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N QUANTITATIVE_MEASUREMENTS OF PHASE. TRANSFORMATION
KINETICS IN LOW ALLOY STEELS DURING PROGRAMMED COOLING

Jim Lum Yuen
Inorganic Materials Research Division, Lawrence Berkeley Laboratory and

Department of Materials Science and Engineering, College of Engineering;
University of California, Berkeley, California

ABSTRACT

The transformation kinetics during the prograﬁmed cooling of several
low alioy steelé in wire form weré studied using.abmagnetic permeability
method. The specimens; in the core of an inductor coil, were cooled
from the aﬁstenitizing temperature élong.a number'ofidifferent prégrammed
cooling paths. In this type of measurement, as the éustenite decomposes,
the permeability increases which in turn changés‘the resonant frequency
of the inductor coil circuit. The period of the'in&uctor coil circuit
~ was continuously recordéd providing a sensitive record of the
transfqrmation kinetics. Continuous cooling transformation diagrams
determined in this.manner for AISI 4340 and AMS 6416 (300-M) were
compared with published diagrams. Certain time-temperature paths for
these alloys resulted in the retention of'large amounts of austenite

at room temperature.



L. INTRODUCTION

Continuous cooling transformation (CCT) diagrams are important
aids 1in the control of the microstructure durihg-heat treatment. The

microstrhctures.resulting from the heat treatment determine the

‘ properties of the éIlby. Moreover, composition dependence of

microstrgcture will also affect the mechanical pfopértiés. ‘The éxtent
to which alldying elementé influence properties is.not yet predictable
and must Be'determined experimentally. The influence of different
time-témpera;uré paths on the decomposition of austenite may be -
predicted from an experimentally determined CCT diagram.

Some tempered martensitic steels show pbor'Béinitic hardenability.
As alconseQuence, the microstructure and thefefofe the propgrties aré

likely to vary widely with section size. For such steel it is critical

. therefore to know the positions of the pearlité ahd bainite noses on

the CCT diagram. The purpose of this investigation was to investigate the

effects of programmed cooling on the transformation kinetics using

a'magnetic permeability method (MPM). The MPM proved to be a sensitive

- as well as a convenient means of monitoring the austenite decomposition.

Other investigators have studied pﬁése transformations during

' continuous cooling by following a physical prppefty that changeénduring

the transformétion. .fhesé methods include a) hardness measurements

along the length of an interruptedrend quencvhvbar,l b) oﬁservation

of microétructure along the length:of an end~quenéh'bar2'or of specimens
withdra%ﬁ from a gfadient_furnance,3 c)lther@al analysis,4 d) cbmbination

of thermal analysis andAdilatometry;5f6_e) électrical resistance,7



'f) coﬁoination of dilatometry and metallography;a and g) magnetic
permoéoility.g Several of these techniques have obvious drawbacks.
Quantitétive metallography is slow and tedious and réquirés skillful
interpretations of micrographs.10 Dilatometric measurements are |
hampered by the difference in thermal exoansion of ‘the ferrite

plates and austenite.lo Hardness and eléctrical resistivity measure-

ments are not only a function of the transformation, but they are
sensitive_to particle'sizeband lattice cohérency.ll

A-greét-deal of effort has been spent.on developing techniques

that would facilitate the measurements of transformation kinetics.

A few investigators have used magnetic permeability tochnioueo. These
involved placing the sample in the core of an electrical transformer.g’12
As the anstenite transformed, the magnetic permeobility increased thereby

“inducing an e.m.f. in’a‘secondary coil. In the present study a more

. . ) . 13
sensitive version of the magnetic permeability method was used to

measure the transformation kinetics during programmed cooling.



II. EXPERIMENTAL PROCEDURE

A. Material Preparation

The low alloy steels used in the investigation»were AISI 4340 and
AMS §416 (300—M),' They were received as 5/8 inr tgick by 2.5 iﬁ. wide
bar stock in the fully annealed condition. Their chemical compositions
are given in Table I. 6ne inch wide blocks formed.from the.bar stock'
.were cold rolled to approximately 1/8 in. thick, 8 in. long, and 3 in.
wide. These 1/8 in. thick plates were placed in a salt bath for
-5 hours at 650°C for stress relief. The plates were then sheared
lengthwise into 1/8 in. square rods about 8 in. long. The edges were
ground - off to produce rods which were swaged down to approx1mate1y 0.040 in.
in diameter.v The wires were then drawn through dies to produce a

smooth finish with a final diameter of 0.0358 in.

