medium tempeZ!ature and specimen thickness. 

D. T~mperature-Structure Calibration 
. . 

Calibration for the composite effect of temperature and structure 

on the magnetic permeability of the material was performed using 

0.02 in. thick specimens. For-temperatures below M ; the calibration 
s 

for 4140,. 4l~0, D6AC and 3OO-M consisted of quenching an austenitized 

specimen into oil at room temperature. The 100% martensite specimen 

was then held briefly at various temperatures below the M to note 
. s 

the change in period. At temperatures greater than M , the temperature . '. s 

at which the reference structure was transfOrined depended on the 

specific ruaterial. 
.. 

Specimens of 4140 were completely transformed isothermally at 

For temperatures between the M and 400°C, the 325°C 
s 

specimen was used as a reference for calibration. The 450°C specimen 
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was used as a reference for calibration above 400°C. The calibration 

curve of 4140 Is given'in Fig. 3. 

Specimens of 4130 were isothermally tzransformed.to completion at 

375~C a~d 450°C. The 375°C specimen'wasused for calibration purposes 

at temper~tu:resabove theM 'andup'to425°C, the 4,:)0°C specimen was . s 
. . . 

used at temperatures Erom 450°C t~ SOQoe.The calibration curve of 4130 

is shown .. ;in Fig. 4. 

A specimen of D6AC that.was completely 'transformed at 300°C was 

used asa ref~rencefor temperatures greatei~han'the M. The calibration 
s 

curve of 'D6AC is given in Fig. 5. 

Thereferettce spec.imenior 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 wase.xtended to be equivalent' to the teniperature-
"., ... ' . 12' . 

structure calibratiottcurve of an AISI 4340,l!iteel. The calibration curve 

of 300-M ,is given in Fig. 6~ . 

. detail later.) 

(The reason for' this 'is,discussed in 

"E. Volume Fraction Transformed Calibration 

The non-linearity of the change in period (~P) with the amounto£ 

volume fraction transformed was 'determined by quenching specimens of 

different thicknesses to room temperature. 'By maintaining the other 

dimensions constant, the change in thickness of the specimens could be 

correlated to their change in weight and in turn , the: volume' fraction' 

transformed. 'For example, the strength of the signal of a 2 gm specimen, 

that ts 100% transformed is equivalent to a 4 gm specimen which is 50% 

transformed. The ~p .was measured for each specimen having a thickness of 
! 

0.03, 0.02, 0.0.5, 0.010 and 0.005 in. The c~rresponding dependence of 

~p with weight is. shown in Fig. 7. 

-t: 
I . '. 
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F. Computer Analysis 

A computer program was written which did the following: 

1. Decoded the paper tape output. 

2. • Corrected for· the non-linearity of the change in tlP vs volume fraction 

transformed. 

3. Converted the corrected change in AP to absolute volume fractions.~ 

4. Plotted the kinetics of transformation of the isothermal curves. 

5. Plotted the initial TTT diagrams. 

A listing of the computer program is given in the Appendix. 

G. Metallography 

Specimens for optical metallography were sectioned, mounted 

in Koldmount and abraded on successively finer silicon carbide 

papers to 600 grit. The specimens were than polished with 1 micron 

diamond paste and finally micropolished in a solution of distilled water 

and 0.05 micron alumina. The specimens were etched with 1% or 2% nita1 

for 5-30 seconds. 
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(l III. RESULTS AND ,DISCUSSION 

A. 'Magnetometric' Technique :' 
. . . . . ," : '. 

The, magnetic pemeabili'ty methodpermitt~dcontinuous measurements 

to be made o{ the fraction of austenite decomposed as the alloys were 

isothermally trarisformed. To 'determfne thei"dentityof the decompositicm 

produc'ts, it was necessary to observe' 'the kinetics of the trarisformation, 

and subsequently tocorrei~te the kinetics with tQe microstructure.' 
, , , 

At:tlie ,1sotherniaF:holdirig temperature of 2So.C, each of the 

four steels exhibited a transformation which stabilized at virtually 

100% transformed within the initial four seconds ... .,..specimen~ reached 25°C 

withiIl 2 seconds after i1JDllersioriin the quenching medium. This 

instantaneo1,ls transformation. was recognized as an athermalma:ttertsitic 

phase transformation. As the isothermal holding temperature was 

increas~d, the shape 'of the transformation-time curves began to change.' 

Less transformation occurred 'instantaneously,and the amount .hat transforred 

isothermally increased with.tinie. The fraction transforming athermally' 

(to martensite)dec~eased with increasing transformation temperatu're. 

The isothermal fraction transformed was regarded as bainitic, which is 

, 13 
classified as a time dependent transformation. 

\ 
With a continued increase in isothermal holding temperatlUre, a 

. .' :" 

temperature was reached at which only one percent of the austenite 

, was instantaneously deccmposed~ According to definition, this temperature 

is identified as th.eM temperature. Further increases in the isothermal 
s " 

holding temperature eliminated the athermal transformation. 
'. . 

At transformation temperatures above M , a limitation of the MPM was , . s ,,' 

encountered. The difficulty involved resolving two time dependent 

! , 
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transfo~adQns which occurred s±multaneo~sly, such as ,mixtures of 
, , ' 

upper ba:init~with lower bainite, or upper bainite with proeutecoid ferrite. 

However ,by plotting a series of isothermal transformation curves, the 

upper and lower bainite ranges could be 'determined when their individual 
. , , 

"activatioI), energies"resulted in different incubation periods for nucieat:i.on. 

Microscopic methods usually ,had to be 'employed for positive identification 

of mixt~res of decomposition products. 

TWo,methods are currently employed to determine the temperatures at 

which the values from Ms through M90 occur. One metRod requires that the 
, . 

Mbe determined by metallography. Then emperical equations are used 
" s 

to deterndne the temperatures for the other levels of martensite 

transformation. 14 The second method is known as the quench-temper, 

15 technique, which was developed by Greninger and Troiano. This method 

involves,quenchin~ austeni"tiZed specimens to various temperatures, holding 

for a short period of time, then up-quenching to temper the martensite, 

followed ,by quenching to transform the remaining austenite to tMrtensite. 

Thi~ techriiqueis limited to steels with high bainitic hardenability 

bec:rause martensite has a nucleating effect on the f.ormation of bainite, 

and also,. because the bainite has an appearance similar to that of 
',' ,',., 16 ,', 
tempered martensite., 'Both of these method~ have been criticized for 

the indirectma~ner in which they attempted to attain the martensite 

range ~empeEatures. 

'TheMPMprovides,a'direct,eXperimental means for determining the 

Ms through M90 temperatures. A briefexaminaticn of the kinetics of 

transformation curves given in Figs. 8-19 vividly depict the percentages 

of martensite that were transformed athermally at a given temperature. 
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B. Coolirig'Rate'Determinatiori 

In otderto determine the validity of the MPM data as the eiapsed 
, , 

time apP:roached zero; it~as necessary to measure the c()oling rates 

of the specimens quEmt.hed to different temperatures. ' It was possible' 

to monitor these cooling 'rates by spot-welding a thermocouple,to the " 

opposing surfaces of the specimen.' The thickness, qf the specime~ was 

a1ad varied 60 the effect of the cooling rate with thickness could be 
. ~" 

observed. ' 

The, ,data 'given in Table II'shows that the v~lue3 of LlP'are valid 

after the initial 2" ~eco'nd~. These results were obtained from specimens 

of 4140 bpt they also pertain to tliematerials4130, D6AC and 300-M. 

