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ABSTRACT

An investigation has been made to study the
effect of applied tensile stress and of austenitiz-
ing conditions on the formation of martensite in
En 23 steel containing 0.3 % C, 3 % Ni and 1 % Cr.
The results were obtained using an apparztus that
has been designed and built to measure simultaneously
the temperature and electrical resistance of a thin
wire specimen during continuous cooling; provision
has been provided for the application of a dead

weight tensile load to the specimen,

1t has been found that increasing the austen-
itizing temperature increases the Ms temperature,
and lowers the initial slope of the transformation
curve, that is the percentaze of martensite formed
per °C decrease in temperature. These results have
been discussed in terms of nucleation at structural
heterozeneities, and a proposal has been made to

account for the observations.

Both elastic ard plastic stresses have been
found to affect transformation to martensite. An
elastic stress applied below the MS temperature
induces a burst of transformation as the load is
applied, and Ms is raised slightly. Plastic

deformation of the austenite in a limited temperature
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range above MS induces transformation to martensite
while the specimen is deforming. Plastic deformat—
ion of the metastable austenite mechanically stabil-
izes the parent phase which is manifested in a
depression of MS. These observations have been
discussed and a mechanism has been proposed to
account for the enhanced deformation which has been

observed to accompany transformation under stress.
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1, INTRODUCTION,

The name martensite was first introduced, in
honour of Professor A.llartens, to describe the hard
plate~like constituent found in quenched steels. In
1946, Troiano and Greningerl summarized the character-
istics of the martensite transformation, and showed
that it had much in common with the shear-like, or
diffusionless transformations found in other alloy
systems. Accordingly, the term "martensitic® is now
generally used to denote the type of reaction rather

than the character of the product.

The martensite transformation in steels is
of great fundanmental and technical importance,
especially in the heat treatment of steels, and in
certain fabrication processes when rapid cooling
rates develop. The technological background to the
present problem is the hard-zone cracking in welded
steels, in which it was thought that stress and
austenitizing conditions might be important. This
investigation was undertaken to determine the funda-
nental effects of applied tensile stress and of
austenitizing treatments on the formation of

martensite in a low alloy steel.
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MARTENSITIC TRANSFORLIATTIONS .

(i) The Nature of Martensitic Transformations.
2-11

There are a nunber of excellent review
articles on martensitic transformations. The
crystallographic aspects have been treated compre-

hensively by Bilby and Christian®

and in their paper
a definition of martensitic transformations is
proposed. The general characteristics of the trans-
formation showed that they differ markedly from
those of nucleation-and-growth reactions. But these
characteristics are insufficient to provide a satis-~
factory basis for a division of the solid state
reactions into two groups, since some of the char-
acteristics have now been shown to be absent from

particular transformations.

2 have used the character-

Bilby and Christian
istic Y"change of shape™ revealed on a flat surface
by the tilting of the regions transformed, as the
most convenient experimental feature to use to
identify a reaction as martensitic. Transformed
areas may be recognised by etching or by the dis-
tortion produced on a prepolished surface. Fiducial
scratch marks are sheared over, and a transformed

region is tilted out of the plane of the polish.

No diffusion is involved in the process and



consequently the transformation product must have
the same composition as the parent phase. This has
been supported by the observation that ordered

. . 12
phases remain ordered after transformation <.

The observed displacements indicate that the
transformation strain is homogeneous in any one plate,
but it has been shown by Greninger and Troiano3 that
this strain does not give the atom movements, since
the atoms are not then in their final positions in
the martensite lattice. It is then necessary to
postulate the occurrence of some heterogeneous strain
due to twinning or slip on a fine scale in thc mar-
tensite, and this then accounts for the discrepancy
between the lattice defornation, due to the homo-

geneous shear, and the total shape deformation,

Fron the above considerations, a fornal

definition of martensitic transformations was given

as followsS:

A gtructural transformotion is classed as
nartensitic if the atoms on a prinitive lattice
defined by a selected unit cell of the parent
structure move to positions on a primitive lattice
defined by some unit cell of the product structure,
in such 2 way that the displacements constitute a
homogeneous defornation. This deformation may
be different in adjacent snall regions."



From this definition it is seen that there
is a close analogy between martensite transformations
and mechanical twinning, which may even be regarded

as a special type of martensitic transformation.

In any nartensitic transformation, one of
the most important experimental observations is the
orientation relations of the two phases, and the
orientation of the habit plane. In steels, most
of the reviews give three groups of orientations,

14

described as Kurdjumov-SachslB, Nishiyama and

3, respectively., The orientation

Greninger-TFroiano
relationship and the habit plane of the martensite
needles or plates changes with the carbon content.
For steels containing less than 0.4 % carbon the
habit plane appears to be (111}3, and from 0.5 %
carbon to 1.4 % carbon is {ézs}z, while for higher
carbon contents the habit plane is {259}7.5’19'
This is also the plane observed in iron-nickel
alloys.

Another important crystallographic aspect
of martensitic transformations is that the product
is usually lenticular in shape due to the oppaosing
gstress field of the matrix. In a few transformations,
the transformed region has been obgerved to extend

across the whole cross-section of a single crystall5’1§
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and the interface is then plane. The main interface
is usually considered to lie parallel to the habit
plane. The nature of the interface is very import-
ant, and must remain invariant, i.e. all directions
in this plane are unrotated and unchanged in length
when averaged over macroscopic distances. Consequent-
ly, the shear component of the macroscopic strain
lies parallel with the habit plane (or interface),
while the dilational component is normal to it. The
interface must also provide a suitable connection
between the two phases, so that, as it advances,
atons from the austenite are transferred to the
martensite lattice in the right orientation. In
general, if an interface with these properties exists
at all, it has a complex orientation, and the habit

plane is then irrational,

However, a good deal of progress has been
made in rationalizing these crystallographic feat-

17

ures by Bowles and lMackenzie™', and Wechsler,

Lieberman and Readl8. In these phenomenological
theories, the habit plane, orientation relationships
and macroscopic distortions of the austenite-
nmartensite transformation may be predicted from a

knowledge only of the crystal structures of the

initial and final phases. Experimental verification
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of certain assumptions made in the theories has
recently been obtained by observation of thin foils

by transmission electron microscopylg.

It has been proposed that both the homogen-
eous strain and the dilatabion are accomplished at
the interface as it spreads (rapidly or slowly)
through the parent phase. Frankzo first proposed
that the interface may be considered to comprise
dislocation arrays which travel along with the inter-
face and produce the heterogeneous strain, and so
perfect coherency does not occur at the interface,
as suggested by Kurdjumovz. Also, the orientation
of the dislocation array (interface) that joins the
two phases will depend on the mode of slip or twinning
in the heterogeneous strain, and in turn on the
temperature ot which the martensite is generated.
This is reflected by the change in habit plane with
transformation temperature in carbon steels as shown

in Fig.l.
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(ii) Kinetics,

It was formerly considered that there were
certain kinetic features characteristic of the
martensite transformation, and these were summarized
by Troianc and Greningerj However, it has been
found that there are exceptions to these general-
izations. The basic features are discussed below:
(a) The growth of individual martensite plates
is generally very rapid, with growth rates very much
faster in the direction of the habit plane than in
the direction normal to this plane. Exceptions are

15

the transformations in gold-cadmium™, indium-
thalliuml6’2l, and a number of others. An interesting
example occurs in the uranium-chromium system, in
which slow isothermal growth has been observed under
the microscope. But it does appear that in these
systems, although the overall growth rate of a

plate is slow, the actual movement of the interface

. . . . . 22
occurs in rapid discontinuous jJjerks .

Bunshah and Mehl23 have shown that the pro-
pagation rate of martensite in an iron-nickel alloy
is about 105cms/second and that individual plates
form in about 10 (second. The rates were found %o
be approximately the same for both athermal and

isothermal transformation to martensite from -20°C
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to -196°C, These observed growth rates are about

one third of the speed of sound, which is the same =zs
that observed for the propagation of crack824. The
upper limiting velocity is that of the velocity of
sound, the limiting rate of dislocation movementzs.
These results are important in showing that the
activation energy for the growth mechanism of
mnartensite is effectively zero, Further evidence

was provided in experiments by Kulin and Cohen26,

217

and Kaufman and Cohen™', who found that an iron-~
nickel alloy transformed at temperatures as low as
4°K, at rates comparable with those observed at much

higher temperatures.

(b) Transformztion on cooling begins at a
temperature called IT,, which may depend on the
previous mechanical and thermal history and on grain
size. The M, temperature is usually unaffected by
variation of cooling rate and the formation of
nartensite is not therefore suppressed by very rapid
cooling. In most systens transformation, below the
M, point, occurs only on further cooling and ceases
if held at a constant temperature; this type of
reaction is called athermal. Steels and iron-nickel

alloysy transform to martensite by the successive

formation of new plates, cach one growing very
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rapidly to its final size. Therefore, the course
of treansformation with falling temperature depends
on the nucleation of new plates, and not on the
growth rate of existing ones. The transformation
is complete at a temperature known as Mf, though
in a number of systems a small amount of the high

temperature phase is always retained.

There are, however, several exceptions to
this characteristic, isothermal transformation having
been noted in a number of alloys. Kurdjumov and
Maksimova28’29 first reported completely isothermal
martensite transformation and this has since been
confirmed by other WorkeISBO'BB. Several alloys have
been shown to exhibit small amounts of isothermal

transformation34_36.

Therefore, one of the original criterions of
a martensitic transformation, that of insuppressib-
ility of the My point, has now been discarded, al-
though most transformations do show predominantly

athermal kinetics.

Where isothermal reaction has been detected,
it usually occurs below My, but there are a number

of examples of isothermal transformation above
NI .28,31—33’35-

3

Therefore, the presence of athermal

nartensite is not essential for isothermal formation.
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But, since nmartensite transformations are strain
sensitive and autocatalytic, the existence of athermal
martensite may stimulate isothermal growth. Except
for the uranium-chronmium transformationBl, all the
isothermal reactions seem to proceed by the nucleation
and growth of new plates, or by the rapid discontin-
uous growth of existing ones. The results show that
nuclei may be formed by thermal activation, and

that existing plates may become larger due to removal

of stresses in the matrix, but that the growth is

not thermally activated.

Onee a martensite transformetion has started,
eilther athermally or isothermally, the subsequent
course of the transformation may be greatly in-
fluenced by autocatalysis. Orowan37 has suggested
that the accommodation stresses round a martensite
plate may favour the growth of another plate with a
different shear plane, thereby producing the zig-zag
pattern of needles that i1s often observed, Machlin
and Cohen38 have shown that in iron-nickel alloys,

2 large burst of transformation may occur accom-
panied by an audible click. The burst is preceded
by 2 small amount of transformation, so that the
stresses produced by one martensite plate assist in
the nucleation of another plate, usually near the

tip of the existing one.
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(e) Most martensitic transformations are re-
versible, and show a temperature hysteresis between
the cooling and heating resctions. The hysteresis
is small, when the range of transformation is also
swmall, In iron base alloys the hysteresis is large
and may amount %o as much as 300 - 400°C. This
characteristic will be discussed further in later

sections,

(da) Plastic deformation and even elastic stress

in some systems may induce transformation above Mg,
and increase the amount of transformation below MP'
There is a temperature, termed Md’ above which plastic
deformation will not induce transformation, If the
parent phase is deformed above Md or even below Mﬁ,
the matrix may become mechanically stabilized against
further transformation on subsequent cooling. This
stabilization and also the stimulation of transform-
ation are discussed more fully in the section on

the effect of stress on the martensite transformation,

(e) If an alloy is cooled slowly or held at a
constant temperature, the phenomenon of 'thermal
stabilization! may be operative., In this case, the
amount of transformstion on further cooling is re-
duced, Many examples of stabilization have been

reported, when the cooling is interrupted below I,
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but if the tewperuture of nolding is ubove Mg
K4
gvidence of stabilization is not yet conclusive)o’

39-52
.

If an alloy is held in a suitable tenper—
ature ruange, tvhen on furtisr cocolin;, 0 any tonner-
ature, the anount ol tr. nsforuution is reduced,
This effect nus now been well csoublished whon lhe

30’40-47. FOI‘

temperature of holding is below Mg
a constant smount of prior tricsformation, the

amount of gtahilization inecrevscs to a certain 110X~

imu wvitn time48. obabilization has been reported
e ” . . %6,51 3
to impede the isothermal as well 28 the

atiermel transforration, und =lso the reversivle

hecving tr@nsformation49. Aftor gstvehilization the
transfornction on further cooling often proceeds

2t ac ceeelornted rove, and even in bursts.

Instances neve beea reported of stabilizatbion cccurr-
ing ofter intorrupt:d cooling above Mg, dut the

evidence is rothor conflicting.