B. Experimental Apparafus

'The tranéformainn kinetics in low alloyvsteels were measured by
monitoring the change in the magnetic permeability as the specimens
_ transformed from austenite. There is a large difference in magnetic
permeability between austenite and any of the transformation products
while the difference in magnetie permeability is smaller for the
transformafion products. The MPM provided a conﬁenient, rapid and
sensitive‘measnrement of the transformation kinetics_during programmed

cooiing. ' The continuous cooling system is shown in Fig. 1.



Thelexperimental apparatus consisted of two pérts, one for
measuriﬁthhe magnetic permeability and the other for programming the
cooling. The MPM13 was coﬁprised of measuring the permeability and is
shown schematically in Fig. 2. A wire specimen of'b.0358 in.‘diameter
and 18 in. in length wés suspehdéd in a hollow quartz tube, 2 feet long
and 3/4 in 0.D. A vacuum of'S.lO_5 microns or better was obtained
before the Specimén_was heated by resistance to an austenitizatioﬁ
temperature of 870°C for 8 minutes. The inductor coil, which was

"5 in. long and 1 in. I.D., was placed coaxially around the quartz tube.
As the wire cooled at a predeterminéd rate, the ﬁérmeabiiity of the
specimen increased as‘the austenite decomposed. .This increased the
inductance of the coil which caused the resonant frequency of the |
coil to change. _The frequency of oscillation was determined with a

" variable frequency oscillator (VFO) which operates at approximately
1.2 khz. A cycle counter divided the output VFO by 1600. A control
timing_décoder unit, which was activated every 16QO cycles of the -
cycle counter, commanded a time interval counter unit to: (é) fesgt;
(b) start count at 0000, and (c) stop count at approximately llQbicycles
of the cycle counter. At 1100 counted cycles.phe.control timing'deCOder
unit started a paper tape punch unit to record the average period during
the ﬁreceeding.lloo cycles. Between 1100 and 1660 cycles, the éape

was.punche& and the control timing decoder unit was reset. |
After the paper tape was interpreted through the telefype, the
typed reéord consisted of a six digit number. The first digit Qas used

for puﬁch»frequency control (i.e. which could be varied), and the



last 5 ﬁumbérs represented the most significaht piaces in a 9 digit
numﬁer.  The>four unrecorded digits were 0008, wﬁich were identicai in all
runs and were therefore not recorded. For example if the'six numbérs |
vere 904621; the period of oscillation of the coil Qas 0.000804021
seconds/Cyéle. ‘The real elapedvtime.between punches was (0.000804021)x
(1100) or‘about 0.88 seconds. | | |

The block diagtam of the electronics for the programmed cooling
is shown in'Fig; 3. A D.C. power source was regulated with a temperature
coﬁtroller. The temperature of the wire was measured with a chromel-
élumel ﬁherchouple spot welded on the wire specimen. The thefﬁocouple
'. was cénnected to the temperature_contrbller and a strip chart-recofdef.
Cooling paths were scribed on a 12 in. by 13 % iﬁ; éheet'@f metallized‘
mylar.‘ This sheet was placed on the fotatingvdruﬁ of the Data Trak.
A curvebfollower in the Data Trak controlled a vbltage.from thé‘Data
frak which was added to the thermocouple voltagé. The temperature
| éontrolle: sensed the ipcrease.in potential provided by ;he Data Trak
which it interpreted as an increase in potential from'the>thermocoup1g
junctionf ansequently, the output from the power source decreasgdf
The magﬁitude of thervoltage varied with the prégfammed cooling;path.
Different éooling paths were obtéiné& by changing the drum rotaﬁion
rate 6r By scribing a different coo1ing path on a new sheet ofiéetallized

mylar.



- C. Experimental.Technique

;fhe ends of the 18 in. specimens were formed into hooks. For
convenience in assembly, it was found helpful‘to;make the hook
attached'to the left support a special shape (deuoted as formed hook)
shown in Fig. 4. Teflon coated chromel-alumel thermocouples of
0.005 diameter were_used to determine the temperature of the wire.