C. Temperature':';Structure Calib,ration 

The magneticperm~ability o'fa material is a ftinction of the temperature, 

" 17 
sttain,and morphology of the phases present. Therefore, calibration 

curves were needed ,for each alloy'to account for the magnitude of these 

eff'ects ., 

Th~ ~structureof the reference sp~d.men~ forca1:lbration'was selected 

according to the ,temperature range that was to be calibrated. This 

eliminated the necessity of having to separate the individmi1 effect 

of temperature and structure upon the permeability. For the temperature 

range below the M ,"a fully, ma,rtensitic specimen 'was used. At temperatures 
, s, 

above the M , a fully bainitic specimen was substituted. Inboth 
, s 

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, D6AC and 300-M are congruent 
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, ' 18 
with that,found for the general dependence of permeability with temperature. 

The method for determining the calibration curve at temperatures 

above Mwas modified for 300-M. Since the bainitic transformations 
s 

did not go to completion; these specimens could not be used as a reference. 

Instead ,a martens:iti~ structure was tempered for one hour at 300°C and was 

used to ,e.pproximate a fully bainitic structure. This specimen was then 

used for calibration at 300°C and 350°C. ,The tempered martensitic 

standard was not used at temperatures greater than 350°C. Above this 

temperature, the calibration curve of an A1SI 434012 steel was used. 

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

ideritical, since 300-"M has a chemical composition similar to that 

of 4340. 

D. Volume Fraction Transformed Calibration 

The, ~h~mgeof inductance with volume fraction transformed is 

shoWn in Fig. 7. The relationship is not linear. It obeys the 

quadratic equation K = A(ilP)2 + B(ilP) + C.' The constants A, Band C 

, -7, -3 -1 
areeqtial to 6. 9xlO ,1. 3xlO and 1. 58xlO , respectively. 

E. Analysis of Data 

The martensite range temperatures for most of the steels studied 

19 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 III. 

Generally 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 significantly higher alloy 

content than the reference 4140. All of the common substitutional 
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alloyiriS,eie,ments' iower th~ Ms' 22 thus, the ixlcrease,d a:lioy content could, 

have caused the decrease: in 'the M'. Second, these d:t~crepancies could 
s 

have aris~nbecause bf inaccuracies inherent in the convention'al, 

measurement techniques. 
, ' 23 

Other investigators " have suggested that these 

techniques ,'as 'discussed on page 11, have the t'elldency to ind~cate M 
,s 

values that are higher than the actual values. Also, it has been shown 

that tnereshould be approXinlatelya 200°C difference betweerithe M s 
" ,14' 

and M90 itt low alloy steels. These recent opinions favor the new values, 

" 
which were'determinedwiththe'MPM. 

The'M,temperatures of both 4130 and300-M increased when the 
.' s ' 

austenitizingtemperature was increased. This change in austenitizing , 

treatment resulted in larger austenite grains, as shown in the comparison 

ofF-igs. 20,and21 with Figs. 22 and 23. In ~ single ph~segrain"growth 

reaction, '~t is expected that the enlarged grains are bound by lower 
" ' 24, , , ' 

energy boundaries. Therefore, the'presence of,the lower energy 

grain boundaries requires a smaller thermal gradient for the oecurrence 

'of the martensitic shear transformation. 

The recently published TTT diagrams of 4130, 4l40,D6AC and 300-M 

have shown that the bainitic transformation inthe~e alloys obeys C curve 

, 19-21 ' kinetics. In this investigation an acceleration of the austenite 

decomposition was observed at temperatures just above the Ms. This decrease in 

incubation period for lower bainite was observed 'consistently in all 

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

, , . . 25,26,27 
reaction have also been observed by other l.nvestl.ga,tors. 

" 
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Belcw the Ms the rapid decomposition of austenite continued for a 

few seconds beyond the time -required for cooling. This behavior, 

which sugges~s the formation of martensite by bot·h isothermal and 

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

Cohen. 24 

The bainite transformation can be followed below theM by subtracting 
s 

themartensitic 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 Ms' This decrease in incubation period for 

the nucleation of bainite fS·associated with the increased number of 

nucleation. sites which result from the presence of_strained martens~te­

untran~formed austenite interfaces. As the temperature is further 

decreased the diffusion rate decreases. Thus the growth rate is also 

decreased and the lower bainite transforms according to Ccurve kinetics. 

In the previously published TTT diagrams of4140 and 4130, the 

upper bainite- lower bainite transformation has been shown as a single 

. h . 19 smoot C curve. From these diagrams it was not possible to determine 

the separate upper bainite and lower bainite hardenabilities. Using 

theMPM these hardenabilities could be determined and are shown in 

Figs. 24-:-26. 

The hardenabilities of 4130 austenitized 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 ~nd 

a preferential effect on the hardenabilities was observed. The lower 

bainite hardenability remained virtually unchanged; whereas, the upper 



..,16'" 

bainitic ,'lluc;Ieation' time increased from 3 ~lec,to 9 .,sec. The effect of 

incre~sed "hardenability with increased austenite grain size has been' 

explained on',the basis of the heterogeneous manner in which' the bainite 

. '" 23 
nucleate~ .. a:tthe austenitic grain boundaries. The microstructure of 

a specinie,n transformed at 50QoC is showniri Figs. 20 and 30. The observed, 

duplex mi~r~stiucture was eXamined to determine if the difference in 

appeara.nce was caused by an orientation effect. The microhardnessof 

both regions 'was measured at six locatio~s ','"with nodiffer~nce in hardness 

. d~t~c ted ~ . Thus it appeared that the specimen was entirely upper balni tic. 

Optidil metallography 'of step..,quenched spec1.mensof 4130 transformed at 

500°C did not reveal the presence of proeutectoid fe.i-'rite. 

. . 

For 4140 the'MPM indicated that the lower bainitic nucleation time 

wa~approxiinately 200 ~econdsgr'eaterthan that shown in the published ." 

diag·ram.
19 

The increased hardenability was attributed to the higher '. 
. '.-' : 

alloy content of the 4140 tested by the MPM method. The upper bainit:f.c 

hardenabili.tY, however, was sii~htly lower than that reported~ . The 

. microstruct~re of a .specimentransform~da:t 374°c is shown in Fig. 31. 

Optical metallography of step-quenched specimens transformed at 500°C 

did not ,reveal the presence of proeutectoid ferrite. 

The,. bainitic hardenabilities of .D6AC, as determinedwitJ,1 the MPM" 

21 
correlated extremely well with those recently published. Also; the 

bainite start (BS) and bainite finish (B
F

) are virtually equivaient 

to those previously recorded. The microstructure of a specimen held at 500°C 

for one hour after austenitization is shown in Fig. 32. This temperature is 

above the BS so upon air quenching to room temperature, the specimen trans­

formed" to martensite ~ Figure 33 shows a specimen transformed for one hour 

- , 
I 

I 
! 
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at 355°C •. This transformation teinperatureis above the BF ; approximately 

70% of the austenite had transformed to bainite before the specimen was 

air quenched to form martensite. 