A nucber of explanations have beea proposcd
to account for the wany cxeamples of sicbiliuzation,
whicli, ol coursc, may not he all atiributable to
the saue nechonisn. Recently it has been Lound
tnst suall emounts of inpurity atoms play 2 major

51

Eo

part in tihe stabilizetion Hrocess in iron-nickel

alloys. When curboa »ad nitrogen were removed fron
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the alloys, no evidence of stabilization was found.
It was suggested that the interstitial diffusion
controlling the stabilization occurred within the
martensitic embryo, rather than in the matrix, the
atoms moving towards the interface and thereby im-~
mobilizing it, by locking the dislocations comprising
the interface. It has also been suggested that
stabilization results from a strengthening of the

parent phase, caused by the formation of Cottrell

44 55

atmospheres at dislocations, or by precipitation”-,
again perhaps on dislocations, thereby making the
matrix more resistant to further transformation in

a manner analogous to mechanical stabilization.

Further evidence that interstitial atoms
play & large part in the stabilization process has
52

been provided by Imai and Izumiyama” . They observed
that steels containing aluminium and titanium, which
have a strong affinity for nitrogen, were less
easily stabilized than those containing only silicon
and manganese, or nickel and tin, respectively., No

stabilization of the austenite was noted for a

decarburized iron-nickel alloy,

Again it has been proposed that the close-
coupling of the interface may be destroyed by time-

dependent plastic yielding or relaxat10n54 of the
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elastic stresses surrounding an existing plate48.

It has been suggested that there may be a con-
nection between stabilization and the first stage

of tempering48.

(1ii) The Frec Energy Change.

(&) The Chemical Free Energy Change.

Since martensitic reactions are essentially
diffusionless, the composition of the austenite and
the product, martensite, will be the same, and
therefore lend themselves more easily to a thermo-
dynamic treatment than do diffusion controlled
transformations. Each phase has a chemical free
energy that varies with temperature, and there may
be a temperature To, at which the two free energies
are equal. At any other temperature the difference
in free energy may be expressed

Fq

’ 4

& A cal/mol ... (1)

—_ P

When martensite is more stable than
austenite, that is below TO, this quantity is positive
and its value gives a quantitntive meosure of the
driving force of the reaction. Fig.2, is a
schematic representation of F“J and P¥ as a

function of temperature,

In the cooling of any given alloy, Mg lies
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FIG. 2. SCHEMATIC REFRUSENTATION OF F AND Fﬁ'
VS. TElPERATURE FOR AN IRON-BASE ALLOY.

(AFTER KAUFMAN AND COHEN7).
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below To, because the austenite-to-martensite re-
action does not necessarily start immediately the
thermodynamic conditions become favourable. The
gupercooling results from the non-chemical restrain-
ing forces, which will be discussed later, that is,
the interfacial energy of the new particle and its
associated strain energy. The start of the reverse
transformation, the A, temperature, often requires
superheating as shown in Fig.2, and usually lies

approximately as far above To ag M, is below.

There is not riuch thermodynamic data avail-
able for systems having a martensitic transformation,
One of the difficulties 1s that diffusionless trans-~
formations often occur at a low temperature where
equilibrium cannot be achieved. However, there is
a good deal of such data available in the iron-

42

carbon’ and iron—nickel7’49 systems, and nuch

progress has been made, mainly by Kaufman and Cohen7,
in the calculation of TO in these systems from
thermodynamic data. Fig.3 shows the change in
chemical free energy attending the martensite re-
action in iron-carbon alloys as a function of
temperature and carbon content. The driving force

!
at M., or AF o '3', is independent of the carbon

content, and is 290 cals/mol.
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The experinental determination of To depends
on bracketing it between Mh and Ag. In iron~bage
alloys the hysteresis may be as large as 400°C,

In iron-~carbon alloys, the reverse transformation
is not easily observed because of the interference
of tenmpering reactions until high heating rates are
achieved, Recently, Gridnev and Trefilov55 have
reported A, values in steels, lying 300° - 400°C
ebove M, rapidly heated at) 600°C/sec., but there
is some doubt that a true reverse martensitic trans-
formation was observed and tempering completely
suppresced. In all alloys exhibiting martensitic
transformations a reverse transformation has been
observed, except where some intermediate decom=-

position product is formed.

In general the hysteresis gap can be
narrowed by plastic deformation. U, is then raised
becoming Md and A, 1s lowered, to Ad‘ Md is
defined as the highest temperature at which the
austenite~to~martensite reaction may be induced by
plastic deformation., The gap was almost completely
closed in cobalt-nickel alloys by Hess and Barrett56,
uging this nmethod. If Md and Ad cannot be brought
together, then T  is taken as %(Md + Ad). This

nprocedure has been used by Kaufman and Cohen49 for
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the determination of TO in iron-nickel alloys, and
T, turns out to be about %(MS + AS) for this systemn.

There are some alloys, for example, indium—thalliuml6

and gold—oadmium57, in which the hysteresis is so
snall, that plastic deformation is unnecessary to
deternine TO.

The determination of To by plastic deformat-
ion is 2 kinetic effect; the deformation stinulates
the nucleation of the thermodynamically more stable
phase where transformation would not normally take
pl~ce on cooling. But the pogsibility does arise of
raising the equilibriun tenmperature TO by elastic
stresses. Burksoop; and Readl6 have shown that in an
indiun-thallium a2lloy Mg and AS (and consequently
TO) are raised by elastic stress. I, in iron-nickel

58 to

alloys has also been shown, by Patel and Cohen,
be influenced by elastic stresses., This change in

the equilibriuvm temperature To due to mechanical
factors is a thermodynamic effect in agreement with Le
Chatelier’s principle, in contrast to the kinetic
effect of plaessic deformation. However, in iron-

hasz alloys, the tempercture hysteresis is large, and

the amount T, would be raised by elastic stress 1is

snall compared with Md - MS’ and Ag - Ad.

(b) The Non-chemical Free Energy Change,

It has been mentioned earlier that the
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nartensite transformation does not start at TO when
the driving force becomes pogitive. This super-
cooling (TO - MS) is due to the non=chemiczl restrain~-
ing forces. Therefore, for martensite to form the
driving force nust not only be greater than zero,

but greater than some finite value, dependent on

the alloy systen.

When o martensite plate forms, an interface
is formed between it and the parent phase. For a
lenticular plate of radius 'r' and thickness 'd!,

where r » d, the energy of the interface is taken
as59:

!

AGS%.—éou = 2T 2°8 cal./particle ...(2)

where & is the specific interfacial free encrgy and
27Tr° is the surface area of the plate. Kurdjumovg
has regarded the interface between austenite and
nartensite as coherent, and Fisher et 31?9 have
calculated a value of 24 ergs/cm? for &, also using
a coherent interface nodel. On the other hand,

20 and Read et a1.18

?rahk have proposed models of
the interface consisting of dislocation arrays.
Under these conditions, d;nmy be as high as 500 =
1000 ergs/cm?, which is of the same order as that

of an ordinary inter-phase boundary. Knapp and
Dehlinger6o, have calculated a value of 200 ergs/cm?

based on Frank's model of the interface of an iron-
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carbon alloy.

The other principal non-chemical factor
arises from the different specific volumes of aus-
tenite and martensite. Elastic strains are developed
both in the plate and its surroundings, by the Jdi-
Jlrthtional and shear components of the displacenents The:

dilatational contribution is neglected in conmpar-
ison with the shear component, and the strain energy
term is calculated by considering a sphere of radius
'r! surrounding the plate, then the elastic strain
at any point is assuned to be proportional to % .
Loe gtrain energy
E, « (%)2

A sinilar proportionality holds at every
point of the sphere, and therefore the total strain
energy is préportional to (Q)z multiplied by the

T
volune of the sphere. Therefore,

- . 2 3 2

E = AG, = 38y (dyS (4Mr = 8Mrd”~ ... (3)
e = @D .

where 30 is the constant of proportionality.

By assuming that the strain in the austenite

is uniform throughout the sphere of radius r, a value

of the strain energy constant 6 nmay be evaluated59:
e = g%
o
waere @ = nmartensite shear angle.
G = shear modulus.
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14

By taking @ = 0.3%4 (the Nishiyama™ ' relat-

10

ionship), a value of © = 1,54 x 10 dynes/bm? was

obtained by Fisher et al.59 This is in good agree-
ment with the value obtained by Knapp and Dehlingerso

by another method of calculation.

There are other non-chemical factors assoc-
iated with the formation of a martensite plate,
such as the dilatation strain energy previously
mentioned, and the energy required to produce the
clicks that are sometimes heard during transformat-
ion, There is also an energy term resulting from
any non-reversible plastic deformation of the matrix
surrounding the growing embryo. In ferrous materials
it seems that the accommodation strains are only
relieved by slip in the austenite, but in some
transformations the accommodation strains are elastic,
and then the phenomenon of thermo-elastic martensite

may be observed.

(iv) The Nucleation of Martensitic Transfornations,

It is now known that the co-operative atomic
movements producing martensite must originate from
very small regions, or embryos, in the austenite.

It is, however, the origin and form of these embryos
and the mechanism by which they may grow into a

conplete plate of martensite, that is still in doubt.
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(a) Classical Nucleation Theory applied to

Martensitic Transformations.

Classical homogeneous nucleation theory was

first applied to martensitic transformations by

2’28, by Fisher, Holloman and Turnﬁu1159,

61

Kurdjumov
and in a nodified form by Fisher and Turnbull to

include the effects of stresses.

A martensite nucleus is assumed to be
lenticular in shape, and the total free energy
change for the formation of such a particle is
given by :

t
+ chemical freec

]

AGT 2 AG:’"*”+ AGg""“’

energy change ... (4)

i
ol
where AG;r_+ is the free energy of the interface,

N ol

and AGe is the strain energy.

Therefore, from equations 2 and 3,

] , | J—
A2 2172268, +qTrde. +Tl’r2%. a8 T (5)

Where Afﬁx_ﬁcbas the chemical free energy change pecr
unit volume of martensite formed. Below TO,

qu '_’“'is negative, and & and © are always positive.
By minimizing AG _*OGat constant volume, by differ-
entiation, the energy of formation and the volume

of 2 critical size nucleus are found to be

AGe = B8192176°8°  cal./particle  ...... (6)
27AY
v, =-32,768T0%> cm? ceeee (D)

2700
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AG, is the energy barrier that must be mounted for
enbryos to reach a critical size and spontaneously
grow,
The rate of nucleation ﬁ, of martensite

3

plates per cm? per sec. 1s given by

N = N.kT.e _(A(%‘l e (8)
h
where N = number of atoms/cm?
Q = activation energy for coherent growth
and %2 = lattice vibration frequency.

The activation energy term may be neglected, since
it is assumed that the interface is gufficiently
mobile to maintain an equilibrium distribution of

embryos even down to very low tenmperatures.

Originally, Fisher et al. assumed that in
interstitial alloys embryos will form preferentially
in carbon free areas, in an otherwise structurally
perfect matrix. The model visualises a snall in-
coherent ferrite region in a carbon-free area in the
austenite. Upon gquenching, this ferrite region
grows coherently to the boundaries of the region.
Then this carbon-free ferrite acts as a nucleus for
the growth of martensite of average carbon content
at a temperature when the volume exceeds V,. If

the rate of thermal nucleation is negligible, the
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available nuclei will grow rapidly, but transformation
will then stop until Vi is decreased by further cool-

ing. The athermal characteristics are thus explained.

The implication of the theory is that nmar-
tensite nucleates only isothermally; equation .8
corresponds to typical C-curve behaviour., The theory

has been applied by Fisher62 to the results of Cech

30 £or the isothermal transformation of

and Hollomen
an iron~-nickel-manganese alloy and good agreement

was obtained with the experimental observations.

However, to explain the athermal behaviour
in iron-nickel alloys, Fisher63 hag identified Mg
as the temperature at which N =1 nucleus/om?/sec.
At higher temperatures ﬁ is so small that isothermal
nucleation is not observed, while at a lower temper-
ature, ﬁ is so large that isothermal nucleation is
not suppressed even on rapid cooling. Fisher's work
predicts that below 31 atomic % nickel no transforn-
ation should be observed, at a minimum ey of 120°K.
But Kaufman and Cohen27 have found that M, temper-
atures in these alloys decrease continually to 50°K,
and they say that no recsonable alteration of Fisher's
thermodynamic values will explain the results. On
the other hand, the occurrence of M, points at such
low temperatures is in accordance with the concept

of heterogeneous nucleation at preferred sites,
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Figsher, Holloman and Turnbull have modified
their views on honogeneous and heterogeneous nucleat-
ion and now consider that embryos form around
lattice imperfections, such as dislocations6l. This
ig stated in a paper in which the classical nucleat-
ion theory is modified to include the influence of

stress in the nucleation of martensite, by modifying

the volume free energy change.

