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Introductory Remarks

One of the most important and fundamental problems 
which at present confronts the physical metallurgist is the 
nature and mechanism of the reactions occurring in quenched 
steels. Steels quenched from the austenitic field may re­
sult in one or in a combination of several different struc­
tures, depending upon the severity of the quench employed. 
Rapid cooling rates, as produced by a water quench, result 
in the formation of a particularly hard, brittle structure 
known as martensite.

The study of martensite formation in steels is but a 
specialized phase of the investigations pertaining to the 
decomposition rates of austenite. Austenite is a solid so­
lution of carbon in r-iron. On slowly cooling austenite, it 
will first reject a pro-eutectoid phase, and then, at some 
temperature lower than Ac,. (725°C for plain carbon steels) the 
remaining austenite will transform to the eutectoid struc­
ture, pearlite. The formation of peariite results from a 
rhythmic process producing alternate layers of ferrite and 
cementite. In order to produce cementite in this eutectoid, 
carbon diffusion must take place— the carbon atoms having 
been as far apart as possible while dissolved in the if lat­
tice. Fundamentally, this austenite decomposition is con­
cerned with an allotropie change from X to=< iron and pre-
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eipitation of the dissolved carbon. Since diffusion pro­
cesses require time, increasing the cooling rates results 
in progressively finer laminations of pearlite. The rapid 
cooling rates produced by an oil quench when dealing with 
plain carbon steels results in a characteristic microstruc­
ture designated troostite. This troostite is, however, also 
classified as a member of the lamellar family. Finally, 
drastic quenching agents, such as water, yield cooling rates 
so rapid that carbide precipitation is completely suppressed, 
the carbon remaining in a state of atomic dispersion in the 
ferrite produced during the allotropic transformation. Thus 
the reaction to be investigated in this research consists of 
the transition from a solid solution of carbon in dr-iron to 
a solid solution of carbon in 'K-iron or some intermediate 
structural forms.

In order to separate the influence of temperature and 
time in the study of austenite transformations, the progress 
of the decomposition is usually determined at a series of 
constant temperature levels. This is necessitated by the 
fact that the rapidity of the reactions involved In plain 
carbon steels makes direct investigation of transformation 
during cooling extremely difficult. Isothermal transforma­
tion at any given temperature level results in the formation 
of a uniform product, whereas transformation during continuous 
cooling produces a mixture of products as the decomposition
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proceeds over a range of temperatures. Each 'product form­
ed during the cooling process may be regarded as the result 
of transformation at a givem temperature, and is substanti­
ally the same as that produced isothermally at the same tem­
perature, Consequently, the transformation produced during 
continuous cooling may be considered to be the result of a 
series of isothermal decompositions. In this way, the iso­
thermal investigation of austenite affords a convenient 
method for studying the nature of austenite decomposition. 
Since the instigation of research by means of isothermal in­
vestigations, this method has attained tremendous importance 
per se because of its industrial application in austempering.

There are several experimental paths which can be fol­
lowed in studying the nature and rate of austenite decompo­
sition at constant sub-critical temperatures. In the first 
place, there is a volume change accompanying the transformar- 
tion of austenite. Since <T-iron consists of a face-centered 
lattice, whereas °(-iron present in each of the decomposition 
products is of the body-centered type, there must necessarily 
be a volume increase during the reaction. Martensite is the- 
least dense of the decomposition products, the expansion 
due to complete transformation being approximately two per 
cent. Experimental difficulties involved in measuring vol­
ume changes accurately while the sample is maintained in the 
quenching medium have led to the simplification of the m e t M d
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by measuring length changes. Such dilatometric investiga­
tions are subject to criticism, for volume changes are not 
necessarily proportional to linear changes. However, by se­
lecting specimens for study that have a high ratio of length 
to cross sectional area, such a method does yield valuable 
qualitative data. At least, dilatometric investigations do 
indicate the time necessary for the beginning and end of 
transformation, and consequently have proven to be of consid­
erable worth.

Secondly, since <r-iron is non-magnetic while <*t-iron is 
magnetic, the problem of austenite decomposition lends itself 
to magnetic analysis. Up to the present time, the inherent 
difficulties in experimental magnetic work plus the difficul­
ty of proper interpretation of magnetic data have prevented 
general application of this method although a certain amount 
of valuable information has been obtained. It seems proba­
ble that, in the future, magnetic methods will assume more 
importance in the solution of the problem of martensite for­
mation.

A third method for study which has been rapidly gaining 
favor is metallographic investigation. In this procedure, 
the reaction is permitted to progress at a given isotherm 
for a measured time interval, then the specimen is quenched 
abruptly to room temperature to prevent further transforma­
tion. On subsequent polishing and proper etching of the sam­
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ple, the transformed structure can be distinguished and the 
per cent decomposition evaluated, By repeating this process 
with a series of samples maintained at the isotherm for in­
creasing lengths of time, the rate of reaction may be deter­
mined. The metallographic method is considered by many in­
vestigators to be the most accurate means available for fol­
lowing isothermal transformations. The main disadvantage in 
such studies is the tediousness of preparing and examining a 
large number of samples. Such a drawback is, of course, of 
no consequence from the theoretical viewpoint, but the factor 
of time is of sufficient importance to prevent general ac­
ceptance of microscopic examination.