The TTT diagrams of 4130,.4140 and D6AC, .whichwere obtained with 

the MPM, are in general agreement with the previousIy pUblished diagrams. 

TheTTT diagram obtained for 300-Maustenitized~t 880°C, however, varies 

significa:nt1y from the previously published diagram. TheMPM diagram 

and the Bethlehem steel Co. versiori are shown in Figs. 28 and 34, 

respectively. 

The incubation period for the formation of bainite, as measured 'by 

the MPM, is shown to be greater by a factor of 10 over that of the 

previously recorded value. This difference in hardenabilities has 

probably resulted from the difference in austenitizing temperatures. 

The published information is fora 300~M, with a higher vanadium content, 

that was austenitizedat855°C. At 855°C alI the,vanadium carbides 

might not have been dissolved,and the lower carbon content of the 

matrix would cause the decompositi~n of 8usteniteto start in a shorter 

time. Complete austenit~ decomposition did not occur. The austenite 

was only about 60% transformed. From the kinetics of transformation 

curves given in Figs. 16 and 17, it can be observed that most of the 

isothermal transformations have stabilized with time after one hour. 

The microstructure of a specimen held for one hour at 500°C is 

shown iil·Fig. 23. This temperature is slightly above the B , so the 
S 

specimen was transformed to martensite upon air quenching to room 

temperature. Figure 35 shows the :inicrostructure of a specimen held 

at 274°C for one hour. The structure appears to be lower bainite. 
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Upon air quenching the specimen to room temperature, the magnetic, 

perineabil,i ty ,of the sp'~dmenwas measured. The MPMshowed no further 
. .', 

, , , 

decomposftion of the'untran~formed austenite.' After holding the 
, ' , 

specimen ,in liquidhe1i~' (4.2°K) for 20 minutes, the magnetic permeability 

was aga"in meas~red and s'howed no 'further decomp~sition. Specimens 

transformed for one hour at: 298°C and 350°C a1s~ showed'no further 
, ' 

increase inauste~ite decomposition after being plac~d in'liquid helium. 
, , 

Upon austenitizing'the .300-M specimens at 1200°c, the bainitic 

hardenability decreased, relative to that f~und for 'the lower a~stenitizing 

temperature. The upper bainite incubation period was not decreased as 

much as was the incubation period of lower bainite. (A decrease in 

hardenabi~ity with increased austenitizing temp'erature has also been 

, ,'" 29 30 ' ' 
observed by other investigators. ' ) Figure 29 also reveals that 

small percentages of austenite decomposed at the shorter incubation 

periods, but 'the 50% transformed curve occurred at virtually the same 

time for both austenitizing treatments. In the bainite range, the 

a:ustehitedec~mpos{tiori did not 'go to completion, but began to stabilize" 
, ' 

With time,~as shown in Figs. 18 and 19. After the isothermal trarisformation,' 

the specimens were analyzed for decarburization. As ,was the case with 

the othel." steels, no change in carbon content was detected. 

The miccostructure of a specimen transformed at 300°C for one hour 

is shown in Fig. 21. The optical microstructure of a similar silicon 

steel appeared virtually identical ,to this microstr'l!-cture. Transmission 

electron microscopy of the former steel has shown that the light etching 

31 phase is lower bainite. ',Therefore, it is reasonable to conclude that the 

light etching constituent in Fig. 21 is lower bainite. 
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IV. 'CONCLUS IONS 

L The upper a,nd lower bainite hardenalbi1ities of AISI 4130 and 

AISI: 4140 a're i~ 'general agreement with: ptiblished data on 

the bainite h~rdenabiliti'~s'of these steels. 
. " .," 

2. The martensite range temperatures for AISI 4130,0 AISI4140, D6AC 

~md 'A11S6416(300-M), that were determined with the MPM, are lower 

than the published 'values. 

3. Aust~nitizirig AisI 4130. at'1200°C increased the upper bainite ' 
, , 

nucleation time fro~3 set to 9 sec arid the lower bainite nucleation 

tim~remained Virtually unchanged • ' 

4. An acceleration of the austenite decomposition occurs just above 

theM • 'This' s-shaped transformation phenomenon is exhibited by 
s 

all fQur of the 'steels and at both austenitizillg temperatures. 

5. Martensite forms both isothermally and athermal1y in AISI 4130, 

AISI4140,' D6AC and AMS' 6416 (300':'M).' 

6.' The, TTT' 'diagram6fD6AC, that was determined with the MPM, corroborates 

the publishedTTT diagram. 

7. The TTT diagram of AMS 6416 (300-M), that was determined with the 

MPM, var~es from the published data in the .foilowing manner: 

(a) the nucleation time forbainitic transformation (0.5%) is greater 

. by a factor Of 10.. (b) the austenite decomposition did not go to 

completion above the M • 
.'. s 

8. Austenitizing .AMS 6416 (300-M) at l200°C decreases the bainitic 

hardenabilityas compared to thebainitic hardp.nability obtained 

from cSustenitizing at 880°C. 
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APPENDIX 

RUN76.SC. 

LGO. 

EXIT. 

C 

'C 

c 

C 

C 

C 

C 

C 

i; 

C 

C 

PROGRAMER I <:!> ( iNP~ T .0UTpuT. TAPE9B= 10 I .PLOT. TAPE99~PL,)T), 

DtMEN~ION O'IFF( 400) .;:>IF IS( 15) ,PC'!"F ( 15-400.2> .TEMP( 15) .TPC 15·.400.~) 

l' TEMPN (15) .WTf 15) .MFN( 15) .MP( 9.15> ,KOUT (15) ,TO IFF( 15) 

INTEGER ·DATe 15.400}·'~AT( 15.400) ,P,PL( IS) .[hPAT( 15.400, 

NUMo~~ OF ISOTHERMAL CURVES 

TO:MPN(K) TEMPERATURE - STRuCTURE (T-S) FACTOR 

KATlK.Ll, ,FIRST DIGIT OF' THE CO:>ED INPUT. IF EOUAL TO 9. 5. 

OR 3 THE RECORUINGINTERVAL IS 0.77,' 7.7 AND 77.0 SECONDS RE-

SPECTIVELV, 

KOUT(iq = NUMBER OF RECORDED INTERVALS PRIOR TO QUENCHING. 

TP(K.M.N) = DELTA PERIOD NORMALIZED TO WEIGHT INCLUDING T-5 FACTOR 

PCTF (K,M'N.) . PERCENT TRANSFORMED (HAV ING ALLOWED FOR THE NON-

LINEARITY. OF THE S"IGNAL. 