There is now a large amount of evidence that
martensitic reactions are in fact heterogeneous,
and nucleate at preferred sites, rather than at
random. The most straightforward clues come from
netallographic investigations. In B—brass64, and
other transformations which are easily reversible,
the position and the sequence of the formation of
the plates on cooling are repeated almost precisely
on the next cooling cycle, after complete reversion
to the high tenmperature phase. This observation
certainly suggests nucleation at preferred sites. In

15, cooling a single crystal

the gold-cadmiunm systen
usually results in nany plates, but if the single

crystal is first well-annealed at a relatively high
temperature in the austenitic phase, the nucleation

is so changed, that only one interface may move

across the specimen, producing a single crystal of
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the martensite phase. Another interesting series of
experiments confirming heterogeneous nucleation was
performned by Cech and TurnbullGB. Tiny particles

of an iron-nickel alloy were austenitized and quenched.
It was found that transformation started at widely
different temperatures, and some particles did not
transforn at all. It was concluded that some particles
had fewer effective nucleation sites than others,

and supercooled further, showing that nucleation was
quite heterogeneous. Particles larger than 100

microns had I, temperatures comparable with that

S
of bulk specimens.

(b) DNucleation at Strain Centres,

As an alternative to the classical nucleation
theory, Cohen, Machlin and Paranjpe42, proposed the
reaction-path nodel. Since this model appears to
be the forerunner of the more recent embryo theory7,
it will not be very fully discussed. It is assumed
that the transformation is nucleated at strain
embryos and growth is by the propagation of a shear
wave over a reaction path which describes the relat-
ive motions of atoms during the transformation.

20 has suggested that the austenite-

Frank
martensite interface in the iron-carbon systemn

having a (225)3 habit plane, may conprise a disloc-
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ation array. In the model, close-packed planes of
the two phases neet along close-packed rows., In
converting the austenite (f.c.c.) into martensite
(b.c.t.) a shear and a dilatation, plus a grid of
screw dislocations lying parallel to the close-
packed direction, one between every sixth plane,
produces the correct final structure. The interface
produces a highly mobile connection between the two
phases, and the growth of a2 martensite plate takes
place by the nmovement of the intefface of dislocat-
ions into the austenite,

20

Using Frank's model of the interface,

Knapp and Dehlinger6O

regarded the enbryo of marten-
site as 2 thin oblate spheroid surrounded by loops
of dislocations, as shown in Fig. 4. These loops
are assumed to consist mainly of screw dislocations,
with short edge components joining the positive and
negative screws. Growth of the embryo is achieved
by the expansion of the loops into the austenite.
Expansion in the [225]% and [1IO]X directions is

by the growth of existing loops, while growth in

the [551]5 direction requires the generation of new

[}
f’X —00

loops. The chemical driving force A supplies

the energy required for the expansion. Knapp and

60

Dehlinger assune that an embryo will "trigger"



Gay

d=—=* =184 =X bet

Vg— cosn n and [1‘?’(59” [554]
b= 2 =

V2 ol

Negatie ﬂm Th,

/‘ S 2r
-*<P</
L >>
,**Q:S— :}:>:>;E\\\ !
[554] | sl
p
Positive /ﬂ UU%
screw loops

FIG.4., MODEL OF THE MARTENSITE EMBRYO.

(AFTER KVAPP AND DEHLINGERSY),



36

spontaneously into full sized plates as soon as the
chemical driving force exceeds the restraining inter-
facial ond strain energies. They are not therefore
considering the nucleation process in which a free-
energy barrier nust be surmounted, but the conditions

for propagating an existing embryo,

Using an expression for the restraining force
sinilar to that obtained by Fisher59, (equations 2

60 calculated the minimun

and 3), Knapp and Dehlinger
value of the non-chemical free-energy difference
between austenite and martensite per unit volume
(Agmin.)’ with respect to a given thickness of
martensite enbryo. However, Agmin. is more accurate-
ly ninimized relative to a given volume of the

7

enbryo , and a vzlue is then found :

1
5 (&A% = 54 cals/cm?
3 D 3¢

Here, ¢ is the half-thickness of the plate
assuned to be an oblate spheroid and is equal 1o
/2 as used by Fishersg; as o result the elastic
constant A = 48,

Bascd on values of = 200 ergs/cm? and
A = 500 cals/cm?, Kaufnan and Cohen'! have calculated

Ag.;, a8 a function of embryo size as shown in Fig.5.
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The embryos that grow at the lg temperature are
[

presunably the largest ones available, Af‘b'_)d'

(290 cals/mol.) the driving force at g is known for

steels, and since Ag must equal this, the size of

min,

the embryo may be calculated, giving a radius of
(=]

850 A and a thickness of 70 3. Snaller embryos

are restrained buecause of larger Agm values., As

in.
a given enbryo cools, the chemical driving force
becones more negative, until it exceeds the value of
Agmin. of the enbryo, and a net driving force results.
This nay be likened to a physical stress which acts
on the dislocation interface, which is pushed out-
ward into the austenite to generate martensite fron

the enbryo.

The embryos are assumed to result from the
interaction of certain pairs of edge-edge and edge-
screw dislocations which generate regions geomet-
rically similar to nmartensite. According to Knapp

60, the embryos do not grow at temper-

and Dehlinger
atures above To’ because both the chemical,and
strain and interfacial energies favour the formation
of austenite., But the embryos do not disappear,
because the dislocations cannot be removed even by
extensive annealing. Between T  and Mg the net

driving force is still insufficient for propagation

of the enbryo, while below Mg the chemical driving
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force exceeds Agmin and the interface is moved
into the austenite producing martensite.

However, Kaufman and Cohen7

picture the
embryos as growing in size on cooling by the
coalescing of dislocations into an interface, and
they have calculated the decrease in strain energy
associated with dislocations in an interface of the
Frank type compared with those at random. The
coalescence will depend upon the mobility of the
dislocations, and it is suggested that there nmay

be a tenperature above To at which the embryos will
cease to grow and becone ‘frogen-in". At the Ms

a spectrum of embryos sizes is assumed to exist, the
largest ones propagating first. As the temperature
is lowered, snaller and smaller embryos become
activated, and the predominantly athermal charact-
eristics of the transformation are thus nicely ex-
plained. Kaufman and Cohen7 have shown that the

model may also be used to explain the isothernal

characteristics of the transformation,

The growth of a martensite plate is termin-
ated at physical barriers, such as other plates,
grain boundaries and inclusions. Sone other
mechanism must be operable, because, except in the

case of thermoelastic martensite, the plates do not
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thicken when 'r!' is prevented from increasing. It
has been suggested7 that growth may be halted by
jamming of the dislocations in the interface, thus
also preventing the reversible transformation.

This method of stoppage may account for the obscr-
vation that martensite plates often do not extend
the whole way across a single crystal of austenite.
Mechanical stabilization of the austenite may also
be attributed to this mechanismn.

This model of nucleation requires the exist-
ence of relatively large embryos in the austenite
above lg. The first expcrimental evidence of these
has been obtained recently by Richman et al®® By
means of transmission electron microscopy of thin
films of iron-nickel alloys, they have reported the
presence of 'plate-like' markings in the austenite
which were interpreted as martensite embryos. The
measured size of the largest plates agreced reason-
ably well with the calculated values. The micrographs
also showed the distribution of embryos required by
the theory. However, nore experimental data are
required before the theory is substantiated, and

nay be considered to rest on a firm foundation,

(¢) Dislocation Generation Models of Nucleation.

A number of investigators67-69 have used the

idea that there may be faults in the austenite .
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bounded by imperfect dislocations, which have a
structure similar to that of the nartensitic phase,
These faulted recgions tend to grow as the temperature
falls, generating a2 thin plate of martensite, and

it is these that may be the original nuclei. To
produce the final product, some method must be
devised so that the process occurs on a regular
sequence of parallel planes,

One possible mechanism is the dynamic multi-
plication of fast moving dislocations79 which has
been used by Christien in a theory of the f.c.c.—
h.c.p. transformation in cobalt. An alternative
proposal, which does not depend on the velocity of
dislocations, is called the 'pole—mechanism'7l.

This is a generalization of the Frank—Read72
dislocation source, in which the rotating dislocation
climbs on a helicoidal surface, thereby producing
transformation (or slip) on successive planes.

This mechanisn has also been applied to the cobalt

transformation68.

In iron alloys, the most precise model is
that due to Jaswon69. Kurdjumov and Sachsl3 first
showed that the martensite structure may be gener-

ated from austenite by the sequence of two shears:

(1) half the twinning shear along the elements
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{111}7 (112)3, , having a Burgers vector d/3 (112)3 ,
producing a b.c.t. structure (a') which is almost

martensite.

(i1) a second shear along {;12}3 (llO}z , producing
the final structure, apart from small dimensional

69 pointed out that shear (i) may be

changes. Jaswon
acconmodated by dislocations already present in the
austenite. These dislocations of Burgers vector

/3 (112}5 , arise from a further splitting of the
73

Heidenreich and Shockley partial dislocation into

quarter dislocations., This dissociation :

2% Q12 = % 112y + %_(112),2{

is energetically favourable, since it creates a low
energy stacking fault of «'. At high temperatures
this fault becomes very small, while on cooling the
dislocations move apart, until below M., the stacking
fault becomes unstable and rapidly propagates to form

a thin plate of martensite.

(v) Effect of Stress on the Formation of Martensite.

It has now been established that internal or
external elastic and plastic stresses applied above
or within the temperature range of martensite
formation have a marked effect on the kinetics of

the transforriation. This effect has 2 nunber of
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practical applications in industry. For exanple,
stainless (18:8) and Hadfield's manganese steel
which are austenitic at room tenmperature, may be
strengthened by cold work, which induces transform-

ation.

An applied stress may affect the course of

the transformation in two ways :

(a) It tends to promote the formation of a plate,
by changing the rate of nuclei formation, or aiding
nucleation, in the same way as the formation of a
mechanical twin,

(b) Also, plastic deformation of the parent phase
may decrezse the rate of transformation by mechan-

ical stabilization of the austenite,

At the My, temperature, the specimen trans-
forms spontaneously with no applied stress. Scheil74
first predicted that as the tenperature is raised,
succesgively higher stresses would be required to
induce transformation, until eventually the specimen
deforms without transforning. He suggested that
transfornation and slip are alternative ways of
plagtically straining the lattice. The upper limit
at which transformation nay be induced by stress has
been termed the Md tenperature, and according to

Scheil74, deformation by transformation would occur
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spontaneously without stress at Mé, and more readily
than slip at any temperature between Ma and My. The
theory therefore implied that the parent lattice
becories mechanically unstable at the transformation
temperature, and that the elastiec limit would increase
from zero at M, to 2 maximum at M;., This particular
idea has not been substantiated, although most of
Scheil's74 proposals have since been confirmed by
experiment. McReynolds75 found that there is no
effect on the shear modulus when iron-nickel alloys
are cooled through the M point. The yield stress
was found to increasc markedly with decreasing tem-
perature at Md, and to reach a naximun Jjust above
M. As the temperature is decrecased from just above

Mo to just below, the yield stress changed discon-

s
tinuvously from a maximun to a very low value.
MeReynolds > found that plastic deformation by
compression above Mg caused immedicte transformation,
the amount depending on the degree of straining and
the temperature of application. He observed an

Md temperature about 75°C above M. above which
transformation could not ﬁe induced by compression.

75 also found that plastic deformation at

McReynolds
any temperature from below the Mfsto above the Md
point, mechanically stabilizes the renmaining

austenite go that the beginning of subsequent trans-
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formation on cooling is depressed,

The effects of plastic deformation on the
course of transformation have also been studied
extensively by Russian workers, in ferrous alloys
and steels containing nickel, chromium and manganese
76-82. It was found that transformation was in-
duced by the deformation but the subsequent course
of transformation on further cooling depended on
the degree of straining and the composition of the
alloy. Prior deformation was found to influence

the transformetion in the alloys investigated in

one of two ways, as follows

(1) Alloys in which the formation of martensite
is stinulated by small strains and retarded by
large deformations.

(ii) = Alloys in which the transformation is

always retarded by prior deformation.

It has been suggestedl9 that the stinulation
of transformation may result from nucleation at
stacking faults in the austenite introduced by the
deformation. In the alloys which showed evidence of
stacking faults induced by deformation, transformat-
ion was stimulated by small amounts of deformation,
while those in which the formation of martensite was

retarded showed little indication of faulting83.
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It had originally been supposed that slip
lines, deformation bands, etc., would provide
barriers for the growth of martensite plates.
However, a number of workers have observed that slip

lines do not appear to inhibit growth of a plate79.