There are numerous other methods available for experi­
mental work, such as:

1- x-ray analysis
2- resistance changes
3- acoustic measurements

Such methods have not as yet attained sufficient importance 
to be considered in detail. In general, all studies on the
decomposition of austenite to martensite may be classified
as metallographic, magnetic, and dilatometric.
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Rate of Martensite Formation

The subject of the transformation of austenite to mar­
tensite has occupied a prominent place in research during 
the past twenty years. Le Ghatelier (/) is considered to 
have been the first investigator to suggest the possibility 
of a hardening transformation in steels. By rapidly cool­
ing plain carbon steels, he discovered that austenitic de­
composition could be prevented in the high temperature re­
gion although he failed to locate a reaction at lower temper­
atures. Chevenard (*2.) succeeded in showing the presence of

t

a hardening transformation at a low temperature. The temper­
ature at which transformation occurs at a maximum velocity 
in the upper region was designated the Ar' point and the tem­
perature at which transformation occurs in the lower range- 
Ar". Portevin and Garvin (-?) are among the first investiga­
tors to determine the temperature at which martensite forma­
tion occurs in steels. The data obtained as a result of 
thermal analysis at various cooling rates serves to indicate 
that martensite structures are obtained as a result of trans­
formation below 300°C« Lewis W )  conducted experiments on 
martensite formation in 0.80$ plain carbon steels, using both 
magnetic and dilatometric methods. Results indicated that 
specimens could be quenched rapidly enough to 232°C to prevent 
austenite transformation. Further cooling from this tempera­
ture causes the formation of martensite; final hardness of the
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piece is substantially independent of the rate of cooling.
At temperatures below 232°C, austenite decomposition appear­
ed to be very rapid and the product was martensite. At tem­
peratures above 232°C, austenite remained constant for a con­
siderable period of time— transformation yielding a structure 
microscopically similar to martensite, but of low hardness.

S-Curve Theory-— Pioneering work on isothermal investigations 
of austenite decomposition was conducted by Davenport and 
Bain (̂ "), using both dilatometric and metallographic methods. 
The procedure employed in the metallographic method involved 
permitting transformation to occur for a measured time inter­
val and then preventing further transformation by a rapid 
quench to room temperature. The martensite produced on the 
final quench represented the austenite unchanged during the 
time at the isotherm. Obviously such a method can not be ap­
plied directly to the study of martensite formation itself. 
Consequently, for study of the products obtained at the low­
er temperatures, the dilatometric method only was used. It 
was unfortunate that the admittedly least accurate method 
was the only means available for study of the rapid austenite- 
to-martensite reaction.

The result of these important investigations of Daven­
port and Bain was the now famous S-curve theory for transfor­
mation of austenite. This theory postulates that at any giv­
en isotherm to which a sample is quenched there is a definite
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time interval during which the specimen remains 100 per cent 
austenitic. After this period has been exceeded, the trans­
formation begins, and proceeds isothermally to completion.
At the lower temperatures employed, the lag time prior to de­
composition becomes progressively smaller. Similarly, the 
time required for complete decomposition decreases rapidly 
at temperatures below 2C0°C. Figure 1 illustrates a typi­
cal S-curve for transformation of austenite— representing 
the results obtained on a series of isothermal runs.

/gijtre /
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At temperatures below 200°C, conversion t.o martensite 
occurs. If the temperature is maintained at some point be­
tween 300°C and 200°C, a hard product, microscopically simi­
lar to martensite, is produced. This product was designat­
ed rnartensite-troostite by early investigators, and has since 
become known as bainite. The temperature which serves as a 
line of division between the formation of martensite and bain­
ite is a function of the chemical composition of the steel, 
and represents the Ar" temperature.

Bain and Davenport explained the increased rate of reac­
tion at successively lower temperatures than 200°C as the re­
sult of two separate factors. The softer product of transfor­
mation above the maximum reaction time In this low temperature 
range (i.e. bainite) lacks the hardness and strength to exert 
during its expansion a very great outward force. The harder 
martensite formed at lower temperatures is capable of produc­
ing great forces as a consequence of the expansion occurring 
during its formation, The negative pressure so produced has 
an auto-catalytic effect upon the conversion of the remain­
ing austenite. The second factor presented reasons that the 
time-consuming element in transformation is the precipita­
tion of carbide —  or rather, the diffusion of carbon which 
necessarily precedes carbide precipitation,, Since martensite 
is a structure very similar to a solid solution, its forma­
tion is not dependent upon carbon diffusion, but merely upon
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the atomic rearrangement accompanying an allotropic change 
from $- to «;-iron. Accordingly, martensite formation may 
proceed at very rapid rates.

As a direct consequence of this original research on 
isothermal decomposition, a tremendous amount of material 
has been published along parallel lines. Continued inves­
tigation by Bain and Davenport has resulted in the publica­
tion of a series of 8-curves, illustrating the effect of al­
loying elements and grain size upon the shape and position 
of the curve, Numerous other investigators have also examin­
ed the transformation of austenite in various alloy steels,—  

in all cases obtaining reaction curves possessing similar 
characteristics to the curves published by Bain and Davenport.

Despite the amount of research resulting from S-curve 
investigations, little additional light has been shed upon 
the rate of martensite formation. The most important aspect 
of the S-curve from the practical viewpoint is the position 
of the so-called’nosef of the curve. In order to produce a 
martensitic structure, it is necessary to cool the specimen 
at a rate sufficiently rapid to prevent transformation at a 
higher temperature. Thus, any factors which cause the ’nose’ 
of the curve to be shifted to the right, along the time axis, 
increase the hardenability of the steel. The minimum lag 
time in this high temperature range is the criterion for the 
critical cooling rate necessary for hardening. Consequently,
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the aim of most investigators has been to confine their stud­
ies to the rate of reaction at the Ar' temperature, Johnson 
and Me hi (<£) have published an equation which empresses the 
rate of austenite decomposition in this higher temperature 
field. Similar work has been conducted by Austin (7 )• -Since 
the austenite transformation at these temperatures takes place 
as the result of nucleation at the grain boundaries and radial 
•growth, toward the center of the parent austenitic grain, where­
as martensite formation obviously takes place bjr an entirely 
different mechanism, these investigations have not added to 
the knowledge of decomposition below the Ar" temperature. 
Original S-curve work and all subsequent investigations have 
merely shown that the reaction of austenite to martensite pro­
ceeds with increasing rapidity at successively lower tempera­
tures .