1=15 

WTN=3.80QO 

AA=O •. OOOOOOA9 $ 88=0.0013 S C'<;:= .~58 

00 104 "'=1. I 

889 CONT.! NUE 

RE·AD .105. TEMP (K·)·, TEMPN( K) .WT (K) 

IF(TEMP(K) .NE. 0.0) GO TO 888 

GO TO 889 

88B CONTINUE 

PRINT 200.TEMP(K) 

PRINT 105.~EMP(K).TEMPN(K).WT(K) 

M=.,.9 $ N=O 

"102 M=M+I0 ,$ 'N~N+I0 

READ lOl,(OATCK.L).L=M.N' 

PRINT lOl.(DAT(K'L).L-=M.N) 
, ", ' 

IF(DAT(K.N) .N~. OlGa TO· 102 

L=N' 

00' 103 .J=1.10 

L=L-I 

IF'·{OA-T(K.L) .NE. O)GO TO 704 

1,03 CONT INUE 

'704 CONTINUE 

PRINT 500.L 

104 PLlK)=L 

101 FORMAT(IOIS)' 

lOS FORMATI3FI0.4) 

200 FORMAJCIHl.7X.*THIS IS wHAT IS READ IN FOR TEMPERATURE*.FIO.4./). 

500 FORMATC4X.*LK ~*.18) 

ACTIM=O.O 

DO I K=i.1 

M=O S N=l S LK=PLCK) $ KOVNT=O $ K5=0 $.,K3=O 

DO 1 L=l.LK 

~=M+l $ KAT(K.L)=INTCD~T(K.L)/10 .) $ KATKL=KAT(K.L) 

GO TO (9.g.30. "'}.SQ. 9.'9.80.90) 'KATKl. 

80 ACTIM=O.O $ KOUNT=KOUNT+!' $ KOUT(K)=KOUNT $11=0 • .0 $ ,8=,800000 

J=I _ $ GO TO 2 

90 A=0.77 $ 8=900000 $ J=M $ GO TO 2 

50 A=7.70 

IF{K5 .NE. 0) GO TO 99 

I, 
N 
i-' 
I 



K5=1 $A=0.77 

99 .,)=M $ B=500000 $ GO TO Z 

30 A=77. 

IF(K3 .NE. 0) GO TO 55 

K3=1 $ A=7.70 

55 .,)=M $ Bm300000 

Z T=A+ACTIM $ ACTIM=T. $ T~(K.M.NI=T 

UAT(K.L)=IABS(OAT(K.L)-B) 

IF(OAT(K.L)-30000)1~0'111'lll 

liD OAT(K.L)=DAT(K.L)+IOOOOO 

III. N=N+I 

PATCK.L,=IAS$COAT(K.LJ-OATCK'l» 

IF(PAT(K.L) .LT. '0) GO TO 9 

TP(K.M.N)=PA!(K.L)*(~TN/WT(K»"!EMPN(K' 

N=I 

I M=.,) 

DO 339 L=I.I 

339 PL(L)=PL(L)~KOUT(L) 

DO 600 K=I.I 

NN=PLCK)-l $ ..)=0 

DO 600 M=I.NN 

o IFF 1M) =TPCK,M+l,·2'-TPIK.l.2) 

1~(D'FFlM) .GE. DIFF(M-..J'J GO TO 601 

T'-l IF:' (KI =0 IFF( M-.J) 

GO TO 607 

601 TOIFF(K)=DIFF(M) 

607 CONTINUE 

600 ")=1 

DO 368 K=I.I 

PRIN.T 578.TOIFF(K).K 

368 CONTINUE 

578 FORMAT(6X.*TDIFFlK) =*'F8.Z'3X.*K = .'13' 

IK=I-l 

MAX=I 

DO 604 . .,)= 1'0 I K 

Ife (T=>IFF"C..J+l )-TOIFFl.~).J .GT. 0.0) GO TO' 961' 

TUIFF(.,)+I)=TUIFF(.,)) 

GO. TO' 604 

961 MAX=.,)+I 

604 CONTINUe 

PRINT 587.MAX • .T0IFF(I) 

587 FORMAT(3X.*MAX =*.13.3X.*TOiFF(I)=*.F8.Z) 

00705 K=I.I 

MF"NCK,=PL(K) $ 'NK=P~(K) 

00 605 M=2.NK 

.TT=TP(K.M.2)-TP(K,l.2) 

perF c K.M.2):: ( (.AA* (TT**.2) +BB,*TT+CC)" too.) /( A~*( TO I FF: ( I ) ) **2+B,B.*TO. fF 

IF( I HCC) 

IF(PCTF(K.M.Z) .GE. 0.0) GO TO 961 

PCTFCK,M,2)=O.006 

·901 CONTINUE 

605 PCTF(K.M.l)=TP(K.M',l) 

PRINT B05,PCTF(K,NK.ZJ 

705 CONTINUE 

805 FORMAT(SOX,*PCTFCK,NK'2) =*,FS.2) 

DO :3:30 K=l,I 

DO 330 . .,)='1. 8 

330 MP(·").K)=Z 

" 

I 
N 
N· 
I 



, 
I., 

DO 'ZIOK=I.I 

LK=MFNCK) 

DO .300 MPS=Z ',LK 

IF (PCTF (K. MP5.2) -0.5) 300.300,"30'1 

.3('0 >lP'.l.K I =MPS 

.lOI CONHNUE 

~O" ZOI M=f<PS.LK 

IF (peTF (K,M:.2) -1.0') 20 1,"201.202' 

ZOI,MP(Z.Kl=M 

ZOZ CONT INUE 

DO .302 MS=M.LK 

IF(PCTF(K.M~.2)~5.0)302.3ri2.303 

.302 MP(.3.Kl=M5 

.303 CONTINUE 

DO .304 MI0=M5.L:,K 

JF(PCTF(K.MIO~2)-10.0)30~'304'3· 5 

304 MP(4.K)=MIO 

.305 CONT INUE, 

00 .306 MZ5=MI0.LK 

IF(PCTF(~.M25.2)~25.0t306.306~3 ~ 

306 MP(5.~)=M25 

.307 CONTINUE: 

(10 20.3 .J=M?5.LK 

IF(PCTF(K.J.~)-50.0)203.203.~04 

203 MP(6,K)=,J 

204 CONTINUE 

DO .308 M75=.J.LK 

IF (pelF (K •. M7~lt 2) -75.0) 308.308.3 9 

.308 MP(7.Kl=M75 

.309 CONTINuE 

DO 205 L=M75.LK 

IF(PCTF(K.L.2)-90"205~205.206 

205 MP(8.K)=L 

PRINT 207;TEMP(K) 

207 FORMAT(~x •• "INET,Y PERCt:.NT HA£' NOT TRANSFORMED FOR TEMPERATURE, =*;,' 

IFIO.4) 

GO TO :210 

2.06 CONY I NUE' 

PRINT 208.TEMP(K) 

208 FORMAT( .3x.*MORE, THAN' N INt:TY Pt:RCt:NT HAS TRANSFORMED FOR TEMPERATUR 

IE *.FIO.4) 

PRINT 710.PCTF(K'L.~, 

710 FORMAT ( 12X.*PCTFh:::.L.2) =*.F7.2) 

21.0 CONTINUE 

KOlJNT=l "YM·J=-2.0 .$ VMA=O.O 

.3.3.3 CONTINUE 

CALL GRAPHM(I.MFN,KOUNT,PCTF,VMI,VMA.MP) 