The junction was located about 6 in. from’the formed hook. The bare
ends of the thermocouple were rolled down to about 0.001 in. and Qere
spotvwelded'on the specimen. Ceramic beads proteeted the length of»

tﬁe thermocouple from the heated soecimen.~ If the'two thermocouple
wiree were offset from one another along the axis of the specimen, an .
additionallootential was imposed on the thermocouple eircuit when the
heating current flowed through the wire. Consequently, the two wires
were attached together on the specimen. An illustration of the specimen
thermocouple configuration is shown in Fig. 4."Prior to use, the
thermocouple circuit wes tested by'increasing the sensitivity_of the

» strip chart recorder and passing a current through the specimen for

a short time taking care not to heat the specimen above 100°C. 1If the
thermocouples'were spot welded incorrectly,. a suddeu jog was‘present .
in the tiue—temperature trace when the heating current was turned off
suddenly:14 Figure 5 shows examples of-time—tempereture traces from
tests on thermocouple circuits that were considered‘accepteble,:marginal,
~and unacceotable{ :Unacceptablevjunctioné:were removed and new junctions

were made on a different area of the specimen. Cleaning the surfaces with



acetone and a spot welder set at 4.5 watt-sec produced satisfactory

welds.
The prbcedure used to place the specimen into the continuous
cooling apparatus is outlined below.

i) The plain hook was attached to the extendablé support'fod

" on the right and cap end the coiled heating current lead was cohnected,

Fig. 6.
ii) The specimen was pushed through the quartz tubé from thé

right side until ‘the formed hook could be attached to the ceramic'.

~ insulator at the end of the support rod of the left end cap. The

ends of the thermocouple, which were simultaneously pushed through,

were soldered on the insulated posts in the left end cap. The heating

current lead was attached, Fig. 7.

iii) The entire assembly was ﬁﬁved to the right until the left
end cap was seated against the suﬁport cylinder and the lock nut
was in place. The right side'was then locked in place. A slight
tension“waé'placed'on the specimen by attaching aVCOmpression spring
to the extendable supﬁort rod. | |

iv)_'Thelsystem was evacuated and when a vacuum of 5.10-5 microns

- or better was obtained, the experiment was started. The position of -

‘the specimen ready for the experimental rums is shown in Fig. 8.

Thekprocedufe used in-obtaining experimental data is as follows:
i) The eleétronic systems were turped on and allowed to stabilize.

'ii) The spécimen was heated ménﬁallyuby incrgasing the currenf
until the éuStenitizing temperéture of 870;C wés reéched. The tempera-
ture controller was switched to fset poiﬁt" to maintain the austeni;izing

temperaturé for 8 minutes.



iii) fiﬁ;;e types of,cooling were employed:  a)‘gés quénch '
b) partialﬁggéhﬁm cool, c¢) slow cool. Each type required a diffefent
procédurevand will be discussed separately.

a) The procedure used in the gas quench was:

1) System was isolated from the vacuum pumps,

2) A fourway switch in1tﬁe Data Trak was:set on "hold" (instead of
run). This setting synchronized the Strip—chart recordér
with fhe paper tape>punch output.

3) The union nut was removed from the 1/4 in. plug on the gas
outlet. .

' 4) The paper tape punch was switched to ﬁuﬁch at intervals of
0.88 seconds.-
5)  Simu1taneously; the heating currenﬁ was turned off, the
~'Data Tfak switched on, and extra pure helium Was f1§3hed
‘through the system,
b) The procedure used in the partialvvacuum cool was:
1) Same as steps 1 and 2 of the procedure used in gas quench.
_,2) A small volume of helium gas was fed into the_systeﬁ.
(The qdantity of gas fed in was dependent on the desired
partial vacuum). |
v.3) The paper tape punch was switchedvto punch at‘iptervals
of 0.88 seconds. -
4)]'The-heating.current was.swiﬁched,off and the Data Trak

. -switched on, simultaneously.



c)  fhe procedure used in the slow cool was:
.i)“ The desired cooling path was scriBgd on the metallized
mylar sheet and wrapped around the rotating drum of the
Data Trak. Pins were used to hold:tﬁe sheet in place.
An appropriate drum rotation rate §as selected.
2) - The papér tape punch was turnea on_to:punch at 0.88 second
intervals.
3) The féur—wayvswitch in the Data Trak wés set on "run" and
‘was switched on. |
4) The intervai between punches was increased to either 8.8
| seconds orv88 seconds depending on the cooling rate.
Thé entire CCT diagram was constructed from:one sbecimen. This
eliminated some of the inevitable variation when several specimens are
used for the same CCT diagram. The results’fromVCarBon analysis 6n the

specimens' showed no decarburization occurred.