Another interesting series of experiments
has been made on lithium84. The normal My for the
cooling transformation is 70°K and cold-working
the body-centred cubic lithium produced face-centred
lithium at 90°K with clicking noises. But cold work-
ing at 110°K stabilized the high temperature form to

such an extent that no transformation could be

found on subsequent cooling to 4°K.

Although spontaneous deformation of austenite
during the growth of a plate may, in its initial
stages, activate the growth of suitably orientated
nuclei, it has also been suggested that at any tem-
perature the martensite plates already formed auto-
catalytically stabilize the austenite against further
transformation69. This accounts for the fact that
most transformations only occur on further cooling
as the driving force is increased. In support of
this idea is the observation of the plastic deforn-
ation of austenite round a martensite plate in an

85

iron-nickel alloy Direct evidence of the spon-

taneous deformation of austenite has recently been
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obtained by Kelly19 using transmission electron
nicroscopy. High dislocation densities were
observed surrounding martensite plates formed in
a quenched iron-nickel-carbon stcel,

86 working on

Recently, Porter and Rosenthal
a eutectoid carbon steel, found that at the trans-
formation tenperature the specimen yielded to a very
low applied stress.* The threshold stress for
increased extension during transformation was found
to be approximately 1000 p.s.i., while no increase
in Mg was observed until a stress of approximately
30,000 p.s.i. was applied in tension. It appeared
that a small amount of martensite was induced by the
stress above the normel Mg, and when the normal MS
was reached transformation was found to begin and
proceed just as if no stress were present, An
explanation was advanced to explain the low value
of the threshold stress. It was suggested that the
'triggering off! of embryos of martensite supplied
the energy to drive dislocations through the
austenite, producing pile-ups at the grain bound-

aries. The threshold stress then represents the

* This phenomenon of "transformation plasticity®
has been known for a number of years. It was
observed by Sauveur87 in 1924 in the allotropic
change in pure iron.
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increase of stress required to release these sources
thereby producing the slip observed.

6 were unable to detect

Porter and Rosenthal8
any preferred orientation of the plates formed under
the applied stress, but Chang and Read15 have report-
ed an increased deformatlon in gold-cadnium alloys
as a result of preferred orientation of martensite

plates induced by applicd stress.

When a martensite plate is formed, work is
done by an cxternally applied stress in producing
the total shape deformation. Le Chatelier's principlc,
which in effect states that the mode of transformation
is such that the applied stress does the maximun
anount of work, has been applied to molybdenum-—
titaniunm alloys88. Stress was applied, and the
distribution of martensite plates showed a preferred

orientatlon parallel with the plane of maximum shear

stress in agreement wilith Le Chatelier's principle.

If the Ms is assumecd to be characterized by
a critical value of the driving force, as shown
previously, the effect of a given stress may be
calculated guantitatively. This has been done by
Patel and Cohen58. The stress is resolved into

components parallel to the shear and dilatational

displacenents of the transformation. These strains
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have been measured for various systems, and the
mechanical work done by the stress may be calculated.
This energy term is then added algebraically to the
chemical free energy (or driving force), to find the
alteration in MS temperature. Good agreement with
experimentally observed values was obtained for an
iron-carbon-nickel alloy and for iron-nickel alloys
with My temperatures below room temperature. It was
found that applied uniaxial tension raised Mg as
shown in Fig. 6, and uniaxial compression also raised
MS but to a lesser degrece, while hydrostatic conmpres-
sion lowered lig. This treatment recognises both the
shear and dilatationzl strains of the transformation,
and from the observation that tensile stress raises
Ms more than the equivalent compressive sitress shows
that the normal component is significent, since the
resolved shear stress in these two cases 1s equal,
It has also been observed in 2 bending experiment,
that more martensite formed in the elongated section,

than in the zone subjected to compression82’89.

An essentizlly similar calculation has also
been made by Crussardgo. The influence of stress
is expressed in the generalized form of the Clapeyron
equation :

Ay = WIy

L
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where L = latent heat of transformation at temper-
ature Ty,
and W is termed the energy of interaction.
This energy is calculated for a uniaxial tension of

1 Kg./mm% (1420 p.s.i.) or 108 dynes / sq.cm. giving

w o= 10° V.cos 6. (%.cos 6. + ?LSin 6.)
where V = volune transforming.
® = anglec between direction of tension and

nornal of the plate.
£ = dilatation.

¥ = shear strain.

For a polyecrystalline material, one marten-
site plate will have a favourable orientation and
the algebraic naximum of W is calculated. AMb is
then found to be of the order of + 1.5°C for 1 kg./
no (or 1.05°C/1000 p.s.i.), which is in good

agreement with Patel and Cohen's results?8

Pisher and Turnbull®l have postulated thaot
stress influences the nucleation of martensite by
modifying the volume free energy change. 1In
general, shear transformations can occur in one
direction only, and consequently a tensile or com-
pressive oomponent,(in, normal to the habit plane
of the nucleus will cither help or oppose the normal

austenite to martensite volume change. The volume
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free energy can then be considered to be modified,
as energy 1is expended in pushing against the stress,
by (~5£.Av), where Av is the volume expansion per
unit volume of the transformation, and dh being

negative for compression.

The shear component,\rﬁ, of the stress in
the direction of the plate will also aid transforn-
ation, and may be shown to modify the volume free
energy change by - 4‘tﬁ.ﬁ. This term is also
negative because itggids transformation. DIEquation

5 may now be written as follows
1 !
se T2 o2, 4 Wrd26.+"(fr2g_ (658" 6 v - 4. 0)
T L

where &

specific interfacial free energy.
© = strain energy constant.

¢ = martensite shear angle.

This equation was then used to calculate
the influence of stress upon the transformation, and
the results were shown to agree gatisfactorily with
the experimental determination of Kulin, Averbach

and Cohen89. However, Kaufman and Cohen do not

consider the calculation to be a valid one7.

The Mé temperature is necessarily below
the thermodynamic equilibrium temperature TO, in

the absence of stress. Transformation, however, in
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indium—thallium16

alloys, has been observed under
stresg above this equilibrium tenperature, providing
the work done by the applied stress exceeds the
increase in volume free energy. Fig.7 shows the
increase in the start of transformation for the
heating and cooling reactions as a result of applied
tensile stress. TO ig assumed to lie nidway between
the heating and cooling curves. The change of TO

is a thernodynanmic effect, but, as mentioned previous-
ly, stress is not required to mensure the equilibriun
tenperature TO because the hysteresis gap is small.
Complete isothermal transrformation could be induced
in either direction by the application of stress.

binilar curves have also been obtained for the gold-

cadmiun systen.

Another interesting phenomenon is that of
thernoelastic martensite observed by Reynolds and

91

Bever in gquenched B-brass. Many of the plates
which formed =as a result of compression at roon
tenverature, disappeared on removal of the stress,
and others grew smaller. On stressing again, plates
forrned in the same positions as before., This stress-
induced martensite therefore seens to be in re-
versible equilibrium with the matrix, and nmay be

conpared with thermoelastic nartensite. The effect

of lowering or raising the temperature was found
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to be equivalent to applying or renoving the stress.
The stress-induced clastic nartensite has only been

seen in alloys having a2 high elastic limit.

(vi) The Effect of Austenitizing Conditions on

the Porimation of Martensite,

There has been 1little work done on the
influence of various austenitizing treatincnts on the
i, temperature, and the formation of nartensite.

In general, the M, temperature was thought to be
only dependent on the conposition of the austenite.
For steels there are a nunber of formula692’93 for
calculating the Mg temperature taking into account
only the alloying elemnents and not variation in
austenitizing temperature. However, it has now been
established that the Mg tenmperature is affected by
the austenitizing tenperature, and the present work
has also shown that wvariation in austenitizing con-

ditions affects the formation of martensite.

Barlier investigations on the variation of
the Mg temperature as a function of grain size of
the austenite, and of austenitizing tcenperature,
resulted in differing and contradictory results,
The principal nasking influence was the gradual
dissolution of stable carbides as the tenperature

and tine of austenitizing increased. There are
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two opposing effects

(2) The M¢ nay be depressed since the alloy content
of the austenite is increased as the carbide

particles progressively dissolve.

(b) The Mg may be raised as the austenite becones
more homogfgeous, thereby naking nucleation more
aifficu1t.39

A number of investigators have reported .
that grain size has no significant effect on Ms41’44,
while according to a few authors a larger grain size

i .
o, However, it

nay even reduce the 1l temperature
has now been clearly shown that increasing the grain
size of the parent austenite increases the MS point
74,75,82,94=97T 1y 5 getailed study, Meyerson and
Rosenberg94 found that in a 0.5 percent carbon,
0.8 percent manganese steel, the MS tenperature
was raised from 302°C to 325°C by increasing the
austenite grain size from ASTM 8 to ASTII 2. This
variation was obtzined by austenitizing at 820°C
and 1200°C. They also found that the slope of the
transfornation curve (that is, the percentage of
nartensite formed per °C decrease in temperature)
in an appreciable temperature range below Mg,
decreased as the grain}gize increased. Vero and

96

Szikszai in a recent investigation of various low
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alloy steels have found, by a dilatometric nethod,
that doubling the grain size of the austenite
raised the My by 12 - 13°C. Fisher et all’ have
predicted an incrcase of Mg with increasing grain
size. BSince the growth of each nmartensite plate
ceases at grain boundaries, each plate is restricted
to a single austenite grain. The anount of trans-
formation is the product of the number of nuclei
and the size of each transformed region, and since
the nunber of nuclei is independent of grain sige,
the measured lMg will be higher for larger grains.
Although this explanation does predict the observed
cffects, the calculated values do not fit the

experinental facts.

The influence of austenitizing time does
not appear to have been the subject of nuch work,
but it is probable that it affects the formation
of martensite only by controlling the grain size
and degree of golution of carbides, and hence the

honogeneity of the austenite.
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%, EXPERIMENTAL TECHNIQUES.

(1) Introduction,

Many different methods have been used to
follow the course of deconmposition of 2 parent phase
to a martensitic product. These techniques nmay be
broadly subdivided into discontinuous nethods, and
continuous methods that depend upoh the measurenment

of some physical property.

(a) Discontinuous.

In this group, probably the nost widely
used method, at lecst in ferrous alloys, is that due
to Greninger and Troiano C which is called the
'quench-tenper! technique. The specinen, after an
appropriate austenitizing treatment, is quenched to
the deesired tempercture at which it is required to
neasure the percentage transformation, It is then
up-quenched to temper the martensite formed, and
after a suitable period is requenched to below Mf.
The terpering 'darkens' the nartensite initially
forned, and the percentage transfornation may then
be found by quantitative netallography. In nany
cagses, direct metallography has been used to obscrve
transfornation, particularly in those systens where
the reaction occurs close to roon temperature}B'

X-ray diffraction has been used by a number of
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investigators to determnine the percentage of

99

retained austenite.

(b) Continuous Technigques.

These nethods are all based on the change
of some physical property with transfornation,
There is usually an appreciable volunme change
associated with the transformation, and dilatonetry
has been successfully used to follow the progress of
transformation in a number of alloy396. In ferrous
alloys, there is nearly always a change in the magnetic
properties of a specimen during transfornation and
nethods based on this change have been used48’97.
The nagnetoiictric techniques have been extensively

T7-82 5y their investigat-

enployed by Russian workers
ions on highly-clloyed steels and iron-base z2lloys.
The nost scnsitive methods available are those based
on a change of electrical resistivity during trans-

lOO. In steels, the resistivity of the

formation
nartensite is nmuch less than that of austenite, and
this property nay be used to obtain a countinuous

recording of the course of transformation.

There are a nunber of advantages of using
a continuous recording technigue
(i) Precisely nmeasured data ray be obtained at

every stage of the reaction,
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(ii) Only one specimen is required to obtain a
conplete record of percentage transformation
against temperature, and the method is therefore
less time-consuning.

(1ii) No visual estinate of the percentage trons-

formation is necessary.

Although the continuous methods have great
advontages, the changes in a physical property must
be correlated with specific changes in the micro-
structure., Variations of a physical property can
only give a relaotive neasure of the anount of austen-
ite deconposed unless two absolute values of percent-
age deconposition, together with the two corresponding
values of the physical property are known. These
two fixed points are usually taken as O percent
(i.e. austenite) and 100 percent transformation
(fully nmartensitic). Metallographic examination gives
a positive identification of the constituents present,
and is the generally accepted standard by which the

other methods are judgedloo.