KOUNT=KOUNT+l $,YMl=-t.O $ -YMA=t.O 

IF(KOUNT .EQ. 2) GO TO 3.3.3 

CALL GRAFTT(I.T~MP.PCTF.MP) 

GO TO 999 

9 CONTINUE 

PRINT 909 

909 FORMAT(9X./.*THERE IS AN ERROR IN THE DATA*) 

GO TO 999 

2001 CONTINUE 

PRINT 2002 

2002 FORMATI.3X',*THERE IS NOT ENOUGH TRANSFORMED*) 

1 
N 
W 
I' 



C 

C 

C 

999 CUNTINUE 

CALL CCENO 

STOP 

END 

SUBROUTINE GPAPHT(I.P~.KQUNT.~TF'YMI.Y~A) 

COMMON/CCPOOL/XM IN, XMAX:. YM J N. V,MAX. CCXM 1 N .• CCXMAX. CCVM 1 ~.·.CCYMAX 

COMMON>CCFACT/FACTOR 

o IMENSION XT (400)" YT(40Q) 'PCTF(·15.400.2) 

INTIOGER 'PLC i5) 

THI..::.. :::;UtiRQUTi'NE. PLOTS PERCt;:NT T!;J:ANSF9RMED VERSUS 'TIME. 

XMIN=O." $ XMAX=:J6o'O. $' FACTOR=1" '$ C.CXMIN=IOO. S CCXMAX·=1500. 

.CC.YMIN=lOO. ".s, CCyMAX=1000. $ YMIN=O. $ YMAX=l.QO.O 

CALL ·CC;GRJO·(4.5,6HLABELS.4.S)· 

DO :3 K=I;J 

.pRINT 441.PLCK,) 

441. FORMATe 16X.*GRAPHT--"MFNO<, =*.16) 

N=PLCK)-I $ N5=1 $ LK=PL<K) 

00 "112 .;=2.LK 

.;M=.J-l $ XT(..JM)=PCTF(K.~ • .1). 

112, V1C..JM)=PCTFCK',..J.2) 

CALL C'CPLOT (XT",VT .N.4HJO.'N.NS.l) 

:3 CONTINuE 

CALL CCLTRC500 •• 10 •• 0.2.9HT IMECSEC 1'.91 
-,,/" .", . 

CALL CCLTR( 10 •• 340 •• 1 •. 2,"19HPERCENT TRANSFC?RMED.19' 

CALL CCNEXT 

RETURN 

END 

C 

c 

'C 

C 

SUBROUT INE, GRAPHMC I.PL.KOUNT.PCTF .VMI .VMA.MPI 

COMMON/CCPOOL/XM"l N .. XMAx ,'YM IN. YMAX .':::'CXM I N.CCXMAX. CCYM I N ,CCYMAX 

COMMQN/CCFACT/FACTOR 

o I. MENS JON· X("'400)'Y(400),PCTF(1~'4' .2)",MP(9.,15) 

INT<:GER PL( 15) 

THIS SUBROUTINE PLOTS THE DATA WHEN FITTED TO THE ..JOHNSON-MEHL 

AND AUSTEN-RICKETT EQUATIONS. 

"XMIN=ALOGIO( 1.0) $ XMAX=ALOGIOC I .0) $ CCi<MAX=:3000.0 

VMIN=VMI" $ VMAX=VMA $ NLVP=2 $ NLYS=2 $' NCY=O $ NCX~4 

TICLL=O.IOO $ TICLLI=O.167 

DO 807 .)=1'4· 

KAXIS=..J 

, " 
CAL..L CCLOGTC (KAX15,NC·Y ,NCX,T JCLL", T ICLL1·,NLYP,NLYS) 

60i CONTINuE 

CALL CLBLLGX<NCX) 

LINV=NLVP $"LINX=O 

CALL CCLBLCLINX.LINV) 

MM=O 

DO :3 'K=6.13 

N=PL(K)-2 $. MM=MM+l 

GO, TO (1,Z,4,S.6,S),MM 

I' NS=6 

GO TO 7 

2 NS=6 

GO TO 7 

4 N5=1 

GO TO 7 

I 
N 
~ 
I 



5 NS=7 

GO TO 7 

6 ·NS=9 

GO TO 7 

8 NS=5 

7 CONTJNUE 

LK=PL<K) 

DO 112 .. i=3.LK 

,JM=,J-2 

IFCPCTFCK.J.Z)' .GT. 10.) GO TO 21 

LO=MP( 4.K) . i> PCTF(K •.. h 1; =PCTF (K.LO'1) '$ PCTF(K •.. hZ) =PC-r:-F.(K'LO.Z> 

GO 'TO,' ?11 

210 CONTINUE. 

IFCPCTF(K •• ,).Z) .• LT., 90.) GO TO 211 

LN=MPCet.K) $, PCTF(K'J'l)=PCTF(K'LN.~l) $ ~CTF(Kh'''2)=PCTF(K'LN'2) 

211 X(,JM)=ALOGIO(PCTF(K.,J;I)) 

IFe KOUNT - 1)543.543.542 

543 Y (JM) =ALOGIO (ALOGt 0'( 1.0/( 1.0-CPCTF (K •.. h2 )/1 .» » 

GO TO 538 

542 Y{~M)=ALOGI0(~PCTF(K.J'2)/lOb'O}/(1.0-(PCTF(~.J.2·)/100.0).)' 

538 CONTINUE 

IF (Y ( JM) • GT. yM I) GO TO 10 

P~iNT 11.xrJM).Y(JM).~.J 

11 FORMAT C4X.*XLJM) = .... F8.5.2X.*VL.JM) =*.FH.5.4X.*K =*,13.2X.*J=*.,13) 

V(,JM)=VMI 

10 CONTINUE 

IF'(XC--!M) .GE. ALOGIO( 1.0» GO· TO 552 

XC,JM)=ALOGIOCI.O) 

552 CONTINuE 

-,----- ~- .. - .... -~ ._-' .. ----~. ----_.-

C 

C 

C 

112. CONTINUE· 

CALL ~CPLOT(X.V.N'4HJOIN'NS'1) 

3 CONTINuE 

CA"LL CCLTR(460. ,10 •• O'Z·,lSHLOG "riME .(SEC, 'IS" 

.IF(KOuNT - .!·'541'S41,S40 

541 CONTINUE 

c..:ALL CCLTR(10.,330.'I'2.'2J~HLOG LOG (I/I-V) 

GO TO 539 

540 .CONT INUE 

,J-M EQ.28) 

CALL CCLTR(tO.,330.,1,2,24HLOG (V/I-V) A-R EO.24) 

539 CONTINUE 

CALLCCNEXT 

RETURN 

END 

SU8ROUT.INE GRAPHR( I.PL.KOUNT.PCTF .VMI.VMA) 

COMMON/CCPOOL/XMIN,XMAX,VMIN.VMAX,CCXMIN,CCXMAx.ceYMIN,CCVMAX 

COMMON/CCFACT/FACTOR 

DI.MENSION XR(400) •. YR(400·) ,PCTF( 15~400.2' 

INTEGER PL C! 5) 

THIS SUtlROUT INE PLOTS LOG PERCENT TRANSFORMED VERSUS LOG TIME. 