Martensite as a Product of Cooling
At the present time, there exists a theory of martensite 

formation which is directly contradictory to the S-curve in­
terpretation. Where Davenport and Bain may well be consider­
ed the ’fathers’ of the S-curve work, Carpenter and Robertson 
(<3) assume a similar position in the advancement of the theo­
ry that martensite formation occurs only during a cooling pro­
cess, Robertson (?) states that for a steel of a given compo­
sition, the Ar" temperature is the same for a variety of con­
ditions. If we consider cooling velocities sufficient to pre-
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vent Ar' transformation, the temperature at which martensite 
forms is independent of the cooling rate. Wever and Engel {10), 
and Wever and Ross {'/} have experimentally proven the Ar" 
independence of cooling rates. Matsushita (/̂=) was apparently 
the first to discover that continuous formation of martensite 
requires continuous cooling. Specimens were quenched from 
the austenitic field into a water hath until martensite for­
mation commenced, withdrawn into air for varying time inter­
vals, and finally quenched to room temperature. The austen­
ite decomposition was found to he rapid during the initial 
quench, so slow as to he immeasurable during the time inter­
val in air, and very rapid again on the final quench.

Tamman and Scheil i/3), using a dilatometric method, dis­
covered in their studies that austenite retained at room tem­
perature remains in metastable equilibrium due to its slow 
decomposition rate,--further cooling resulting in rapid trans­
formation, Andrew,Eisher, and Robertson ('■/) confirmed these 
results that rapid decomposition of austenite occurred dur­
ing cooling with very slow transformation along an isotherm. 
Eorster and Scheil {/£) measured acoustically the formation of 
martensite in 29fo nichei steels below room temperatures. Mar­
tensite formation began at -31°C and continued during cooling. 
When the cooling process was interrupted, the transformation 
rate decreased rapidly; on the resumption of cooling, austen­
ite decomposition proceeded again.
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Tlie results of all these investigators indicate that in 
conducting isothermal transformations below the Ar" tempera­
ture, martensitic formation takes place during the cooling to 
the isotherm. Additional austenite decomposition occurs at 
the isotherm, but at a much slower rate. The amount of mar­
tensite formed on cooling is dependent upon the difference 
between the Ar" temperature and the isothermal temperature, 
but is independent of the cooling rate. The previous discus­
sion of the S-curve theory postulated that the temperature of 
martensite formation may be lowered by rapid cooling rates, and 
that a definite, though small, lag time exists at an isotherm 
prior to any transformation.

American metallurgists generally accepted the S-curve as 
a true picture of austenitic transformation at all isotherms, 
while the theory advanced by Carpenter and Robertson received 
favor in Europe for the decomposition in the range where mar­
tensite formation occurred. Special consideration should be 
given the recent work of Greninger and Troiano i/6) • Their in­
vestigation has served to bring the discrepancies between the 
two divergent theories into a prominent position--stimulating 
research which will definitely settle the problem. A metallog­
raphic method was developed to study.the formation of marten­
site, and, in general, the interpretation Carpenter and Robert­
son have given to this reaction was confirmed. Martensite for­
mation was found to commence as soon as the specimen temperature 
attained the upper limit (Ar" ) of the martensitic range, and
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to continue during cooling to the isotherm. As tlie sample 
was held at the constant temperature, further transformation 
took place after a measurable time interval* The rate of 
isothermal decomposition decreased with lowering of the tem­
perature of the quenching bath.

The difference between these two ideas of martensite 
formation may be attributed to the inaccuracy of the experi­
mental data acquired in the original S-curve work. The pres­
ence of a definite lag time of a few seconds might be due to 
the fact that the size of specimen employed prevented rapid 
quenching into the martensite region. The observation that 
the time for completion of the reaction decreased with tem­
perature according to the S-curve could be explained on the 
basis that measurements were actually being made of the mar­
tensite formation during the process of cooling. The slow 
or immeasurable rate of reaction prior to true isothermal 
decomposition was taken as an indication of the completion 
of the transformation. Bain and Davenport have admitted 
lack of faith in the accuracy of their low temperature meas­
urements. Hoyt (/7) claims dilatometric data on martensite 
formation is completely unreliable. Improved dilatometric 
apparatus has been applied to martensite formation, but in 
principle it is subject to the same criticism as the cruder 
instruments first used. Parke and Herzig (/<?), using a dila- 
tometer for the study of molybdenum steels, have reported a
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two stage isothermal transformation— at 240°C the initial 
reaction commencing in 1/32 of a second and ending in 1 sec­
ond. It appears more likely, however, that the first reac­
tion actually occurs during cooling, and the second reaction 
represents true isothermal decomposition. Austin and Rickett 
{/?) have also suggested the possibility of a two stage reac­
tion, but formal proof of such a process is lacking.

In conclusion, it seems that experimental evidence indi­
cates that rapid martensite formation occurs during cooling 
below the Ar" temperature, and that austenite decomposition 
proceeds slowly along an isotherm in this range. The S-curve 
theory of transformation, however, can not be discarded as 
yet. Recent work by Vilella (£■<>), using the same steels as 
Greninger and Troiano, has shown-martensite formation to oc­
cur according to the S-curve. Obviously, no satisfactory ex­
planation of the reaction, austenite to martensite, can be 
developed until additional experimental data has served to 
definitely establish the mechanism of the transformation.
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The ITature of Martensite

The foregoing discussion has dealt with the rate of mar­
tensite formation without consideration of the nature of this 
structure, beyond describing it as a solid solution of carbon 
in 'K-iron. A wealth of material has been published on marten­
site, leading to several theories regarding the reason for 
its extraordinary hardness. The following section will at­
tempt to review the more important studies that have been con­
ducted 011 the martensite structure.

X-ray evidence is fairly conclusive that martensite is 
composed of carbon dissolved in body-centered tetragonal or 
body-centered cubic iron. On the assumption that the solu­
bility of carbon in the tetragonal iron closely approximates 
the solubilit3r of carbon in ferrite (i.e.-less than 0.01$),. 
there must be a tremendous degree of supersaturation in 
steels of eutectoid composition. Bain (a/) was the first in­
vestigator to suggest the possibility of tetragonal marten­
site,— a suggestion experimentally confirmed by link and 
Campbell (a«a). Since the lattice of austenite may be regard­
ed as a tetragonal body-centered arrangement with the c/a 
ratio 1.4, Bain suggested that the transformation from aus­
tenite to martensite consisted of the shortening of the c 
axis, and the lengthening of the a axis. Later investiga­
tions by Kurdjumow and Sachs (as) showed that the translation 
proceeded in a different manner. Figured, indicates the sim­
ilarity in spacing of the atoms on the (111)<T plane and the
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atoms on tiie (011)°<. plane. These two conjugate planes may 
be superimposed in six ways by bringing into co-incidence 
each, of the three D-loJ <T directions, which occur in the (111) 

plane, with one of the two D-ll]0̂  directions that lie in 
the (011)<T plane. Since there are four planes constituting 
the form { m }  r , there are twenty-four transformations re­
quired. The formation of martensite from austenite may ac­
cordingly be summed up as:'