In the prescent investigation the mnain
results were obtained by the sinultzneous measurenent
of the temperature and electrical resistivity of a
wire specimen during continuous cooling. Ietallo-

graphy and X-ray diffraction studies were also made
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to confirm and supplenent the resistance neasurenents.

(ii) Choice of the Specimen Material.

The materizl used for the major part of the
investigation was 0.010 in. diam. wire of En 23
stecl, A few experinents were also nade on a
eutectoid plain carbon stecel., The conpositiors of

thege steelsar® given in Table I.

TABLE I

Steel, Chemical Composition,Weight Percent
¢ | 581 ¥n S P ¥i Cr Mo

En 23 0.3310.23%]0.57 {0007 |0.005 |3.2610.85 }0.09
Plain Carbon 0.80:{0.25[0.52 |0.009 {0.022{0.04|0.02

i
The En 23 steel was chosen for a variety of
reasons. A low alloy steel was used since the in-
vestigation was part of an overall project on the
weldability of low alloy steels. The transformation
charac‘beristicsg3 of En 23 are such that'decompos-
ition of the austenite in the intermediate range,
particularly to bainite, may be easily avoided. A
convenient cooling rate could then be used consistent

with obtaining a fully mertensitic structure.

The specinens were used in the form of

0.010 in. diam. wires, so that, for the required
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stress values, the loads applied to the specimen
would not be too large to accommodate in the vacuun

Cchanber,

(iii) Apparatus for Transformation Measureuents.

In order to obtain the required data, an
apparatus had to be developed capable of sinultan=
eously recording the tenperature and electrical
resistance of the specimen during continuous cooling,
and also having the neans to apply (or remove) a
tensile stress to the specimen at any tenperature,
The system that was designed and assenbled is based
on an adaptation of that described by Colner and
Zmesk31101.

The wire specimen is nounted veriically in
a vacuunm chamber, at the base of which is a noveable
platform to facilitate the application of the load.
The wire is austenitized by passing an alternating
current through it. Aifter austenitizing the
alternating current is replaced by a small direct
current, and the specimen cools in vacuunm or in an
inert atmosphere., During cooling a continuous
record is obtained of the temperature and resist-

ance of the specimen on a high-speed duplex

recorder,
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(iv) Details of the Apparatus,

(a) The Specimen Assembly.

The vacuun chamber containing the specinen
was a brass cylinder 6 inches in diameter and 2 feet
long, mounted vertically. An Edwards (Model 102)
0il diffusion pump and a rotary backing pump (Model
ISC304) were used to evacuate the chamber, The systenm
also contained suitable valves so that the cylinder
could be isoclated from the purmps. A needle valve
was incorporated so that argon could be fed into the
systen when required. Measurenent of the pressure
was made on an Edwards Thermal (Pirani type) vacuum

gauge (Model T-2B).

The specimen, approximately 16 cms. long,
was nmounted vertically from the centre of the top
plate of the chamber. 4 schematic diagram of the
details of the assembly is given in Fig. 8. Although
by loading a wire specimen in this manner, uniaxial
stressing is virtually assured, a universal mounting
was incorporated so that the wire was suspended
vertically. Two pin-vices were used to grip the
specimen, as shown in the diagram. The use of
these vices facilitated the mounting and renoval of
specimens. No slipping was experienced, and a good

electrical contact was made. The lower pin-vice was
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connected to the loading device, which will be
discussed later. At the side of the specimen, a
'sindanyo! support carried the silica tubes containing
the thermocouple wires and potential leads, and the
current lead attached to the lower end of the
specinen.

The temperature of the specimen was
measured using a chromel-alumel thermocouple. 0.0124
in. diam. (30 s.w.g.) wires were introduced to the
chamber, and these passed through a twin-bore silica
tube fixed to the support. The final contact to the
specimen was made with 0.002 in. dian. wires of the
same conmposition, respectively, which were welded
to the centre of the specimen., The wires were
attached to the specimen (by a condenser-discharge
nethod described later) at right angles to the
vertical axis so that any current passing through
the specimen would not interfere with the therno-
couple reading. These very fine wires were used to
minimize heat conduction from the specimen. If the
tenperature of the specimen was not uniform along the
gauge length, spurious resistance effects were
observed., It is shown later than good evidence was
obtained to show that the temperature did remain

substantially constant during treatment.
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For the potential leads, pure iron wire
was used, this being carried in another twin bore
silica tube, The final length to the specimen also
consisted of 0.002 in. dian. wires, which were welded
to the specimen by the same method, at a distance of
2,5 cms, apart, equidistant about the thermocouple.
In each case, the fine wires were attached to the
thicker ones by the condenser-discharge technique,
Besides mininmizing heat flow, the fine wires allowed
free vertical movement of the specimen resulting

from the application of stress.

The thermocouple wires and the potential
leads were introduced to the vacuun chamber through
an Ddiswan (Type 3294) metal-glass seal containing
0.040 in. diam. tubes. The seal was soldered to the
top plate of the cylinder and the wires passed
through the snall metal tubes., Final sealing was

nade with a sealing compound, Apiezon 'Q',

The current leads were also introduced
through the top plate, Two brass rods having termin-
als at the ends, were rounted in 'araldite' as shown
in the diagran, thus making vacuun-tight electrically-
insulated connections, The current leads were
attached to the pin vices by soldering. Flexible
leads were used to ensure free vertical movement of

the specinen,
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(b) Tuwe Loading Device.

To apply a tensile stress to the specinen
a dead weight load was used. In designing the
apparatus, this load could be contained either
inside or outside the vacuun chamber., If the load
had been located on the outside of the cylinder, a
Wilson seal or bellows would have been required.
Some stress or friction component would be inherent
in the seal, which would be large compared with the
total stress applied to the specimen, particularly
at low stress wvalues, and would therefore require
accurate calibration., For this reason it was de-

cided to contain the load in the wvacuunm chamber,

A systen was designed so that the load i1n
the cylinder could be applied from the outside. A
diagram of the device is given in Fig.9. IEssentially
it consists of a platform supported on a 7 in. dian.
rod passing through an Edwards seal, in the base-
plate of the cylinder. This platform supporting the
load could be raised or lowered by turning the hand-
wheel and hence the threaded spindle. Two grub
screws were fitted at the lower end of the rod, as
shown in the diagran, to keep it in the spindle,

for, when lowering the platform, small loads were

insufficient to overcome the resistance of the seal,
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The loacd, resting on the pan, hung from the
specimen by the hook, as shown in Fig. 8. During
austenitizing the load was supported on the platfornm,
and then on cooling could be applied at the required
temperature by turning the handwheel, and thus
lowering the platform. At the lower end of the
vacuun chamber a window was incorporated to observe

the application and removal of stress.

(v) The Circuit Diagram.

The circuit diagran of the apparatus (shown
in Pig.10) may be conveniently divided into three
parts as follows

(2) The alternating current austenitizing circuit.
(b) The direct current circuit.

(¢) The measuring circuits,

(a) The Austenitizing Circuit.

To austenitize the specimen a low~-voltage
high amperage current was passed through it. The
current was controlled by a 500-watt wvariac on the
input of an isolcting transformer. This circult was
connected to the specimen by closing the DPDT
(double~pole double~throw) switch as shown in Fig.lO.
The austenitizing temperature could be controlled
to better than < 5°C by means of the variac. This

value does not give the absolute limits of the
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austenitizing temperature, but it is considered to
be not much in error, as described in the section on
the calibration of the thermocouple (p.91) The

results are however essentially comparative,

(b) The Direct Current Circuit,

The direct current circuit was powered by
two 6-volt accumulators and included in addition to
the resistance of the specimen a variable resistance.
A milliammeter and switch then completed the circuit.
The variable resistance fulfils = dual purpose.
Pirstly, it must be large compared with the total
resistance of the specimen, so that any changes of
resistance of the specimen do not significantly
affect the total resistance of the circuit. The
direct current passing through the specimen then
rernains substantially uncltered. Secondly, the
relatively hish resistance of this circuit enables
the switch to be closed while the specimen is being
austenitized, without the milliammeter belng
damaged.

The constant direct current passing through
the specimen during cooling produces a voltage drop
across the potential leads, and this then gives a

measure of the resistance of the specimen,
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(¢) The Measuring Circuits.

These two circuits comprised the temperat-

ure measuring and the resistance measuring circuits.

The temperature nmeasuring circuit incorpor-
ated the therrocouple, the output of which was fed
(through a cold-junction at 0°C) to a d.c. auplifier
and thence to one channcl of the recorder. In the
thernocouple circuit, a potentiometer was used to
supply a back e.m.f. to oppose the thernocouple
potential, so that a more sensitive scale on the
recorder could be used. Most of the tenmperature
readings were taken using a full-scale deflexion
on the chart of 2 mv. or approximately 50°C. Sone
measurements were made using a full-scale deflexion

of 0.5 nmv. or 12°C,

No switch was incorporated in this circuit.
The tenperature could then be measured continuously

during heating, austenitizin.g and cooling.

While cooling, the millivoltage drop across
the potential leads was fed to another d.c. amplifier,
and then to the othcer channel of the recorder.

Thus a record of the resistance change of the
specimnen was obtained. In this circuit, also,a
potentiometer was used to supply a back e.m.f., and

nost of the readings were taken using a full-scale
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deflexion of 5 mv.

During austenitizing this circuilt could
not be cloged directly with the amplifier, since
the alternating current interfered with the amplifier.
But, also, when the amplifier was in operation, it
could not be used under open-circuit input condit-
ions. To overcome this difficulty, a relay was
connected in the potential measuring circuit, as
shown in the diagranm, Pig.10. While austenitizing
the relay coil was energised and the amplifier ter-
minals shorted, while on cooling the circuit was
complete. Consequently, the resistance readings
could only be obtained on cooling, when the alter-
nating supply was switched off.

Details of the recording apparatus are

given in the Appendix.

(vi) The Prevention of Decarburization.

Early in the investigation it was found
that decarburization of the specimen during austen-
itizing was an extrerely troublesome problem. The
nartensite transfornation is very sensitive to the
carbon content in steels, and any decarburization is
manifested by an increase in the Ms temperature.
Therefore, the prevention of decarburization is of

the utnost importance,
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It was found that the tendency of a specimen
to decarburize was greater in an inert atmosphere
such as argon than in a vacuum of 10-4 mm. of mercury.
This is, however, without taking elaborate precaut-
ions to dry the argon and remove the last traces of
oxygen., Most of the experiments were made on a
specimen cooling freely in vacuum since it was found
that the cooling rate was sufficiently high to obtain
a fully martensitic structure. A slight tendency
to dccarburize was observed when austenitizing in
vacuun, especially for the high temperature treat-
ments. To conbat the remaining tendency, the speci-
mens were plated with a thin layer of nickel approx-
inately 0.002 in. thick before testing. Prior to
plating, the specimens were straightened and polished
with 600 silicon-~carbide paper. The layer of nickel

surrounding a specinen with a tenmpered nartensitic

structure, nmay be seen in the photomicrograph in Fig.ll.

The specinmen was plated in a bath containing

electrolyte of the following composition

NiSO4.7H20 100 gns.
NH401. 12.5 guas.
h3BO3' 12.5 guns.

Distilled water made up to 1 litre.
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With the specinen as the cathode and a pure
nickel sheet as the anode, the wire was plated for
4 ninutes at a currentof50 ma. By plating the
specimen and keeping the austenitizing time to a
nininum, decarburization was effectively prevented.
Por several repeated cycles of austenitizing at 850°C
and quenching the MS temperature was reproducible
to £ 1°C,, but some evidence of decarburization was
found with prolonged use, or after a high tenperature

treatment. This is discussed further in a later

section,

(vii) Operation of the Apparatus.

The sequence of operations for a typical

run may be described as follows

1. A nickel~plated specimen was nounted in the
pin-vices and the thermocouple and potential leads

attached. The required load was placed on the pan in
the cylinder. The whole assenbly was then placed in

the chamber, by replacing the top-plate.

2. The system was then pumped down to approx-
inately lO_4 nw. nercury. After connecting the
respective leads in the top plate, the anplifiers
were switched on. The direct current circuit switch
was closed and the varisble resistance adjusted

until a suitable potential reacding was obtained.
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3. The DPDT switch was closed and the specimen

austenitized at the required tenmperature.

T Towards the end of the heat treatment, the
system was isolated from the pumps, which were switched
off, since the anplifiers were extrenely sensitive to
vibration. The recorder was then switched on, and

the DPDT switch opened, and the specimen was then
cooled. The potentioneters were operated to obtain

the required trace on the recorder,

5. The stress could be applied or removed at
the required tenperature to t 200, below MS, or to

ha 5°C. above Ms, where the cooling rate is more rapid,

6. After reaching room tenperature, the speci-
men was Leacted in stages to approximately 200°C to
deternine the temperature-resistance relation of a
fully martensitic structure. A continuous curve
could not be obtained since resistance readings could

not be made during heating.