D. Temperature-Structure Calibration

The temperature-structure calibration was required to determine
the change in the magnetic permeability as a function of temperature,
stréin, and morphology.18 The appropriate refereﬁce‘microstructure
was selected_for the ﬁémperature—structure calibfétipn according to the
temperatufé range. _This simultaneously accounted for the effects of
temperatﬁre ana structure. A qalibration curve was‘required‘for.each
alloy to account for the magnitude of these effects. A fully
martensitig'strucfure Qas.used for the range of tempefatures below

the Ms. For the temperature range between MS and,BS a fully
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bainitic sbéé@mén tfansformed isothermally'was substituted. - At
temperéturé; gB6ve Bs’ a fully pearlitic struc;ure was uséd.

A caliBfation was performed with fully transformed speéimeﬁs
of the appropriate reference structures. ‘At.temperatures below the
Ms’ the calibration for 4340 and 300—M‘consisted of gas quenching ,
the austenitized specimen to room temperature. The specimens were
held briefly at various temperatures below the MS and the change
in period (AP) was recorded. |

g ip 4340 refefence structures were needed for ranges between Ms
to 500°C and between 500°C to 650°C. For these structures specimens
were fully transformed isothermally at 350°C and 650°C. For temperatures
between MS and 500°C, the specimep transformed at 350°C was used as.
the reference structure for calibration. In the range from 500°C
to 650°C, the 650°C specimen was used. The calibration curve for-
4340 is.shown in Fig. 9.

For the calibration structures of 300-M, thebmartensitic structure
was used to obtain the calibration in the range Ms to 650°C.15 ,The,'
calibration curve is shown in Fig. 9.

It was assumed for calibration purposes that thé specimensitransformed
fully to martensite during the gas quench. Althoﬁgﬁ from transmission

electron microscopy , it has been shown that traces of retained austenite

are present in oil quenched fracture toughness spec‘imen’s».19
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E. The Volume Fraction Calibration

The v#riation of the change in period (AP) with the volume

transfofmed'was determined by gas quenching specimens of different

diameters to room temperature. The diameter.of the wire is directly

related to the‘volume by 7 X (diameter/2)2_Xi(ﬁhevlength ofvthg‘wife
within the field of the inductor coil). ';Thué the effect of vdlume
transformed could be determined by mere;y changing thé diametef.of the
wire. The AP was ﬁeasured‘fqr sbecimen diameters of.0.020, 0.025;
0.030, and 0.035 in. |
The:relationship between the volume fraction traﬁsformed and thé

change in period, AP, was found tb be linear, Fig. 10. Therefore

the volume fraction transformed at a given time along a coolihg path_was

the ratio of the change in peribd at that time to the change in period

- of a fully transformed specimen with the appropriate reference'structure.

F. ‘Metallography . . :

B

Specimehs with the desired cooling history ﬁere examined by optical

metallography. Half inch lengths of wire were cut‘from the middle of

the specimen:and were moun;ed horizohtally in Koldmount. They'ﬁere
ground on successi?ely finer silicon carbide papérs to 600 grit; This
wés'fqlldwéd by a polish w;th a 1 micron diamond‘paste. Final polishing
wés déne in é solﬁtiOn ofwdisfilled watéfchnfainiﬁg 0.0S_microﬁ alﬁmina.

The poliéhed surfaceé were{étched with 2% nital for 5-20 seconds.
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S ITI. RESULTS AND DISCUSSION

A. Magnetometric Technique

Continuous cooling transformation diagrams were readily constructed
using the above described magnetic permeability method. _The trans-
formation kinetics were continuously measured while the specimen
.cooled with a predetermined time-temperature path.. The CCT diagrams
for 4340 and 300—M.are shown in Figs. 11 and 12,‘respectively. The
zere time of the cooling path was taken at the moment‘the temperature
&ropped below the austenitization temperature. Some investigators
have considered the start of the cooling path 'when'the.Ac3 temperature
was reached. The disadvantage of choosing this criterion as the start
time is that this does not permit the direct comparison of diagrans
for steels that have different critical temperatures.2