0  //) <r ii (o nJ 

Q  7 oj dr II [//?]<=<

i l l ; a  u irec ium :* m a t lie  u i m e  i . u u ja  p la n e , m e  

tMy

<y <? 
 c  c  « - fair§«]*
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i‘'l n

F j<;. I . —  I . a t t j c h  t u a v - I ' ^ k v I s* u  v t i r n v H iT t e  s t k k l s .
■1. A t o m i c  a r r n t i c m t m t . *  o n  ! U  t « r r i t o  - O i l )  p i a n o s .  C i r r i .

pfvM iu  i n m  r . p r . — n t  sm t t  iitorn** o f  f r r r i t e .
I>. l o f t ;  A U im i r  r irr r tn tr* -1 :-tt ’ on  n s t-fo t iito  - I I I )  pl:tn<ss. O 'C t r r :  P r is m

.* ai'fl u f l . T  ! son t, > t !<• iM w lv -o o n to rv .l to t rtg«>n:tl m U 'nm ?<ls:iU ' p iu is c
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T3ie alteration may be considered to be a shearing movement 
of <T atoms in the [IlOjiK direction, in addition to a slight 
normal displacement. This conception is in accordance with 
the idea advanced by Jeffries of (111)4" to (110 )°< trans­
formation with accompanying multiplicity of ferrite orienta­
tions. Investigation conducted by Mehl, Barrett, and Smith 

not only has served to confirm the results of Kurdjumow 
and Sachs, but also to show that this crystallographic trans­
lation occurs on the r-°<. reaction in pure iron and on the for­
mation of ferrite in slowly-cooled hypo-eutectoid steels.

The location of carbon in martensite is a problem con­
cerning which experimental evidence is not available. The 
question may be considered on the basis of lattice structure 
and density calculations. The solid solution, austenite, is 
believed to be of the interstitial rather than the substitu­
tional type. On the assumption that the carbon in martensite 
is also interstitial, the carbon atom majr be located at the 
base of the tetragonal lattice. In general It is believed 
that the carbon in austenite and martensite should be consid­
ered as the carbon atom and not the Fe^C molecule.

Various investigators have considered the possibility of 
more than one hind of martensite. Emmons , in his studies 
of high speed tool steels, refers to the martensite formed on 
quenching as rprimaryr martensite. The decomposition of re­
tained austenite on tempering produces a Secondary’ marten-
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site— possessing physical properties similar to the primary 
product. Hanneman and Schrader (a*) have suggested the possi­
bility of a peritectoid martensitic system, consisting of two 
metastable phases in metastable equilibrium with austenite. 
The epsilon phase has nearly the same structure as ferrite, 
but has the ability to dissolve considerably more carbon. On 
tempering, epsilon decomposes to produce ocferrite with accan,' 
panying carbon precipitation.

In general, it may be stated that there are at least two 
forms of martensite. Freshly quenched martensite consisting 
of a body-centered- tetragonal lattice is termed martensite. 
Tempering causes a change toward a body-centered cubic system 
and produces -43 martensite. In low carbon steels, the raising 
of the Ar" temperature causes tempering of the martensite to 
occur soon after its formation, so that the tetragonal struc­
ture may not exist for a measurable time interval.

Martensitic Hardness
The most interesting property that martensite possesses 

is extreme hardness, and it is not surprising that many ex­
planations have been offered for this phenomenon. One of the 
first ideas advanced was that of extremely fine grain size. 
Jeffries and Archer (<?7) indicated that the individual marten- 
site grain possessed a diameter of 100 to 200 atom diameters. 
Heindlhofer and Bain <£&), however, as the result of x-ray dif­
fraction studies combined with the use of the petographic mi-
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croscope concluded that martensite consists of distorted fer­
rite units of approximately the same grain size as the origi­
nal parent austenite grain. YJestgren (*-?) has called attention 
to the fact that the possibility exists that x-ray patterns 
may cause martensite to appear coarse grained, whereas it is 
actually composed of a mass of very small crystals oriented 
nearly parallel. The actual grain size of martensite is still 
a disputed point. The tetragonal structure of martensite it­
self is not considered to be of importance as far as hardness 
is concerned, because the process of tempering— i.e., change 
to a cubic structure—  is accomplished without marked decrease 
in hardness.

The discovery of the phenomenon of age hardening suggest­
ed to Rosenhain (-*>) an analogy between this process and quench 
hardening. Martensite, as has been shown previously, consists 
od a highly supersaturated solution. A structural alteration 
during guenching (not necessarily resulting in actual precipi­
tation) may account for the hardness.

The presence of lattice distortion, as shown by x-ray stud­
ies, has been, considered the main factor in causing hardness 
of martensite. Fink and Yan Horn (a/), however, observed mark­
ed softening of brass samples whose lattice structures were 
very definitely distorted. Bain and Heindlhofer (aa) concluded 
that, although there is an appreciable amount of lattice dis­
tortion due to twisting of ferrite planes, the primary reason
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for excessive hardness is more probably the strong interatomic 
bonding present in the supersaturated solid solution. Inter­
stitial position of carbon atoms producing distortion of fer­
rite lattice would also possess ability to form strong inter­
atomic bonds characteristic of Fe^G*
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Experimental Method

After consideration of the various experimental proce­
dures, it was decided to attempt to develop a technique for 
simultaneously measuring volume and magnetic changes. Lack 
of time necessary for constructing an apparatus capable of 
such measurements below the Ar" temperature, however, neces­
sitated a change in the mode of attack. Sufficient work was 
completed to indicate an apparatus which may serve as a means 
of obtaining such data. Further investigations along this 
line will be carried on.