XMIN=O.O $ XMAX=ALOGIO(IOOOO.O) $ eCXMAX=1500.0 $ vM,N=O.O 

·YMAX=ALOGIOCIOO.) 

DO BOB ,J=1.4 

KAXIS=,J $ NCv=2 $ NCX=4 $ TICLL=O.IOO $ TICLLI=0.167 

CALL eCLOGTC(K.AXIS,NCV'NCX.T Iel.L,T ICLLl,NLVP.NLY5, 

808 CONTINUE· 

CALL CLBLLGVCNCV) 

I 
N 
\J1 
I 

t. _ 



CALL CL.BLLGi«NCX} 

DO 3 K,= 1.1 

N=PLIK,'-Z $ NS=I $ LK=PLIK' 

DO" liZ J=3.LK 

JM=J-Z S Xl'll JM' =ALOGIOIPCTFIK.J.,n i $, YRI.)MI=ALOGIOIPCTFIK.,J'ZI I 

IFIXRIJM} .GE. ALOG,Oil.OIl. GO TO 55Z' 

XRIJM,:ALOGIOII.,O) 

JS2 CONT (NUl.:: 

IFCYRC..JM) .• GE. O.oi~6,To 553".· 

-V:RC.JM) =~O.O 

'i53 ,CONTINUE 

I'Z CONT jNUE 

CALL CCPLOT(XR.YR.N.4H.JOIN.NS~ 1 '.:-

3 CONTINUE 

CALL CCLTRC460 •• 1Q •.•. O.2.15HLOG· TIME (SEC.).tS) 

CALL eeL TFH 10 •• 330 •• ""1 ,2 • 23HL.OG: PERCE~.T TRANSFORMED, 23') 

CALL "CCNEXT 

RETURN 

END 

SUBROUT I NE 'GRAPHK I I • TEMP. Nu , 

COMMON/CCPO~/XMI N._ XMAX. YM IN., YMAX. C~XM IN. CCXMAX. CCVM I~' CCYMA?< 

COMMON/CCFACT/FACTOR 

o I MEN!::) I ON xc 15) ,V("lS) .TEMPe 15) .RK~ 15-) 

THI'" sueROUTINE PLOT;' THE INVERSE 'TEMPERATURE VERSUS LOG INVERSE, 

OF INTERCEPT OF THE ISOTHERMAL CURVES. 

xMIN=IZ.0 S XMAX=17.0 $ YMIN= 3.0 $ yMAX=O.O S CCXM,AX=IZOO.O 

CALL CCGRIDC5.Z.5HLABELS.3.4' 

-... , -

,c 

C 

C 

RKIl(i,=1l.0 S RKCII)=B.I SRKnZ)=7.4 $ RKI13,'=6.4 

R"KC·14):=7.3 .5 RK(15)=4",7 

DO 3 K=NU.I, 

J=I $"N=I S NS=6 

X I J' =10000~0/,1 TEMPIK' +Z73.0) 

YCJ~ •• LOGIOII./RKIKI) 

CALr..' CCPLOTl~.Y.N'6HNOJOI~.NS'I) 
3 CONTINUE 

CALL .. CCLTR(460 •• 10. ,O.2.1BHIOOO /T 

CALL" CCLTR"C 10 •.• 3Sq", .1.2.8HLOG( l.t:K., ta) 

CALL CCNEXT 

RETURN 

,END' 
.~t~. . 

SueROUTINE GRAFTTII.TEMP.PCTF.MP', 

IKEL.vi'N)'IB) 

COMMON/CCPOOL./XM I N. XMAX. YMIN. YMAX. CCXM IN .CC-XMAX, CCYM t N. CCYMAX '~. 

COMMONi'CCFACT/F~CTOR' 

,_ .... " 

DIMEN~ION XTT( lS)·.VTl( 15) ,pelF( 15.40~h2). n~:MP( I? )·.;"P( 9!'15) .x·s·c 15),· 

1 YS,1I5' 

':THIS SUBROUTINE PLOTS THE TIME TEMPERATURE ~ TRANSFORMATION DIAGRAM. 

XMIN=ALOGIOII.O) $ XMAX=ALOGIOII .0) $ CCXMAX=1600.0 

YMIN=O.O $YMAX=600.0 $ NLYP=6 $ NLYS=Z $ ,NCY=O $ NCX=4 

TICLL=O.(OO $ TICLLI=0.16i 

DO B07 ..1= 1.4, 

KAXIS=,J 

CALL CCLOGTCCKAXIS,NCV,NCX.TICLL.TICLLl,NLVP.NLvs) 

B07 CONTINUE 

CALL CLBLLGXINCXI 

. I. 

"" 0" 
1 



/ 

LINY:NLYP S LINX=O 

CALL CCLBLeLINX.LINV) 

D03L=I.B 

N=I 

GO TO (1.2.4.5.6.7.B~9}\L 

I NS=B 

"GO TO 10 

2 NS=6" 

GO TO 10 

4 NS=B 

GO TO 10 

5 NS=B 

GO TO" 10 

6 NS=B 

GO TO 10 

7 NS=7 

GO TO 10 

B NS=8 

GO TO 10 

9" NS=7 

10 CONTINUE 

UO 112 J=I.I 

M=MP(L.,J) 

. IF(P·CTFC,,).M.l) .Gr. 2.) GO TO 4 .. 

PRINT 401.PCTF(J~M.l),J 

401 FORMAT(6X.*PCTF(~.M.l)=*.F10.3.4X.*~ =*.16) 

PCTF(~.M.l )=1.0· 

400 CONTINUE 

XTTeJ)=ALOGIOePCT"eJ.M.I)) 

IF(X:rTCJ) .GE .. ALOG"10"(.i.4» GO TO "554 

XTTeJ)=ALOGIOli.O) 

554 CONTINUE" 

YTT(,J)=TEM.PC~) ~ XS(,J)=PCTF(..J,M.l) $ YS.(,J):TEMP:C..J) 

PRINT "1021.XSIJ).vSeJ) 

.-1021 FORMAT.(5X.· ... XT7 (..J i =* ."'-10.4'3X~*YTT(.J) -*.F 10,.4·) 

C 

"C 

C 

C 

C 

112 CONT INUE 

CALL CCPL.OT.(XTT.YTT.N.6HNOJOI~'NS'1) 

3 CONTINUE" 

<.;ALL CCLTR(470 •• 10 •• 0.2. 15HLOG T I.ME (SEC) '15) 

CALL CCLTR(10.·.?40 •• 1.2.15HTt::~~ERATURE (C).IS) 

CALL CC;NEXT 

RETURN 

END 

SUBROUTINE CCLOGTC(KAXIS'NCY'NCX.TICLL.TICLLl~NLYP.NLYS) 