Conventionally the MS has been defined as the temperature at
which only one percent of the austenite transforms athermally to
martensite. Using the MPM, greater accuracy of definition is pnssible.
By the use of MPM the start of the transformations.could be detected
in amounts as small as 0.1% of martensite. The MS in this study was
taken as 0.1% of transformation. The start of transformation for the
other.transformatipn products was alsovtaken.as_O.IZ. '

A linitation of the MPM was encountered invcooling paths that
produce tno or three different strncturea. For example, it was
vdifficult te determine the MS for both 4340 and 300-M for cooling

4
paths that passed through the bainite nose. TFor such cases the MS

i
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can be‘determined by thermal analysis for é few.cooling paths'.l‘.’6 For
cooling paths labeled 1H and 1I (Fig. 11) in 4340; vthe Ms'was
undeterminable by MPM, but the Ms'cbuld.be.detected b& MPM for coolihg '
pgth 1J. The'brdken line in Fig. 11 indicates the estimated Ms.inf
this regibﬁ. Similarly in Fig. 12, the MS was determined'in'cqoling
path 2J by.the_ﬁPM}' The broken line drawn through cooling péth 2G,
2H, and ZI'indicates the estimated M for 300—M.: -

In 4346; é limitation Qf the MPM was also encountered in the
determiﬁaﬁionvof the Bs for cooling paths that passed through the
tip of the pearlite nose. Fortunately,'the BS co#ld be determiﬁed '
with the MPM in cooling path 1J. Again, the broken line réprésenﬁs
the.estimated BS in the region where it was difficglt to detefming
experimentéily. |

2,6,9 have determined CCT diagrams

A number of investigators
for 4340. The MS determined by qther investigators is compared to
those obtained in the present study are shown in Table 1II. Thogé
of the éreSent study are Slightl&:lower. - The position of the bqinite
'stért time was in good agreement with the magnetic méthod of Chapman
and Jominy9 and the metallographic method ovalickwede and Hess;?

16

' The CCT diagram for 4340 published in Metal Progress Databook™ - . shown

in Fig. 13 compares favorably that of the present study, Fig. 115

The observed spread in Ms valqes.reported by investigators uéing ﬁhe
severéi different techniques can be cauéed by minor‘variations in heat
treatmen;_or composition. Thus,'no conclusions caﬁ'be drawn frém the
data in Table II aé to which teéhﬁique‘is best for the measurement of

'MS temperatures.
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It was found by a previousinvéstigatorthat 300-M retained a
large amount of austenite when transformed isothermally in the bainitic

15 Similarly, in this investigation a large

and martenéitic ranges,
amount of rétained austenite was found to exist at room temperature for
certain cooling paths. Previouslyvpublished’CCTvdiégrams have shown.
that the transformation goes to completion at an& §ooling velocity.
The published CCT diagraﬁ by W. W. Cias17 is sden iﬂ Fig. 14 for
comparison. It differs considerably in detail with the diagram
constéucted with the MPM technique (Fig. 12). Although the geﬁeral
shépe is similar. |

Selected cooling paths were choéen for optical metallography.
A series of micrographs of 4340.and 300-M, showipg the microstructural
variations as the cboling velocity was decreased, isishown in Figs. 15
and 16, respectively. The structure fesulting from a gas quencﬁ is
shown in Fig. 15a. With progressively slower cooling velocities, the
series Fig. 15b and c, show an increasing amount of transformation
to bainite, indicated by arrows -on the photomicrogtaphs.v At slpwer
cooling velocities, the cooling paths pass thfoﬁgh~tﬁe pearlité:nose.
A small amount of éroeutectoid ferrite is indicated_by the MPM; however,
it is difficult to see in the photomicrogfaphs, Fig. lSd and e. The
quéntitativé:measurements of the transformation products for each
cooling path in Fig. 11 are given in Table III. Hardness measﬁrements

(VHN) verified the expected decrease of transformation to martensite

as the cooling velocity decreased.
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.The pearlitic.hardenability.of 300-M was found to be very high.
Cooling paths as slow as 2J sﬁill do not show any evidence of the
pearlite transformation. The series of micrographs, Fig. 16a—e;_
show the-microstructures of specimens cooled at progressly sloﬁer"“
ratés. The:stfucture fofméd-in a‘géstuench is shown in Fig. 16a.