The method that was finally adopted to obtain data for 
this research consists of a metallographie procedure similar 
to that used by Greninger and Troiamo {'£). The method is 
based on the fact that proper etching of metallographie sam­
ples will distinguish clearlz-r between tempered martensite and 
quenched martensite. This difference in etching characteris­
tics between tetragonal and cubic martensite has been demon­
strated previously by Hannemam fa).

In brief, the process consists of quenching samples from 
the austenitic field to a given isotherm below the Ar" temper­
ature for s. measured time interval; then tempering at a temper­
ature above the Ar" ; and finally quenching to room temperature. 
The martensite formed during the first quench, together with 
that formed at the isotherm, appears as a dark acicular struc­
ture against a white background. The white matrix consists of
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martensite ( and probably some retained austenite) produced 
during tiie final quench, but represents the undecomposed aus­
tenite at the end of the isothermal treatment.

The first difficulty in conducting isothermal transfor­
mations is achieving extremely rapid quenching rates. The 
ideal condition would be to reach the temperature of the iso­
therm instantaneously. Such a condition, of course, can only 
be approached by proper consideration of the specimen siae 
and quenching medium. At any rate, it is necessary to reach 
the lower temperature before any isothermal decomposition can 
commence—  assuming the reaction does occur according to the 
S-curve theory. The short lag times reported in S-curve work 
in the lower regions necessitates very rapid cooling rates.
If the martensite formation occurs during the cooling process 
itself, then quenching need only produce cooling faster than 
the critical cooling rate. It is necessary to use cooling 
rates greater than the critical in order to prevent Ar'-trans­
formation. Cooling rates faster than the critical should have 
no effect on the rate of martensite formation according to the 
theory of Carpenter and Robertson. However, since it is unde­
sirable to arbitrarily rule out the possibility of S-curve 
transformation, as rapid cooling rates as possible are requir­
ed for the investigation.

In studies of decomposition rates of austenite, there is 
a means available to retard the reaction to any chosen rate,—
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name 1 y, the addition of various alloying elements as shown 
by Bain £*?). Although the mechanism of martensite forma­
tion in alloy steels may be exactly similar to the formation 
in plain carbon steels, it is desirable to study the problem 
first in its simplest form. After the nature of the marten­
site formation in plain carbon steels is settled, application 
to the vast field of alloys should be made. The argument may 
be advanced that unless specially prepared iron-carbon sam­
ples are used, the study is actually concerned with alloy steels 
because of the various elements present in commercial steels. 
Nevertheless, this investigation is confined to the study of 
the class of commercial steels usually designated as plain- 
carbon. The samples used in this work contained 0.80$ carbon 
and 0.64$ manganese.

In order to obtain rapid cooling, thin sections were used 
for samples. The specimens were cross sections cut from rods 
0.18 inches in diameter and rough polished to a thickness of 
0.045 inches. The quenching and tempering baths consisted of 
six pounds of a quarternary eutectic of 27.3$ lead, 49.5$ bis­
muth, 10.1$ cadmium, and 13.1$ tin--possessing a melting point 
of 70°C. The two metal baths were maintained at a constant 
temperature by means of proper controllers. Temperatures in 
the molten metal and in the heating furnace were measured by 
means of a potentiometer and alumel-chromel thermocouples cal­
ibrated against pure lead and antimony. The quenching and tem-
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pering bath temperatures were controlled within 2°C.
For the preliminary heat treating process, the specimens 

were soaked at 750°C for one hour, followed by a furnace cool. 
In order to prevent excessive scale formation or decarburiza- 
tion during the treatment, a nitrogen atmosphere was maintain­
ed, Numerous investigations have shown the necessity for re­
moving the last traces of water and oxygen in order to avoid 
any surface loss of carbon. However, for the purposes of this 
work, it was found that sufficient purification was obtained 
by passing the tank nitrogen over steel wool at 1000°G before 
sending the gas into the heating furnace. The very slight ox­
ide skin formed on the surface of the sample apparently acted 
as a protective coating in retarding decarburization. Figure 
H  illustrates the amount of decarburization that occurred dur­
ing the preliminary heat treatment. It is evident that the 
sample is very close to the euteetoid composition.
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The prepared samples were suspended from a 16 gauge iron 
wire in the heating furnace for thirty minutes at 750°C-775°C» 
In the beginning, a small hole (y60 drill) was drilled through 
tlie specimen. A 27 gauge steel wire was threaded through this 
hole to suspend the specimen from the iron wire. Unfortunately, 
the presence of the hole added considerably to the difficulty 
of polishing the samples. It was found, however, that the sam­
ples could be held satisfactorily by merely winding the steel 
wire around the lateral surface of the piece,— -the wire being 
supported by means of small notches filed in the lateral sur­
face. This procedure was followed in samples *rto a

The metallographie method has been shorn by Davenport (?V) 
to be the most sensitive to variations in the composition of 
the austenite. Diggs (w) has conducted a study on the effect 
of non-uniformity of austenite on the rate of austenite decom­
position. Transformation proceeds with greater rapidity in 
low carbon areas, making it difficult to evaluate the average 
per cent decomposition in any given sample. Accordingly, it 
is necessary to use a soaking time that will insure complete 
solution of the carbides, and homogenization of the austenite. 
Lauderdale and Harder have determined the time necessary 
for carbon to go into solution in order to develop full hard­
ness on a quench. Using 0.77^-0.78$ carbon steels, it was 
found that from one to two seconds is sufficient at 870°C, 
and from five to seven seconds at 815°C. With these soaking
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times, however, there is incomplete solution of the carbides,
A spherodized structure resulted in complete solution at 870°C 
in one minute, but in some cases the last of coarse carbides 
had not dissolved in one hour. These results indicate that 
the chosen soaking time of thirty minutes was sufficient for 
the samples used. In some cases, the specimens were heated te; 
a much higher temperature, and for a longer time interval. Ex­
amination of these samples failed to reveal any differences 
from those run at a lower soaking temperature and quenched for 
the same time interval.

The transfer of the samples from one unit to another was 
accomplished in approximately one second. After being immersed 
in the quenching bath for a pre-determined time interval, the 
specimens were tempered for five seconds'at 278°C, The final 
quench to room temperature was accomplished in 500 cc of a 10$ 
NaOH solution.