THIS SUI:IROUTIN"E PLOTS LOG SPACED TICMARI<5USING THE CAL COMP ROUTINES 

KAXIS OF I=LOIIIER AxIS. 2=RIGHT HAND AXIS. 3=UPPER""AXIS. 4=LEFT HAND "AX"IS 

NC=NUMBER OF CYCLES 

TICLL=LENGTH OF SECONDARV -TIC MARKS IN INCHES 

TICLLI=LENGTH OF PRIMARV TIC MARKS IN INCHES 

COMMON/CCPOOL/XMI N'XMAX. VM IN. y'MAX .CCXM IN. CCXMAX. CCYMIN. C~YMAX 

COMMON/CCF ACT /F"ACTOR 

DIMENSION XTIC(30).vTIce30) 

XISAVE=XMIN $ X25AVE=XMAX $ VISAVE=VMIN$ V2S~VE=VMAX 

GO TO (lOO.110.120.130).KAXIS 

100 XMIN:;::O • .$ XMAX=FLOAT( NCX) $ YMl.N~O • .$ YMAX=1.0 

~=100./(FACTOR*(CCYMAX-CCYMIN» 

GO TO 20B 

110 XMIN=l. $ XMAX=O. $ YMIN=O. 

I 
N 
....... 
I ~" 



IFeNCY .GT. 0.1 GO TO ~Ol 

YMAX= (FLOA'T (Nt... y~) )'.100. 

GO TO 502 

50.1 YMAX=FLOATINCYI 

'502 CUNTINUE 

6='100./lFACTOR*eCCXMAX-CCX""INI I 

GO TO 300. 

.120 XMIN=O. $ XMAX:FLOATCNCX) .fi YMIN=l. $ YMAX=O. 

6=ioo./eFACTOR":eCcYMAX~CCYMINII 

GO .TO 206 

130 ,XMIN=O. $ XMAX= I. $, YMIN=D. 

'I F e NCY .GT. 0.'1 GO TO ',50.4 

YMAX= CFLOATlNLYPII*IOO. 

Go. TO 505 

50.4 YMAX~FLOATI NCy j, 

505CONT/NUE 

6= l,qO./CFAC'TOR*C CCXMAX-CCXMIN", 

300 NC=NCY 

'GO TO 20.0 

2DB,NC=NCX 

20.0 T ICL=T1CLL*6 

T ICL 1=T/CLLi *6 

IFiNC .Ea. 0 I GO ,TO 40.0 

cio 20.5 K'= I .NC ' 

L=I 

00 ,20.4 J=I,9 

A.J=.J 

XTICC=ALOGIDCA.JI+K~I. 

0020.31=1.3 

XT/CILI=XTICC 

GO TO e2Dl.202.2DI i,oI 

20 I YT/C eL 1 =0. 

GO TO 203 

202 YTICeLI=TleL 

IF (C-.JeEC.'f).ANO.'CK.NE.l» YTIC'(L)='tIC~l 

20.3 L=L+I 

204 CONTINUE 

XTlCCL I,=K 

YTICCL)=O. 

GO TO C206.2D7',2D6;2D7I,KAXIS 

206 CALLCCPLOTIXT/C.YTIC.L..;4H.J0INI 
, , 

GO TO 20.5 

20.7 CALL CCPLOT CYTIC.XTIC'L'4H.J0INI 

20.5 CONTINUE 

GO TO 500 

400. CONTiNUE 

THUO: 1 00,.0-

00,405 K=I,NLyP 

L=I 

'DO 404 ,oJ=1 .Nt.YS 

A.J=.J 

XTlcc=ce~.J~K-I.I*lbD.'-THUO 

DO 40.3 /=1.3 

XTlCCLI=XT/CC 

GO ro (401.4('2,401,.1 

40.1 ,YT/CCLI=O. 

GO TO 403 

40.2 YTICCLI=TICL 

I 
N 
00 
I 



/ 

IF(-C..J.EQ.l ).AND.CK.NE".l» VTJC(L~=TICLI 

403 L.",L+I 

THUO=O.O 

404 CON71NUE 

XTlCIL)=K*IOO. 

YTICIL)=O. 

CALL CCPLOTI YT/C.XT IC.L.4H-I0IN) 

405 CONTINUE 

500·CONTINUE 

XMIN=XISAVE S XMAX=X2SAVE S ·YMIN=YISAVE S YMAX=Y2SAVE 

RETURN 

" END 

SUBROUTINE CLBLLGY.INC) 

. COMMON/CCPOOL/XMIN ,XMAX ,YM IN,VMAX .CCXM IN.CCXMAX.,CCYMIN. CCYMAX 

COMMON/CCFACT/FACTOR 

C 

C ROUTINE LABELS Y AXIS IN LOG SCALE. 

C 

·NX NC + I 

DO I, NX 

· .. RITE 19B. 300) 

';:;CY CCVMIN + (1-1 )*(C'CYMAX-CCYMIN) / NC - .1 

CAL"L. eeL TR (CCXMIN-65., CCy.O.2) 

12 = ( YMIN+SIGNC.5,VMIN) ) + 

IF ( +ABS( 12) .GT. 9 GO· TO 2 

IF ( 12 .EO. 0) 12 +0 

.. RITE 19B.302) 12 

GO TO 3 

2 .. RITE 19B. 301) 12 

C 

C 

C 

C 

C 

3 CALL CCLTRCCCXMIN-4Q •• CCY+l0 •• 0.1' 

CONTINUE 

RETURN 

300 FORMA, 1 2HIO 

301 FVRMAT 1 13 ) 

302 FORMAT 1 12 ) 

END 

SUBROUTINE CLBLLGXINCX) 

COMMON/CC'POOL/ XM I N. XMAX. YM IN, YMAX. CCXM IN. CC);CMAX. CCVM I N. CC")'t.""AX 

COMMON/CCFACT/FACTOR 

ROUTINE LAtlELS X AXIS IN·LOG SCALE·. 

NX::;NCX+l 

DO I I=I.NX 

WRITE (98. 300) 

CCX=CCXMIN+II-I)*ICCXMAX~CCXMIN)/NCX-O.I 

CALL CCLTRCCCx.CCyMIN-40 •• Q.2) 

12=(XMIN+SIGNC.5.XMIN»+I-l 

IFIIABSI12r .GT. 9) GO TO 2 

IF( 12 .Ea. l,) 12=+0. 

.. RITEI9B.302) 12 

GO TO 3 

2 .. RITEI98.301)12 

3 CALL CCLTR(CCX+25 •• CCYMIN-25 •• Q.l) 

CONTINUE 

RETURN 

I 
N 
\.0 
I 



C 

,C 

C 

-C 

300 FORMAT 2HI0 

301 FORMAT 13 

302 FORMAT 12 

END 

SUBROUTINE CCLBLINXI.NYII 

COMMON/CCPOC;:>L/XMINtXMA.XtYMIN,VM"A.X,-CC.X",INtCCXMAXtCCYMI N.CCY~AX-

COMMON/CCFACl/FAcTOR 

ISZERO'=O 

XD=XMAX-XMIN SYD=YMAX YMIN, 

CCXO=CCXMAX-CCXMIN ,.CCYO=CCyMAX-CCYMIN, 

KSIZE=2 

KORIENT 0 

'IF I, NX'I .EO. 0 I GO TO '5 

LABEL FROM RIG-H TO LEFT ALONG THE X-AXIS. .~, 

XI=XO/FLOATINXI I 

DO 2 NX= I SZERO.N'XI 

CCX=CCXMAX-CCXD*FLOAT (NX)/FLOAT (N"X 1 ) 

X=(CCX-CCXMINI*XO/CCXO+XMIN - , 

C, 

-C SEt X TO A TRUE ZERO IF X=O. TO "/THIN MACHI'NE ACCURACY. 