7. The specimen could now be subjected to
another cycle of austenitizing and cooling, or

renoved for examination.

(viii) The Welding of the 0.002 in, diam. Wires.

The potential and thermocouple wires were

welded to the specimen using a condenser-discharge
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technique, which has been previously used for this
purposelOl. The weld is made by the heat produced
by the electric current discharged when a condenser
is shorted. The circuit diagran of the condenser-

discharge apparatus is shown in Fig.1l2.

The sequence of operation in welding the

various leads to the specimen, is as follows :-

1. The specinen wire is connected to the
negative lead of the discharge apparatus by means
of a small spring clip. The positive lead is con-
nected to a pair of finely pointed tweezers which

are used to grip the 0.002 in. dian. wires.

2. The condensers are charged to the appro-
priate voltage through the power pack. The charge
required depends primarily on the gauge, but also on
the nature of the wire being welded. For this
application it was found that condensers of 120
nicrofarad capacity charged to 30 volts d.c. when
discharged produced 2 good weld. The charge on the
condensers could be varied by changing the output

voltage of the transformer.

3. The DPDT switch in the unit is thrown and
the 0.002 in. diam. wire 1s touched with the specimen
wire. On contact the condenser discharges and the

heat generated is usually sufficient to cause fusion
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between the wires. If the condensers are over—
charged, then the end of the lead is vapourised on

contact, end if undercharged, no welding takes place.

The fine wires were connected to the
thicker wires leading from the chamber by the samne
method. A photonmicrograph of the welded junction
of a potential lead with the specimen is shown in

Fig.13.

(ix) Metallographic Examination.

The specimens for metallographic examinat-
ion were mounted in zraldite, a cold-setting
compound, either horizontally to produce a longitudinzl
section, or vertically to view the cross-section.
Rough polishing was done on silicon carbide papers.
The mount was then polished on a diamantine wheel
followed by a diamond wheel (0 - 2 microns), with

final polishing by hand with silvo on a selvyt cloth.

The specimens were etched for wvarious
tines in 2 percent nital or Vilella's nmartensitic
reagent, having the following composition

Picric acid 1 gn,
HC1 5 ml. -
Ethyl alcohol 100 ml.






82

(x) X-ray Diffraction Exanmination.

Only a few specimens were studied by X-ray
diffraction. Powder patterns were obtained of the
wire specinens in the stressed and unstressed condit-
ions, using Mo&x:radiation with an diron filter at

35 KV. in a Hnican canera.
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4, EXPERIMENTAL RESULTS,

(1) Introduction.

The results of the investigation may be
divided into three sections giving the various

effcets on the formation of martensite

(a) The effect of austenitizing conditions.
(b) The effect of uniaxial tensile stress applied
below the Ms temperature.

(¢) The effect of tensile stress applied above M.

The results of the various austenitizing
treatments are reported first since this work was
necessary to determine suiteble standard austenitizing
conditions for the investigation on the effect of

applied stress on the martensite transformation.

Most of the results were obtained by
electrical resistance measurements, 2nd were confir:ed
and supplemented by metallographic studies and by
X-ray diffraction.

In steels, austenite (face-centred cubic)

transforns completely * to martensite (body-centred

---------------------------

* Small amounts of austenite are frequently retained

in low-~ and nedium-alloy steels at room temperature,
and even when the carbon content is not high the
nartensite reaction does not always proceed to complet-
ion at room temperature., 4n exponential equation has
been proposedd9 describing the course of transformation
in steels that does not predict an My point. The
present results indicate that a small amount of austen-
ite is retained in BEn 23 at roonm temperature.
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tetragonal) at a low temperature if the cooling rate
is sufficiently high to suppress any intermediate
transformation to pearlite or bainite. DMartensite has
a lower sypecific resistivity than austenite at any
temperature, so that as a specimen trandforms to
martensite its resistance decreases, and it is this
property that has been used to follow the course of

transformation.

As previously described, the temperature,
and potential drop across a gauge length of 2.5 cm.
of specimen, were nmeasured continuously on a duplex
recorder during cooling. Since the potential nmeasur-
ing circuit had a large external resistance in series
with the specimen, the curreant remained substantially
constant during a2 transformation cycle. The measurec
potential drop is directly proportional to the

resistance of the specimen, and since

where E>= specific resistivity

1

]

gauge length

cross-section area,

1

a
the resistivity is directly proportional to the

resistance, and hence to the measured potential drop.

Since the required results could be obtain-

ed by comparative resistance measurements it was not
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thought necessary to determine the absolute re-
sistivity. The effect of the thin coating of nickel
plate was not taken into account in the calculations.
The temperature - resistivity relation of pure

nicke1102

is very nearly linear over the temperature
range of interest, from room temperature to 300°C,
and therefore would not affect the results. The
potential reading was taken as a measure of resist-

ance in calculating the progress of the transformation,

In Fig.l4, a typical section of the
recorder chart is reproduced showing the traces of
the temperature and resistance of a specimen freely
cooled in vacuun. It will be noticed that in
addition to a decrease in resistance accompanying
transformation, there is = heat evolution associated
with the formation of martensite, manife sted by a
decrease in cooling rate. The resistance is now
plotted against temperature to calculate the per-
centage of martensite formed at any temperature
(Fig.1l5). The two straight lines represent the
resistance of completely austenitic and completely
martensitic structures respectively, and the connect-
ing curve is the resistance of the mixture of the
two phases as transformation proceeds. The resist-
ance of the fully martensitic structure was only

measured up to 180°C, since above this temperature
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tempering occurred rapidly and a true resistance
reading would not be obtained, The curve was then

extrapolated as shown by the dotted line in Fig.l15.

The resistance measurenents were converted
to percentage transformation using the approximation
that the percentage of the total resistance differ-
ence between austenite and the completely martensitic
structure at a given temperature is equal to the
volume per cent of martensite present. This assunmpt-
ion has been verified metallographically and used by
a number of Workers97. By assuming that the resist-
ance of the retained austenite may be found by
extrapolating the resistance curve of pure austenite

below M the percentage transformation is obtained

g2
by simple proportion (Fig.l5) as follows :
% martensite = Ry- R x 100 %
Ry - Ry
where R = gpecimen resistance at the required
temperature,
R_ = resistance of retained austenite.
Rm = resistance of a conpletely martensitic
structure.
It was found that after complete transform-

ation to martensite the resistance of the specimen

was decreased by approximately 30 %. Throughout
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the transformation range the resistance could be
neasured to within 1 part in 350, and the tenperature
to within %°C. The apparatus was therefore capable

of detecting changes of less than 0.3 % transform-
ation, The absolute accuracy is not, however, quite
so good, particularly in the later stages of trans-
formation, for the amount of retained austenite was
not known to any great degree of accuracy. It was

not therefore possible to measure M very accurately,
The Mf was taken to be the temperature at which trans-
formation virtually ceased, that is, the point where
the temperature - registance relation of the specinmen
on cooling coincided with the curve of a fully mar-
tensitic structure (Fig.l5). The retained austenite
was not taken into account in calculating the progress
of transformation. A conplete transformation curve
for a specimen austenitized at 850°C is given in
Pig.1l6. The Mf tenperature occurred at approximately
1109~ 120°cC.

In the En 23 steel investigated the trans-
formation started at a well-defined temperature
indicated by a sharp break in the resistance curve
(Pig.14). If the temperature of the specimen was
not uniforn along the gauge length, the start of
transformation &s given by the temperature and

regigstance differed and the temperature - registance
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curve was then rounded in the vicinity of the Ms
temperature. Any curve therefore that did not have
a sharp discontinuity was discarded.

Calibration of the Thermocouple.

Although the results are essentially
comnparative, it was decided to calibrate the thermo-
couple and recording apparatus. This was carried
out by neasuring the temperature of the Curie point
in pure iron. 4 0.010 in, diam. wire of pure iron
was nounted in the usual way. At the Curie temperature
there is a small, but nevertheless well defined change
in electrical resistance. A thermal change also
occurs, but the Curie temperature is independent of
the heating or cooling rate. The typical temperature-
resistance curve as determined on cooling (Fig.l7)
shows the inflexion point at the Curie temperature.
The results of a number of determinations gave a value
of 763 X 5°C, This is in good agreement with the
accepted value of 768°C for the Curie pointloz.
Therefore the calibration data does indicate that in
the transformation range the temperature measurement
is at least accurate to = 5°C. Since the results
are essentially comparative this accuracy is suffic-
ient, for good reproducibility was obtained, as

discussed later.
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(ii) The Effect of Austenitizing Conditions on

the Formation of Martensite.

The investigation of the effect of various
austenitizing treatments on the martensite trans-—
formation was made for two purposes which may be

stated as follows

(a) To select a suitable standard austenitizing
treatment for the study of the effect of stress
on the formation of martensite,

(b) To determine the effect of various austenitizing
conditions on the MS tenperature and the progress

of transformation.

The 'as-received' structure of the wire
consisted of carbide particles in a ferrite natrix,
For a high heating rate of 100°C./sec. the Ag
transformation was observed to occur between 710°C
and 750°C, which is the approxinate tenperature
range observed for larger speciiiens heated nore
slowly?5 On reheating at the same rate from a marten-
sitic structure, the Ac transfornation occurred at
690°C - T700°C, the transformation being conpleted
in a short tenperature range. The Ms tenperature
after the first treatment was 2 - 3°C higher than
those observed on subsequent cycles.

103
It has also been reported in the literature
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that the initial product has a marked effect on the
homogeneity of the austenite, and hence upon sub-
sequent transfornation. Therefore, to assist in
obtaining homogeneous austenite, the specimens were
initially brought to the nartensitic condition, and
to avoid teupering were rapidly heated at 100°C
per second.

Initially experinents were made to determine
the effect of austenitizing time on the formation of
martensite., These were carried out mainly at 850°C,
which is in the usual heat treatment range. For the
En 23 steel it was found that Mg remained constant
for times longer than 15 seconds at 850°C. For de-
creasing tines, the MS tenperature was depressed,
being lowered about 25°C after austenitizing for

approximately 2 seconds above the AC transformation.

Sone experiments were also carried out using
the eutectoid carbon steel., For this steel, the
specimen had to be gquenched in an atnosphere of
argon to attain a cooling rate sufficient to prevent
the formation of intermediate products. When a
specimen was rapidly heated from a nartensite
structure, it was found that all austenitizing treat-
ments resulted in nartensite after quenching. However,
if a specimen in the pearlitic condition was heated

rapidly, austenitized for short times,and then
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quenched, the formation of pearlite was always
observed. In the latter case, if the austenitizing
tinme was increased to nore than approximately 5
seconds, no pearlite was formed on subsequent cooling.
It nay thus be assumed that inhomogeneities in the
austenite causing the nucleation of pearlite, are

dissolved after 2 nminutes in the austenite region.

Fron the abave results, it was decided to
adopt 2 minutes as the standard austenitizing tine,
at a tenmperature of 850°C. Although it was not
possible to be certain that this treatment produced
completely homogeneous austenite, the conditions
gave reproducible results, and no detectable effect
on transformation was observed for longer times.
Under these conditions the Ms was reproducible within
Ry 3°C (except for the first cycle) from specimen to
specinen, and within I 100 for several repeated
cycles of austenitizing and cooling on the same
specimen, although the MS did tend to rise by 1°or

2°C¢ after about 6 cycles,

To determine the effect of austenitizing
tenperature on the course of transformation, speci-
mens were austenitized at various temperatures
between 750°C and 1250°C at intervals of 50°C. In

all cases, a time of 2 minutes was used, except at
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1150°C, 1200°C and 1250°C, when the holding tine
was 1 minute.

The results showed that as the austenitizing
temperature was increased, the Ms tenperature also
increased. After a high teuperature treatment, at
say 1200°C, the My on 2 subsequent run, at say 850°C,
had risen several degrees, but was still well below
the Ms characteristic of the high temperature. The
Ms points associated with the high temperatures have
not therefore been as accurately deternined as those

for the lower teunperature treatnents.

Figure 18 shows the relation between
austenitizing temperature and the onset of the marten-
site transformation in the En 23 steel. The Ms was
found to vary as shown, rising from 275°C when
austenitized at 750°C, to 310°C when austenitized
at 1250°C, The curve has not been calculated by
nathematically analysing the points, but by drawing

through the observed average volues,

It was found that the higher is the
austenitizing temperature, the smaller is the initial
slope of the transformation curve. This initial
slope, or the percentage of nartensite formed per
°C decrease in tenmperature, changed markedly, fron

approximately 3.5 percent per °C after austenitizing
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at 750°C, to 0.8 percent per °C after a treatnent

at 1250°C. These results are sumnarised in Fig.19.