In order to facilitate the handling of the samples during 
polishing, they were mounted in a low carbon steel holder. Hie 
samples -were set into small holes drilled in the surface of the 
steel. In this way, several specimens could be mounted in ore 
holder, thus decreasing the amount of polishing required. It 
was found that the most convenient size for polishing was a 3/4 
inch diameter section holding four samples. However, in some 
few cases, as many as eight specimens were mounted in a single 
holder.
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Mounting mediums such as lucite or bakelite are prohibit­
ed because of the injurious effect of re-heating the samples.
It is necessary to exercise considerable care in the polish­
ing technique in order to minimize surface heating, A dry pol­
ishing procedure was adopted for preliminary preparation of 
samples down to the 000 paper. Wet wheel polishing on felt 
wheels, first with 600 alumina, and finally with levigated a- 
lumina, completed the polishing operation, A two per cent so­
lution of nitric acid in absolute alcohol was used as an etch­
ant, In order to prevent the formation of an oxide film after 
etching, the specimens were washed thoroughly in running water, 
then given two successive alcohol rinses, and finally were 
dried by compressed air. It was found that the microstructure 
was appreciably improved by re-polishing with the levigated a- 
lumina , and etching a second time,

Figures s  to illustrate the microstructure of a series 
of specimens that represent the transformation at two separate 
isotherms,—  210°C and 155°C,
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Method tor Evaluation of Results

•The net allograph! c method for following transformations 
is often avoided because of its tediousness. In the first 
place, the large number of samples that must be handled and 
the necessity of polishing each sample is time consuming. 
Secondly, even after the samples have been properly prepared, 
the actual evaluation of the transformation has proven to be 
a laborious and inaccurate process. Previous methods have 
been concerned with the evaluation of the per cent of a pho­
tomicrograph covered by the dark martensite needles. Count­
ing the number of squares on 0. super-imposed cross-sectional 
paper which is necessary to cover the dark areas is one meth­
od often used. Cutting out and weighing the tin foil neces­
sary to cover the dark needles is another procedure available. 
■The line intercept method has also been of value in analyzing 
results. It is obvious upon referring to Figures S  to i y  
that each of these methods offers numerous difficulties. At 
high magnifications, a photomicrograph represents but a very 
small fraction of the area of the specimen. A slight varia­
tion in the martensite formation may easily cause a large er­
ror in the computation of the per cent present. At lower mag­
nifications, however, it becomes increasingly difficult to ap­
ply a.ny of these methods because of the small size of the mar­
tensite needles.

A more rapid and accurate method has been developed to de-
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termine the per cent martensite present. Tlie sample is plac­
ed upon the stage of the metallhscope, and the amount of light 
reflected from the surface is then measured with a photometer. 
The photometer cell is located at the bellows entrance in place 
of an ocular. A specimen which shows zero transformation (i.e. 
no dark needles) vd.ll give the maximum reading, whereas a sample
transformed completely results in a minimum amount of feflected 
light. For the 0$ transformed, an average value of 4.50 foot- 
candles for the samples showing no needles was used. For the- 
lower limit, a sample was quenched from 775°C to room tempera­
ture in 10$ UaOH, tempered for thirty seconds at 278°C, and re­
quenched in the caustic. The resulting microstructure gave a 
photometric reading of 0.65, thereby providing a range of 3.85 
foot-candles.

%■k

•k
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Samples -which have transformation between these two limits 
give corresponding photometer readings which can be used di­
rectly to interpolate for the amount of martensite present.
A straight line relationship was found to exist between the 
photometer reading and the total amount of light incident on 
the surface of the cell. Figure £.$ represents data obtain­
ed upon covering various sections of the cell surface with 
white paper as a mask.

/ cf t* /-<z <2 f

A method such as this, first of all, requires a constant 
source of illumination. A mercury vapor tungsten filament 
bulb served to provide a source of light which decreased very 
slowly with continued use. The illumination was adjusted by
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means of a diaphragm to a value of 5.00 foot-candles when a 
brightly polished surface was placed on the stage of the micro - 
scope. In this way, the intensity was checked before and af­
ter the examination of each specimen.

In order to compare the extent of transformation in var­
ious samples by a photometric method, it is necessary that 
the specimens be etched to the same degree. If the nature of 
the transformation product below the Ar" line is the same re­
gardless of the time or temperature used, it follows that the 
time required for etching the various samples should be a con­
stant. However, any variations in the temperature and nature 
of the specimen surface would influence the rate of attack by 
the etchant. In addition, it is necessary that the etchant 
used be constant in composition. The influence of these fac­
tors can be minimized by proper etching technique. Handling 
the specimen with tongs to prevent temperature changes, rins­
ing the surface in xylol prior to etching to remove anj oil 
film, and frequent changing of the etchant are precautions to 
be observed.

Despite extreme care in the etching process, it was found 
that the more highly transformed samples required a longer etch­
ing time to develop the structure. Etching curves (photometer 
readings vs. time of etch) were determined for a variety of 
specimens. In all cases, a characteristic plateau, correspond­
ing to an etch which appeared satisfactory upon visual exami­
nation, was obtained. The data for the first curves was ob.-
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tained by superimposing successiYe etches upon the specimen. 
Such a procedure is subject to criticism because of the in­
creased effect of oxide film on the sample,—  leading to pro­
nounced spotting after five repeated etches. Reliable data, 
however, can be obtained by repolishing the specimen after 
each etch. The representative curves, illustrated in Figures 
me and m<?, were obtained by the latter method.

SLs£<2f i
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In order to facilitate the examination of the same field each 
time, the samples mere marked by a microcharacter with two in­
tersecting lines,—  the intersection being located in the cen­
ter of the field of view for each examination. The presence 
of these scratches caused the photometer reading to be lower­
ed by about 0.03 foot-candles, and therefore may be considered 
to have a negligible effect.