C 

JF(A~S (X/XI).LT.l,OE-6)XaO. 

NN lFIX (X + .1) 

~RIT~ (9B.27) NN 

2 CALL CCLTR I CCX-65.*f'LOAT (KSIZE)/FACTOR. 

X CCYM.IN-9.*FLOAT(KSIZE)/FACTOR, 

C 

'C 

C 

'C 

C 

C 

,C 

3. 

C 

,C 

x KORIENT. KSIZE ) 

5 IF ( NYI .EO. 0,) RETI,JRN' 

-LABEL uP~ARO :ALONG THE y.,AXIS. 

Y,I = YO/FLOAT I'NY I I 

DO 3 NY=ISZERO.NYI 

CCY=CCYMIN+CCYO*FLOAT INY)/FLOAT:INYII -'­

Y= (<;,cY-C,cYM,IN-' ttYO/CCYO+YMIN 

SETY TO A TRUE -ZERO IF Y=O. TO,~ITHIN' MACHINE ACCURACY~' 

IFCABS (Y/Yl'.LT.l.OE .... 6)Y=O.· 

IF (YI 100. 101. 102 

100 NM IFIX'CV-,l) S GO TO 104 

101 NM o S GO TO 104 

102 NM iF1X (Y+:,l) 

104 ~RITE (9B.2B) NM 
. - . . 

~ C:.A~L CCLTR( CCXMI N-70.*FL"OATCKSIZE )/FACTOR, tCY ~KOR lENT ,KS IZE) 

RETURN 

27 FORMAT (110,1' 

28 FORMAT (110)' 

END 

I 
IN 
o 
I 
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Table 1. Chemical composition.of alloys· (given in.wt%) •. 

Alloy C Mn Cr Ni Mo S Si Cu. P v. 
--------- - -~. ---- ----

.. D6J\C 0.46 .. ,,0~68 0.98 0.58 O.~3 ·0.003 0.25 ---- 0.009., 0.11 

AMS 6416 (300';'M) 0.41 . 0.79 0.75 . 1.85 0.43 0.002 1.59 0.04 0.008 0.08 .. 

AISI 4140 0.40 0.94 0.90 0.09 0.22 0.012. 0.28 0 .• 17· 0.00.8 * 
AISI 4130 0.34 0.51 0.95 0.16 0.19 0.014 0.27 0.11 0.008 * 
* Less than 0.0057. 

I 
Vol 
Vol 
I 
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Table II. . Cooiing "tiin~s6£ AISI4140s11ecimens. .' 

QuencliMeditim Temperature 
Specimen 

Thickness 25°C 225°C 325°C 425°C 

0.02 1.4 sec 1.0 sec ,0.8 sec· .0.7 sec 

0.03 1.8 se~ ·1.5 sec 1.2 ··sec 1.0 sec 

. I 

Table III. . Comparison of martensite· ,range temperatureS (OC). 

Ms MSO' M90 

MPM Published MPM Published MPM Published 
Material Values Values ' Values Values Values Values 

4i40 
'. 

AISI 

Aust.. at 880°C. 295 34019 . 20'0 30019 90 27019 

D6AC 

Aust. at 880°C 290 29021 . 170. 50 -----
, 

" 

AISI 4130 

Aust. at 880°C 340 • 36019 250' 320
19

: 150 30019 

Aust. at 1200°C 350 ----- 250 ----- 150 -----

AMS 6416 (300-M) 

Aust. at 880°C 270 30020 170·" - .... _-- , .. 60 --.---
Aust. at 1200°C 290 ----- .190 ----- 60 -----
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Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig. 5. 

Fig. 6. 

Fig. 7. 

Fig. 8. 
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FIGURE CAPTIONS 

Schematic of the MPMapparatus. 

Block diagram of the MPH elect~onic system., 

remperature-structure calibnation curve of 4140. . ' 

Temperature-structure calibration curve of 4130. 

T~perature-struct'::urecalibration curve of D6AC. 

Temperature;"'structure calibration curve of BOO-M. 

Volume fraction transformed calibration curve. 

Per:cent:transformedvs time for 4140 austenitized at 880°C. 

Fig. 9. Log percent transformed vslog time for 4140 austenitized at 

Fig. 10. P~rcerit trimsformed VB time for 4130 austenitized at 880°C. 

Fig. 11. Log percent transformed vs log time for 4130 austenitized at 

880°C. 

Fig. 12. Percent transf~rmedvs time for 4130 austenitized at 1200o C. 

Fig. 13. Log percent transformedvs log time for 4130 austenitized at 

Fig. 14. Eercent "transformed vs time for D6AC austenitized at 880°C. 

Fig. 15. Log percent transformed vs time for D6AG austenitized at 880°C. 

'Fig. 16., Percent transformed vs time for 300-M austenitized at 880°C. ' 

Fig. 17. Log percent transformed vs log time for 300-M austenitized at 

Fig. '18. Percent transformed vs time for300-M austenitized at l200°C. 

Fig. 19. Log percenttrarisformed vs log time for 300-M austenitized at 
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Fig. 20. Microstructure of 4130 after aUstenitizing for 15 minutes at 

'., 

Fig •. 21. 

Fig. 22. 

Fig. 23. 

Fig. 24. 

l~OO°C and 'isothermally transformed for 2 hour'sat 500°C' 

(1200 0 C, 500°C). 

Mi'crostructure of 300-M after a (1200°C,300°C) heat treatment~ 
. . . 

, '. -. - '. "." .. . 

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

Microstructure of'300.,...M after a (880°C, 500°C)"heat.treatment. 

Time-temperature-transformation diagram of 4140 ausfenitized at, 

'Fig. 25., Time-temperature-transformation diagram of 4130 austenitiZed at 

. . 

Fig. 26. Time-temperature--transfo'I'niation diagrain of 4130austenitized at 

:Fig. 27. 'Time-tEIriperature-tJlansformation diagram of.D6AC austenitiZed 

Fig. 28.' Time-temperature-transformation diagram 6f 300-Maustenitized .' 

lit 880°C. 

Fig •. 29. Ti~e-temperature-transformation diagram of 300-M austenitized 

at 1200°C. 

'Fig. 30 •. Enlargement of micrograph' in Fig. 20. 

Fig. 3l. Microstructure of 4140 after a (880°C, 374°C) heat treatment. 

Fig. 32. Microstructure of D6AC after a (880°C, 500°C) heat treatment. 

Fig. 33 •. }1icrostructure of D6AC after a (880°C, 355°C) heat treatment. 

Fig. 34. Time-temperature-transformation diagram of 300~M austenitiZed 

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

Fig. 35 •. Microstructure of 300-Mafter a (880°C, 274°C) heat treatment. 

, 
-, i 

I 
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