For specimens austenitized at the lower
temperatures, (that is, less than 850°C) the initial
slope of the transformation curve is greatest, and
the slope continuously decreases with falling femper-
ature, However, with increasing austenitizing temper-
ature, the maxioun %E%é does not occur at Ms’ but
sonie 20°C lower., This effect becomes more marked
the higher the austenitizing tenperature. Fig.20
shows the initial part of three typical transformation
curves for specimens austenitized at 800°C, 950°C
and 1200°C, respectively. A few double heat treat-
rnents experinents were also made. After a double
austenitizing treatment, of for exanple, 2 minutes
at 1050°C followed by 2 ninutes at 800°C, the Ms
temperature and the shape of the transformation
curve were always found to be characteristic of the

high tenmperature treoctment.

A8 nentioned previously, it is difficult
to neasure the Mf tenperature with any great degree
of accuracy since the last few percent of austenite
transforn very sluggishly. It does appear in the
present steel that some austenite is retained at

room teuperature. No retained austenite could be
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detected by netallography, but in the X-ray diffract-
ion photographs the face-centred cubic lines char-
acteristic of austenite were always seen though

very faintly. The various austenitizing conditions
did not appear to have any marked effect on the Mf
temperature, as measurad by the resistance readings.
Although the amount of nmartensite at any particular
tenperature below Ms was greater for a high austen-
itizing treatment, the later stages of transformation
were more sluggish. An Mf tenperature of approximate-
ly 110° - 120°C was observed for all the austenitizing
treatments investigated. The conplete transformation
curves are given in Fig.21 for specinens austenitized

at 800°C, 950°C and 1200°C respectively.

Sone metallographic studies were made of
specimens austenitized at different temperatures.
The plates of martensite that formed in a small
temperature range below Még were exanined by the
Greninger~-Troiano technique. The specinmen was cooled
to 8°C below MS, and then rapidly heated to 500°C
and tenpered for 10 seconds, followed by quenching to
room tenperature. This tempering temperature is in
the 'bay'! of the TTT diagram and was used to nininize
the tendency for bainite formation. It is known

that the incubation period of the bainite transform-
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ation is reduced in the presence of martensite, and
the tenpering time was therefore also kept to a
nininpun,

Figure 22 is a photomicrograph of a
specimen subjected to the treatment described above
after austenitizing at 750°C, while the structure in
Fig.2% shows the plates formed after cooling to 8°C

below M, from an austenitiging tenmperature of 1200°C,

Although both these structures are those
observed after cooling 8°C below Ms’ the proportions
of martensite formed are markedly different, Ehe
amount of transformation resulting from an austen~
itizing temperature of 1200°C is nuch less than that
formed after treatment at 750°C, thus confirming the
electrical resistance nmeasurenents., The size of the
plates was not greatly different, but those plates
forning after a high tempercture treatment are
slightly longer. ©No evidence of the position of the
original grain boundaries was seen, A few fully
martensitic tempered structures werc exanined after
etching with Vilella's reagent. This agent has
been used to determine the original austenite grain
size of martensitic structures, but in the present
investigation no definite indication of the original

grains could be distinguished.
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(iii) Effect of Tensile Stress Applied below Ms‘

For all the experiments in this section,
the austenitizing conditions were kept constant,
nonely 2 nins. at 850°C. 1In all cases, the specinen
was heated to the austenite region at 100°C per

second from a martensitic structure.

To deternine the effect of applied stress
on the formation of martensite in the normal trans-
formation range, various loads were applied to the
specinmen at different temperatures below Ms' For the
range of stresses investigated, that is, up to
58,800 p.s.i., application of the load did not
usually produce any permanent extension of the
specimen. However, plastic deformation of the
gspecimen was noted in some instances, when .
stresses were applied in a small temperature range
below Ms’

Figure 24 shows the shape of the temperature
and resistance curves of a specinmen with a stress
of 50,200 p.s.i. applied at 5°C and 20°C below MS,
respectively. When this stress was applied at 5°C

below M a permanent extension of the specimen was

s9
noted (Fig.24b), while if the same stress was applied
at 20°C below Ms only an elastic strein was

observed (Fig.24a).
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For a stress that produced no deformation,
the resistance of the specimen increased slightly at
the temperature of application of the load, and then
as the load was removed the resistance decreased by
a small equivalent extent as shown in the diagran.
This small increase is caused by the elastic extension
of the specinmen. .4long the gauge length the length
increases slightly while the cross-sectional area
decreases slightly. Both these changes tend to
increase the resistance of the specimen., Evidence
that this is only an elastic extension is seen by
the observation that no permanent increase of re-

sistance was noted when the stress was renoved,

Also, when the load was applied a rise in
tenperature was observed on the cooling curve. The
rise was quite appreciable and amounted to 3%or
4°C for the larger stress values. After this
initial increase, or recalescence, with the load fully
applied to the specimen, the tenperature curve
followed 2 path parallel with a continuation of the
cooling curve just before the load was applied.

When the load was removed the cooling rate of the
specinmen increased markedly for a short period, and

then followed a curve of the normal cooling rate.

When a load was applied to (or removed
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from) a specimen with a stable structure, for
exanple, pearlite or tempered martensite, the re-
sistance curve showed the small increase (and de-
crease), but no discontinuity was observed in the
cooling curve., For this reason the effects described
above may be attributed to transformation behaviour.
During transformation heat is evolved, and therefore
the increase in temperature obsesrved is agsociated
with an increased amount of transformation, or burst,

induced by the applied stress,

To calculate the progress of transformation
the resistance must be plotted against temperature.
In this case, the resistance values taken were those
shown by the dotted line in Fig.24a, obtained by
interpolation. These values were taken since this
anomalous increase in resistance is a result of the
applied load and not due to any transformation
effect. The actual tenperature values were plotted
since the tenperature of the specimen or its cooling
rate is not substantially affected by these small
dimensional changes. From the tenperature-resistance
relationship so plotted the course of transformation
could be calculated. Fig.25 shows the course of
transformation for a specimen with a stress of

50,200 p.s.i. applied at 20°C below I, and removed
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25°C below. The amount of transformation induced

by the stress has been taken to be the increment

of martensite formed at the temperature of applicat-
ion of the load., When the load was removed it may
be seen that the slope of the transforuation curve
was reduced indicating little martensite was forming
until a continuvation of the normal transformation
curve was reached, when transformation progressed as
nornally. The sanc shape of curve was obtained for
all stress values producing no permanent deformation ,
anG this high stress value was only used as a cleay

iliustration of the observed effect,

If, however, the stress was sufficient to
cause plastic defornation of the specimen, resulting
in a permanent extension, the shape of the temperature
and resistance curves was altered. This deformation
was only observed for the larger stress values
applied in a small temperature range below Ms’ When
the load was applied the increase in resistance was
nuch larger, and when the load was removed, the
resistance only decreased a small amount, egquivalent
to the elastic strain. The cooling curve also did
not follow a similar path. The rise in temperature
was observed as before, but théxffgff a little, but

not as far as the normal cooling curve, When the

load was removed the cooling rate increased, The
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rate approached that observed immediately above Ms’
indicating that 1little or no transformation was
occurring immediately after the load wes removed,

The cooling curve then passed below that of a specimen
with no load applied, However, when transformation
¢id take place the slope of the transformation curve

was greater,

To calculate the progress of transfornation
the resistance curve was continued as indicated by |
the dotted line in Fig 24b, The results obtained
when a stress caused plastic deformation are not as
accurate a2s those when only elastic strain is observed,
since the resistance could not be determined as
precisely.

For a given load of 50,200 p.s.i., it was
found that the amount of martensite formed in the
burst depends on the temperature of application
below MS. Fig.26 gives the amount of martensite
forned in the burst for a load of 50,200 p.s.i. as a
function of the tenperature below Ms 2t which the
load was applied. The upper part of this curve, shown
dotted, is the region in which the stress produced

permnanent extension of the specimen,

This curve reached 2 nininun value of

approximately 0.5 percent martensite at the Mf
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temperature. But if the load was applied below the
normal Mo then this sane anount of martensite was
forned. However, if the load was then removed and
reapplied no transfornation was observed. But if
the load was applied and removed above Mp gnd then
reapplied at a lower temperatﬁre additional transform-

ation was noted,

Por a given temperature of application of
the stress, 12°C below Ms’ the relation between the
amount of martensite formed in the dburst and the
nagnitude of the applied stress is given in Fig.27.
For the low stress values very little increased
transformation was observed, and the smallest stress
for which an enhanced transformation was noted, was
3,700 p.s.i. The curve was extrapolated back to the
origin as shown by the dotted line. The justificat-

ion for this extrapolation is discussed later,

(iv) Effect of Tensile Stress Applied Above M.

To deternine the effect of tensile stress
applied above MS, stresses up to 55,000 p.s.i. were
applied at temperatures between Ms and approximately
600°C. The standard austenitizing conditions
described previously were used for all experiments.

.Ls described in the previous section, it
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was pogsible to determine whether the specinen
suffered any permanent extension from the ghape of
the registance curve. It was found that a stress
below the yield stress of the metastable austenite
86’104, that is one only causing elastic strain did
not induce transformation to martensite. From the
present experiments the yield stress of the austenite

immediately above Ms’ at approximately 3%00°C, was

deduced to be about 25,000 p.s.i.

If a stress producing an elastic gtrain
wasg applied above Ms and the specimen was then
cooled through Ms enhanced deformation of the speci-
men was observed at My and continucd for a small
temperature range below Ms‘ This increased extension
was observed for stress values well below the yield
stress of the austenite, Although no zctual measure-
nents of extension were made the effect was clearly
observed from the shape of the resistance curve.
. Therefore on cooling the austenite was able to
support relatively large loads above Ms’ but at the
start of transformation extensive yielding was
observed. It was not possible to measure any
definite increase of Ms ag a result of elastic
stress since the expected increase of 1 or 2°C

is of the same order of magnitude as the reproduc-
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ibility of Ms' But some trend was noticed, partic-
ularly for those stresscs close to0 the yield stress

of the austenite,

When a stress that produces plastic deform-
ation of the austenite is applied above MS transform-
ation to martensite was induced. It was found that
a small amount of martensite was formed as a result
of the applied stress, only while the specimen was
undergoing deformation. As the load was applied the
resistance increased, and then with the load fully
applied the specimen was able to support the in-
creased load. While the resistance was increasing
during the load application (i.e. during the exten-—
sion) the cooling rate decreased indicating increased
transformation. This observation was confirnmed

netallographicelly, as described below,

If the load was then removed from the
specimen before the normal Ms was reached, a depres-—
sion of the start of transformation was observed,
This effect is shown in Fig.28. A load of 50,200
p.s.i. was applied at 305°C and then removed at
295°C, During the extension of the specimen a small
anount of martensite was formed. Then on continued
cooling no transformation occurred until a temper-

ature of 286°C was reached. This corresponds to a
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lowering of Ms of about 1&2°C. However, when trans-
formation did start the slope of the transformation
curve was very steep, anounting to some 6 -~ 7 percent
martensite per °C decrease in temperature, which is
higher than the slope of the normal transformation
curve.

But, if the same stress was applied at the
sanme tenperature, but not removed until below Ms,
the progress of transformation was altered. In this
case, the nartensite was induced during deformation
as before, and then no transformation was observed
when the load was fully applied. But on continued
cooling, transformation occurred just above the
normal MS temperature and the slope of the trans-
formation curve was eizzi&;&%g-the normal one. The
load was then removed at 288°C and little or no
further transformation was observed while the tem-
perature dropped 13°C. Then as before when trans-
formation did take place the slope of the transform-
ation curve was steep, Fig.29 shows the progress
of transformation with a2 stress of 50,200 p.s.i.

applied above Ms and removed below Ms'

Since transforration is induced only
during deformation, the amount of martensite formed

depends on the degree of strain or extension. The
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percent of martensite formed was found to increase
as the applied stress increased when the temperature
of application was constant. But for a given stress
value the amount of martensite formed during defornm-
ation decreased as the temperature of application
above MS increased., As the tenperature of application
of the load increased the extension also increased
slightly as the yield stress dropped. The highest
temperature a2t which stress induced martensite was
observed was approximately 70° - 80°C above Ns. This
Mﬂ temperature could not be determined with much
accuracy because for the strains involved the anount
of martensite formed was so small. With the present
apparatus it was not possible to produce large strains,
and in fact tensile strain is not usually used to
mEasure Md' Large deformations may be more easily
accomplished by compression.