The fact that the plateau occurs at different times, as 
shown by the figures, adds to the difficulty of evaluation. 
Using the same etching time for the more highly transformed 
samples develops the structure, but produces brown colored 
needles. Further etching darkens the needles, and a plateau 
is reached. It is not possible to choose any one etching time 
to use for-all samples. For quantitative results, it is ne­
cessary to determine an etching curve for each sample and to 
use the value of the photometer reading at the plateau as re­
presentative of the transformation. The quantitative nature 
of the method Is evidenced by the agreement within 2$ of the 
values obtained on etching curves determined by two separate 
observers. Greater accuracy of measurement is unnecessary be­
cause of the obvious errors inherent in the method itself. In­
deed, it seems highly probable that variations of a few per 
cent are met with in the cross sections reached by the repeat­
ed polishing procedure. Extreme care must be exercised in 
the polishing and the etching of each specimen.
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Since, in all cases, the plateau begins at an etching 
time corresponding to a good etch by the visual standard, and 
ends when darkening of the matrix indicates that over-etching 
has occurred, it is possible to evaluate the samples more rap­
idly but less accurately. Without determining an etching curve 
for each sample, the specimens are merely etched for the length 
of time that is necessary to produce a sharply defined struc­
ture, 'This procedure, has been adopted for most of the data 
tabulated, in order to indicate qualitatively the rate of re­
action. In all cases, the 21x objective was used because it 
focussed a pencil of light slightly smaller in cross section 
than the sample itself. The photometer reading, of course, 
represents an integrated value over the entire field of view.
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Data

Sample
Number

Temperature 
°G ■ Time

Photometer
Reading

o'L
Martensite

19 247 r 4.40 0
20 247 2" 4.45 0
21 248 5" 4.40 0
22 249 10" 4.44 0
24 248 10" 4.47 0
25 248 1' 4.42 0
26 249 2' 4.44 0
27 248 5' 4.37 3
28 248 5' 4.32 3
29 249 10' 3.95 14
30 249 15' 3.35 30
32 249 20' 2.10 67
34 248 7' 4.20 8
35 247 13' 3.90 16
36 247 17' 2.15 61
37 247 30' 1.35 81
58 247 1 hr. 0.90 92
94 240 1" 4.48 0
95 240 3 " 4.40 2
96 239 10" 4.40 2
97 239 18" 4.40 2
98 239 V 4.39 2
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Sample
Number

Temperature 
" °C Time

Photometer
Reading 1°Martensite

99 240 p; •O' 4.38 3
100 240 10' 4.35 4
101 240 30' 2.45 53
102 240 1 hr. 1.25 82
103 240 6 Iirs. 1.10 88

4 225 <1" 4.43 0
8 224 > r 4.36 4
9 225 5" 3.82 17

12 225 60" 3.85 16
13 224 2' 3.80 18
15 224 5" 3.78 18
16 225 5' 3.76 19
17 225 10‘ 2.80 44
18 225 20' 1.30 83
41 210 <1" 4.38 3
39 210 >1" 3.90 16
40 210 2" 3.75 19
42 210 5" 3.68 21
43 210 10“ 3.64 22
4-4 209 15" 3.50 26
45 209 30" 3.60 23
46 209 60" 3.60 23
88 208 5' 3.00 39
89 208 10' 2.70 47
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Sample
Humber Temperature 

' °C Time
Photometer

Reading
nl

Martensite
90 208 oto 

I 1.50 78
91 208 60' 1.45 79
92 208 120' 1.30 83 .
75 179 1" 4.45 0
76 179 O "

Sr~J 4.43 2
77 179 10" 2.50 52
78 179 60" 2.47 52
80 181 10' 2.40 55
81 179 15' 2.35 56
83 179 30' 2.20 50
84 179 45' 2.00 65
85 181 60' 1.85 69
86 180 90' 1.70 73
47 155 ^1" 4.50 0
48 155 1 ‘ 3.85 16
49 155 2" 2.75 45
50 155 5" 1.68 73
51 155 10" ■ 1.62 74
52 154 20 " 1.60 75
54 155 30" 1.58 76
55 ■ 155 45" 1.60 75
56 155 60" 1.52 77
57 155 2' 1.55 76
58 155 6' 1.50 78
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Sample
Number

Temperature
°C Time

Photometer
Reading martensite

59 155 10" 1.40 81
60 154 ■20' 1.38 82
61 154 30/ 1.40 81
6.2 156 45' 1.50 78
63 156 60' 1.50 78

“ 64 155 12 hrs.. 1.20 86
65 137 1" 2.80 44
66 137 2" 1.55 76
67 137 10" 1.30 83
68 138 60" 1.27 84
70 137 7' 1.24 85
71 138 15' 1.25 85
69 137 30' 1.29 83
72 138 60' 1.23 85
73 138 5-l/2hrs. 1.26 85

125 122 2" 1.95 69
126 122 5" 1.15 87
128 122 60“ 1.09 88
129 122 5' 1.10 88
130 122 10' 1.15 87
131 122 30' 1.10 88
132 12.2 60' 1.14 87
133 122 2 hrs. 1.12 88
134- 122 4 hrs 1.10 88
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Sample 
Number

Temperature 
“ °C Time

Photometer
Reading

ol
Hartensite

135 122 44-1/2!irs. 1.10 88
111 98 2" 1.75 71
112 98 10'-' 1.00 91
113 98 60" H • o W 90
116 98 5' 1.05 90
114 98 12' 1.07 89
115 98 45 ’ • 1.02 90
117 99 95' 1.03 90
118 99 2-l/2hrs. 1.08 89
119 99 8 hrs. 1.10 88
104 91 I” 1.60 75
105 90 2" 0.96 92
, 106 90 20 " 0.97 92
108 90 60 " 0.95 92
109 91 5 ' 0.92 93
110 91 15' 1.00 91
1(20 91 37' 0.95 92 •
121 91 60' 0.96 92
122 91 2 hrs. 0.98 91
123 91 4 hrs. 0.99 91
124 91 20 hrs. 1.00 91
136 25 0.65 100
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Discussion of Results

Figures v3' to summarize the results obtained in this 
investigation of martensite formation in plain-carbon steels. 
Transformation at 248°C appeared to taire place according to 
an S-curve reaction. At this temperature, there is a lag time 
of about six minutes prior to any austenitic decomposition. 
Transformation then commences and proceeds steadily toward 
completion. Additional data are necessary to determine the 
exact nature of the transformation curve as the reaction ap­
proaches, completion. In all probability , the curve, would ap­
proach the '100$ transformed line asymptotically. The lag tine 
is;, in good .agreement with that reported previously by Bain and 
Davenport (<r). The microstructure of the isothermal product 
at 248°C is: shown by Figure -37. Although quite similar to the 
martensite needles shown in Figures s  to , there are a few 
differences apparent. The product of higher temperature trans­
formation tends to come out in longer, more slender needles. 
These needles form, in groups or clusters indicating that the 
reaction may be dependent upon a diffusion process. The pro­
duct of transformation in this range is usually designated 
rbainiteT.