As the coolihg velocity &ecreased, a prdgressive increase in tﬁe

| amount of_béinite was evident, indicated in Fig. 16& by arrpws.  A
large amount of retained austenite was measured by the MPM, but it f

was difficﬁlt to verify its presencé bf the relafiveiy low resélutibﬁ

of optical metallography. The structure shown in'Fig. 16e.is bgiigved

gé beva mixfure of baiﬁitic ferrite and retained édstenite. Tabie v
sﬁows the quantigative measurements of the transformation producps |
for éach cooliﬁg path éhown in Fig. 12. Again microhardness measurements
iﬁdicated that smallgr amounts of marfensite for@ 5§ the cooliﬁg o

velocity is decreased.

B. Analysis of Data.

The quantitative measurements by MPM.showed'that a 1arge aﬁount
of austenite may be retainéd fpr 300-M at room temperature. The_éoolingA
paths that pass through'thevtip of the bainite nose show that gsfthé
édoling velocity decreases fﬁé amouﬁt’of retainéd austenite inéfeases
with oniy a_slight increase in bainite. This t;end is shown in:j' 
Table III for-cooling'cur§es 1B, 1C and 1D. In Table IV, all fhe
cooling gurveé show this trend. .This sﬁggests thaﬁ-the initiai

transformation to bainite stabilizes some of theVuntransforméd
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a.ust:en:i.te.zO Troian021 found that retained austehite was present
at room temperatﬁre by water quenching specimené‘Of SAE 5140_that
were partially‘transformed to bainite. Upper bainite was fouﬁd.to'
be more.effective than lower bainite in‘rétaining austeni;e at room
tanperatix_re.zl’22 |

in-4340, an anaiysis of the stabilizing effect of bainite is
complicated by the transfofmation to prbeutectoid ferrite at thé tip
of the pearlite nose. Along cooling paths'lF—lJ, small amquntsﬂof:
proeutectoid ferrife form and this aﬁpears to decrease the amount of
retained austenite (as compared to cooling path 1E). However, the -
proeutectoid ferrite also has a stabilization effecf on the austénite.
The quantitative measurements show that the amoﬁnt 6f retained = -
.austenite increases with only a slight increase.in proeutectoid
ferrite. This may be seen in Table III for cooling paths 1F~111

As can be seen from Table III, for cooling path 1E, 22% of the
austenite transformed to bainite whereas for paths 1F and 1G, the
microstructure have 167 and 19%, respectively. These results suggest
that the‘crifical segment of the cooling path is between the Bs and MS
temperaturés. For path 1E, the total time spent in this temperature
range was 195 seconds; for paths 1F and.1G, these values were 215 and
250.seconds, respectively. The length of time spent in the baiﬁitic
transformatioh temperature‘range apparéntly dé;ermines how muéﬁ
austenitebwill be'retained. This conclusion, if valia, is bivotal
to the selection of critical cooling paths which will result in the.

'maximum amount of retained austenite. This microstructure appears to
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offer great toughness of'high ultimate strength levels, i;e., greater

than 200,000 psi.t?
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IV. . CONCLUSIONS

A magnetic permeability technique deﬁeloped-for thé study of the
transformation kinétics of low alloy dﬁring programmed cboling
provéd to‘be rapid, acqurate and precise.

Large'amountsbof retained austenite (up to 18%) were present at
room ﬁempéra;ure in 4340 when the cooling path passed throﬁgh the
temperature range corresponding to the tip of the bainite nose.
In 300—M, the amount 6f retained austenite was found to be as .
high as 457 for certain critical time-temperature paths.

In the time-dependent transformations, the amount of retained
austenite depended on the length of time the specimen was in

the bainite temperature range.
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Chemical Analysis (given in wt%)

Table I.
c Mn s1 Cr Ni Mo Cu S P v
 AIST 4340 0.395 0.70 0.28 0.76 1.70 0.23 0.22 - - -
AMS 6416 (300-M) 0.41 0.79 1.59 0.75 - 1.85  0.43 0.04 .002 0.008° 0.08
Table II. Comparison of CCT Diagrams
Method used to construct CCT diagram
Present 'Dilatometry6 vMagnetic Metallographyz’]_'6
© MPM ' Permeability -
Ms 1290°C 293°C 300°C 293°C .
Position of : o
Bainite nose 30 sec. 90 sec 30 sec 27 sec
on the time scale

_Zz_.



Table III. Quantitative Measurements for 4340 (volume percent).

Ferrite Formed '

Cooling Estimated in the Retained ‘

Path cooling velocity Pearlite Bainite, % Martensite, % Austenite, % VHN
: at 450°C, °C/sec  Range, % '

1A 72 - - 100 - 616
1B 9.1 - 0.2 91 8.8 -

1C 6.7 - 0.5 90 9.5 -
1D 5.1 - 1 85 14 567
1E 2.2 - 22 60 18 466
1F 1.6 0.1 16 71 12.9 -
1G 1.2 0.2 19 69 11.8 -
1H 0.74 0.2 30 56 13.8 - . 442
11 0.4 0.5 60 24 ~15.5 -
13 0.1 1 89 5 B o301

_Ez..



Table IV. QuantifatiVe Measurements for‘300-M (volume percent).

. B A Ferrite Formed1 _ : o ‘
Cooling Estimated in the Retained

Path ' cooling velocity Pearlite ' Bainite; A Martensite, % Austenite, 7 VHNH' i
at 450°C,°C/sec - Range, % L

2A 72 - - - 100 ' - 654
2B ' 7.7 . - - . 89 11 -
2¢ 3.1 - 0.1 78 21.9 622
2D : 2.8 - 0.3 76 23.7 -
2E o 1.9 - - 0.5 79 20.5 -
2F 0.8 - 0.4 - 75 24.6 . 618
2G 0.4 - 9 65 26 616
2H 0.2 | - 33 36 3 -
21 0.1 - 49 6 45 425

23 . 0.09 - | 56 1 , 43 C e

_172_
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FIGURE CAPTIONS

Photograph of the continuous éobling system.

.,Block diagramvof the. MPM electronic system.

Block diagram of the electronics for programmed cooling along
Qith a skematic of the continuous cooling apparatus.
Photograph of a shorten specimen. The thermocouple junction

was made about 6 inches down from the formed hook.

fExample'of‘temperature-time traces from tests of thermocouple

circuits.

Illustrates the attachment featﬁres on the right end c;?.;;
Illustf#tes the attachment features on the left epd cap-;_ .
Illustrates tﬁe posiﬁion of the specimen during anAexpe?iﬁental
run. |
Temperature—structure calibration curves for 4340'and_300fM.7
Vélume fraction calibatioﬁ curve.

Continuous cooling transformation diagram for 4340.
Continuous.cpoling transformation diag?ém'for 300-M.
CCT'diagrambfor 4340 published in Metal Progress Datébook.

CCT diagram for 300-M published in AFS Trans. by W. W. Cias.



Fig. 15.

Fig. 16.
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ééfiés of photomicrographs for 4340 illustrating the

microstructural variation with cooling velocity.

a.

d.

e.

v Cooling path 1A. Mainly lath martensite with a small

amount of plate marteénsite indicated by arrows.
(VBN is 616)

Cooling path 1D. MPM detected ~1% bainite. Arrows

_ indicate regions of bainite (VHN is 567).

Cooling path 1E. MPM detected ~227% bainite. Arrows
indicate regions of bainite., (VHN is 466)
Cooling path 1H. MPM detected~30% bainite (VHN is 442).

Cooling path 1J. MPM detected ~89% bainite. (VHN is 301)

Series of photomicrographs for 300-M illustrating the

microstructural variation with cooling velocity.

- a.

Cooling path 2A. Mainly lath martensite with a small

amount of plate martensite indicated by arrows.

(VHN is 654)

Cooling path 2C. MPM detected ~ 0.1% bainite and ~21.9
austenite. It is difficult to resolve‘this stfucture
optically. (VHN is 622)

Cooling path 2F, MPM detected ™~ 0.4% bainite and.

- ~24.6% austenite. Again it is difficult to resolve

optically (VHN is 618).
Cooling path ZG.. MPM detected ~9 bainite. Arrows

indicate regions of bainite. (VHN is 616)
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Cooling path 2I. MPM detected ~497% bainite and ~45%

austenite.

Structure believed to be a mixture of bainite

ferrite and austenite. (VHN is 425)
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for AISI 4340
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Fig. 5. Continuous cooling transformation diagram for the
0.33C-1.6Si-1.8Ni-0.8Cr-0.4Mo-V (300M) cast steel containing
0.33% C, 1.62% Si, 1.80% Ni, 0.81% Cr, 0.40% Mo and
0.067% V, austenitized at 870C (1600F) for 20 min.
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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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