The sample run at 240°C for only three seconds showed a 
small percentage of needles present. From three seconds to 
ten minutes, the amount of transformation remained'nearly con­
stant . At the end of this time interval, steady transforma-
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tion tov.rard completion. commenced (Figure 3/). A similar mech­
anism. of reaction was found at all isotherms investigated be­
low 240°C* The lower the temperature, the greater the amount 
of transformation produced when the plateau in the curve was 
reached. (Figures 3J.<S3,^¥). At the isotherms below 155°G, 
insufficient data were obtained to determine the transforma­
tion after the plateau is passed. The time interval before 
the plateau of the reaction is reached may indicate that a 
rapid primary reaction has occurred, or that the size of the 
sample prevented quenching to the isotherm within this time.
It seems more reasonable that the latter is true, and that the 
data obtained for transformation times less than two seconds 
should be disregarded. If this is clone, in all cases below 
248°C there appears to be a definite amount of an initial pro­
duct which forms during the cooling operation. Upon maintain­
ing a sample at a given isotherm, further transformation be­
gins after a certain time interval. The amount of the initial 
product formed is soleljr a function of the temperature drop 
between some limiting temperature and the isotherm,--the great­
er this difference, the greater will be the amount of transfor­
mation. Figure 3 S  illustrates the formation of this quenching 
product as a function of the temperature•drop. This curve was 
obtained by plotting the values of the per cent transformed at 
the olateau of each isotherm. The data for the lower tempera-

6
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tures are probably less accurate because of the difficulties 
in differentiating between highly transformed specimens.

The austenitic decomposition product formed during cool­
ing in the low temperature region should be designated Tmar­
tens it e f • The difference in the reaction at 248°C (no pro­
duct upon cooling to the isotherm) and 240°C (slight trans­
formation during the quenching process) indicates that the
Ar" temperature lies somewhere between these two isotherms.
This temperature which bounds the martensite region is ap­
parently independent of cooling rates. The Ar" value found 
is in good agreement with previous results reported for a 
0.80fo plain carbon steel.

The product resulting from transformation at the iso­
therm, although microscopically/ similar to martensite, should 
be classified as a member of the bainite family. As has been 
noted previously, not enough data were obtained to establish 
the mechanism of the bainite formation. However, the lower
the temperature, the slower the bainite reaction occurred.
At 122°C, no .isothermal product was apparent after 44-1/2 
hours had elapsed.

In many of the samples studied, it was found that a heavy 
needle formation tooh place around the edge prior to any trans­
formation throughout the specimen. Figure *36 illustrates this 
’edge effect* in a specimen that was abnormal in this respect. 
Hobertson {?) has mentioned a similar formation in his samples,
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and reasoned that it was probably due to a pressure effect.
If this is true, there is no apparent way of avoiding such a 
formation. Another explanation is based on the more rapid 
cooling rates at the edges. If this were the only cause, it 
follows that in the samples quenched for more than five sec­
onds, the edge effect would be missing. The entire sample 
should reach the isotherm in two or three seconds and there­
fore show a constant amount of martensite across the surface 
since the entire piece has passed through the same tempera­
ture range. In general, the edge effect was less pronounced 
for these longer time intervals, but was still apparent.. A 
third explanation could be based on the lowering of the car­
bon content at the edges during the heating and soaking pe­
riod. The decarburization would cause the raising of the Ar' 
temperature near the edges, and consequently give a greater 
amount of martensite in these regions upon quenching to an i- 
sotherra. The negligible amount of decarburization during the 
heat treating process indicates that this last explanation is 
not satisfactory, although it may have some small effect.

The reason for the difference in etching time for the 
various samples is not readily apparent. However, if the pro­
cess of etching is considered from the electrolytic viewpoint 
with the needles as anode and the matrix as cathode, it seems 
logical that a greater etching time would be necessary the great­
er the amount of anode area present. This is in general agree-
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ment with the resu.lts obtained. In order to clearly estab­
lish this relationship, rigid control of the variables in
the etching technique must be made.

In conclusion, it should be emphasized that the results 
reported have been obtained in a qualitative manner only, 
and should be interpreted on that basis. Although a large 
number of samples v/as prepared and examined, not enough
data were obtained to con elusive hi establish the nature of
martensite formation. It is quite possible that the reaction 
curve of Figure -ss~actually will show a decrease in the rnart- 
ensite formation below 91°C due to the presence of retain­
ed austenite. Further data are needed to determine the curve 
characteristics at the lower temperatures. In general, how­
ever, it may be said that this investigation substantiates 
the theoiy of Carpenter and Robertson, and confirms the work 
of Greninger and Troiano.
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Summary

The results of this research indicate that transforma­
tion of austenite at temperatures below the Ar" occiirs in 
two separate stages. Martensite formation takes place durirg 
the actual cooling process, and is a function of the temper­
ature interval between the Ar" and the chosen isotherm. 
Further transformation of the austenite at this isotherm 
takes place after a definite time lag - producing a bainite 
structure. Consequently, the Carpenter-Robertson theory of 
martensite formation has beeb substantiated, and the 3-cur'ue 
theory disproved.

A photometric procedure for the evaluation of the 
amount of decomposition product present in the microstructure 
of the various samples has been developed. rPhe method, in 
brief, consists of measuring the amount of light reflected 
from the surface of the properly etched sample.
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