However, Fig.30 does show the approximate
amount of martensite induced by a tensile stress of
50,200 p.s.i. applied at various temperatures above
MS. These points were mainly obtained from the
shape of the cooling curve and it is emphasized that
these values are not precise. But they do show the
general trend.

If the load which deforms the austenite
is removed above Ms the normal Ms temnperature is

depressed. This effect was observed when the load
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was applied at all temperatures between MS and 6OO°C.I
That is, both in the range Ms - Md’ and above,

The martensite plates that are induced by
the applied stress during deformation above Ms have
been found to be much smaller than those that form
just below the normal Ms‘ Fig.31 shows the martensite
formed by applying a tensile stress of 50,200 p.s.i.
30°C above M, and then tempering for 10 seconds at
500°C and quenching. The size of these plates may
be compared with those formed below MS viewed at the
same magnification in the photomicrograph of Fig.32.
It may be seen that the stress-induced plates are

smaller by at least an order of magnitude.
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5. DISCUSSION,

(i) The iffect of Austenitizing Conditions.

There now seems to be little doubt that
increasing the austenitizing temperature raises the
Mg temperature, It is not yet certain whether this
effect may be attributed to the grain size '"per se
or to the thermel history of the specimen, The prea-
ent results have confirmed that increasing the
austenitizing temperature increases Ms‘ Although no
actual measurements of the austenite grain size were
made it is safe to assume that the grain size will
increase with higher austenitizing temperature. The
extent of this increzse was not known, but by compar-
ison with the results of other workers on similar

steelsg4’96,

it is quite probable that the austenite
grain size doubles for each 100°C or so increase

in austenitizing temperature,.

Martensite plates are known to be halted
at a grain boundary, or another plate, andéd it has
also been observed that the growth of a plate may be
halted ingide the grain7. For example, in a single
crystal the interface often does not extend completely
across the crystallE. The present results appear to
substantiate this observation, for the plates that
form as 2 result of the high temperature are not

narkedly larger than those observed after a low
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Yenperature treatment.

Another interesting observation is that the
slope of the transformation curve in a small tenper-
ature range below Ms is substantially less when a
high austenitizing treatment has been given (that is,
less transformation occurs per °C decrease in temper-
ature). For the lower custenitizing temperatures,
750°C - 850°C, the slope of the transformation curve
is a2 maximun at MS, and continuously decreases as
transformation proceeds (Fig.20). At the high
temperature treatnents, however, the initial part of
the curve has a2 low slope value, which increases
with falling temperature. This curve is very similar

105 who observed

to those obtained by Brook et al.
that the initinl portion of the transformation curve
was rounded up 1o approximately 7 % martensite, and
that this was followed by a linear portion up to

50 % transfgymation. These curves were obtained by

the Groninger-—Troianog8

technique after austenitizing
at 1200°C. Since this technique does not produce
results as accurate as those obtained by electrical
resistance measurenents, the agreenent with the

present results is remarkably good,

Most of the theories of martensite trans-
formation have a provision for predicting an increase

of the MS temperature with austenitizing temperature,
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However, before the results are examined in the light
of these theories, it is as well to look at the other
posgibilities,; such a2s decarburization and the homo-
geneity of the austenite, which can affect the course

of transformation in stecls,

The Ms tenperature is very dependent on
the carbon content, increasing carbon lowering the
M (Fig.1l.) Therefore, removal of carbon by de-
carburization will tend to raise the Ms for a given
austenitizing treatment. +is described previously,
the prevention of decarburization was a very trouble~
some problem. However, by teking suitable precaut-
ions decarburization was effectively eliminated,
except for a slight tendency after several cycles,
or a very high temperature treatment. These effects
were extremely smzll, for the MS tenperature was only
increased by 1 or 2°C after about 6 cycles of
austenitizing at 850°C and cooling. At the higher
temperature treatments this effect was more marked.
When o specimen was austenitized under the standard
conditions, after 2 high austenitizing temperature
cycle, the MS was found to have risen by a small
anount, but the shape of the transformation curve
remained unchanged. It is considered that any de-~

carburization that did take place probably occurred
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in the vicinity of the welded junction between the
fine thermocouple and potential wires and the speci-
nen, where the nickel plating was not completely

94,106 have not con-

continuous. Previous workers
nented on this phenomenon, since for only one cyédle
of heating and cooling the small effect would not be
observed, whilec in larger specinens the observation
would be less noticeable. Fron the foregoing dis-
cussion it may then be said that decarburization of
the specimen during austenitization has been effect-
ively prevented.

Another effect which may change the course
of transformation is the degree of solution of car-
bides in the austenite, that is, the hormogeneity of
the austenite, The 'as-received' structure of the
wire consisted of carbide particles in a ferrite
matrix, After an initial treatment at 850°C, an
excellent reproducibility of iy was found on repeated
cycles of austenitizing and cooling. The Ms on the
first cycle was slightly higher (2 - 3°C) than those

The +esvlls of
observed on subsequent cycles, bthus-eontieming.

Quaqesl
103 3CSrea that the initial o

previous workers
structure and the rote of heating to austenite)laffect
subsequent transformation on cooling, It is possible

that the initial structure affects subsequent trans-

formation by altering the grain size of the austenite,
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as well as the homogeneity., It is not certain whether
the initial treatment does result in conmplete dis-
solution of the carbides, and therefore produce
honogeneous nmartensite.

The results obtained on the eutectold
carbon steel also indicate that a time of 2 nminutes
at tenpercture was quite sufficient to produce homo-
geneous zcustenite, particularly by rapid heating fron
martensite. It was found that for all austenitizing
times above approximately 5 seconds, after starting
from a pearlitic structure, pearlite was not formed
on subsequent cooling, and since pearlite is nucleat-
ed by carbides (or the assoclated carbon deficient
regions), the achievement Sfih6m6geneous austenite-
is indicated,.

It is probable that the presence of car-
bides in the austenite tends to increase Ms’ for
nucleation of martensite occurs in carbon-depleted
regions. As the austenitizing temperature is in-
creased, carbide particles will dissolve nore
readily, and therefore these regions become smaller,
and the total alloy content of the austenite in-

creases thus cmusing the lowering of Ms.

However, in the present investigation no
such depression was observed (except for the first

cycle), and it may thus be concluded that homogeneous
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austenite was produced under the conditions of
austenitizing used.

Hence by elininating the effects due to
decarburization and the homogeneity of the austenite
it has been established that the austenitizing
temperature influences the nucleation pattern of
martensite, which nay be caused by the grain size
or some other property which is a function of
temperature.

Classical nucleation theory of Fisher,
Hollomen and Turnbull59 predicts an increase of Ms
with increasing grain size. Grain boundaries act as
barriers to the propagation of martensite plates,
though it has been observed that a plate in a
neighbouring grain nay be nucleated by the stress
field of one halted at the boundary. It is assumed
that the number of nuclei per unit volume is not
altered, so that when o plate is formed in a coerse-
grained sanmple the volume percent transformed is
larger than in a fine-grained material, if the plate
grows to the grain boundary. The measured Ms is then
higher. In the present investigation this explanation
does not appear valid, because the nartensite plates
forning after different austenitizing treatwments do
not appecar to differ greatly in size. This theory

also does not predict the observed decrease in slope
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of the transformation curve as the austenitizing
temperature is 1ncreaseds it would rather suggest
an opposite effect.

All the recent work, both by practical and
theoretical considerations, does suggest that
nucleation occurs at some form of structural heter-
ogeneity. Dislocations (which are strain sensitive)
and associated stacking faults are the most likely

69

defects. In Jaswon's rnodel of nucleation in iron-
base alloys, the stacking fault of the intermediate
o gtructure is pictured as contracting as the teuper-
ature is raised since the o' structure is unstable
relative to austenite. Then on guenching only the
sources existing at the austenitizing temperature

are available for troansformation, and the Ms is
depressed. Although this idea does not predict the
experimentally observed Ms values, it may account for
the low slope of the tramsforration curve., It may

be suggested then that as the austecnitizing temper-
ature is increascd, grain growth occurs and as the
boundaries move they will act 2s =2 sink for the
dislocations in the austenite. The nobility of
dislocations also rises as the temperature rises and
they will consequently tend to annihilate more
easily. The dénsity of dislocations will thereby

be lowered, thus altering the nucleation pattern,



131

for there will be fewer effective sites., This would
explain why a low initial slope of the transformat-
ion curve 1is ohgerved after a high austenitizing
treatnent. Then as the tenperature is lowered, the
first formed plates effectively divide the austenite
grains and the size is reduced, and the martensite
that then forms will do s0 in a2 larger nunber of
graihs, and the slope of the transformation curve
will increase. It is also probable that the stress
field produced by the first plates aids nucleation

for further transfornation.

Another interesting observation wzs that
after the high temperature treatments the cooling
curve showed snall kinks in the region immediately
below My. These may be attributed to the growth of
individual plates in the vicinity of the thermo-
couple. As 2 plate forms the heat of transforration
will raise the temperature slightly (or retard the
rate of cooling), producing a kink on the cooling
curve. This effect was only observed during the
first few degrees below Mg and only after high
austenitizing tenmperzctures. For low austenitizing
tenperatures, the plates that first forrm are smaller,
and more transfornation occurs per °C decrease in
temperature, ancé although the integrated effect is

to produce a greater thermal arrest, a smooth curve
results,
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Evidence that grain size "per se" is not
the only factor that influences the nartensite trans-
fornmation is provided in experiments by Porter and
Dienesg7. They found that the depression of MS,
caused by neutron irradiation of iron-nickel alloys,
was markedly greater for coarse-graincd specinens
than fine-grained ones. It was suggested that the
plates that formed in the coarse-grained naterial
may be rore sensitive to changes in the sirength of
the matrix., This would also suggest that the austen-~
ite in the coarse-grains contains less structural

defects to impede trnnsformation. These results

therefore lend support to the idea expressed above,

There are similarities between the dis-
location generation models of nucleation and those
that envisaoge the enbryo forming at strain centres
or preferred sites. Both nodels use dislocations as
the starting point and it is possible that the

7

embryo as pictured by Kaufman and Cohen' 1s a second
stage in the nucleation process, which originates
from dislocations and stacking faults. In fact,

60

Knapp and Dehlinger propose that the embryo formns

by interaction of certain pairs of dislocatiouns,

It is quite probable that the number of
embryos resulting from a high temperature treatment

would be less since the dislocation density may be



133

reduced, But each embryo may be larger since at a
high temperature the dislocations are more mobile,
and hence the cozlesgénce of embryos would be favour -
eds, 4lse the tinme on cooling would be dlightly
longer; tending to »produce larger embryos. Since it
is sugposed that a spectrum of enbryo sizes exists
at Ms’ the larger embryos propagating to unartendite
first, Ms would be raised in accordance with experi-
ment, It is emphasized by Kaufman and Cohen’ that
after transformation has begun the quantitative
calculations on nucleation do not necessarily hold
because of the catalytic effects of plates in

nucleating others,

(1i) The Effect of Appliecd Tensile Stress,

The results have shown that both applied
elastic and plastic tensile stresses influence the
forrnction of nmartensite in En 23 steecl, thus con-
firming the observations of investigators of other

systens exhibiting martensitic transfornations,

Evidence that the burst of transfornation
which occurs as the load is applied is a rcal effect
ig given in the experiment in which the stress was
applied to 2 fully nartensitic or pearlitic structure.
No discontinuity in the temperature curve was
observed. The marked recalescence that is observed

as the load is applied during transformation in the
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nartensitic range results from the heat evolved by
the additional transformation induced by the applied
stress,

It was found that stresses of from 4,000 -
55,000 p.s.i. (the highest value investigated)

applied below M_, induced transformation to nmartensite.

g
The curve giving the anount of transformation in-
duced by various stresses applied 12°C below Ms shows
a change in slope at approximately 25,000 p.s.i.
(Fig.27). This stress is approximately the yield
stress of netastable austenite as determined by other
Worker586’104. i good measure of this yield stress
was also obtained from the load that the specimen
could support without yielding above Ms' Pig.33 shows
the yield stress of metastable austenite as a
function of temperature. Since the martensite
transformation is known to be strain sensitive, and
although the minimunm stress for which enhanced
transformation was observed was approximately
4,000 p.s.1., it seems reasonable to suppose that
211 elastic strains will influence transformation,
and hence the curve was extrapolated back to the
origin,

These effects due to elastic strain would
predict that an increase of M under applied stress

should be observed. If the transformation curve

(Fig.25) with the load applied was extrapolated back



199

¥ 1 L 1 % £13 T
O Q27 OFFSET YIELD STRENGTH,
vl 59%CrO8%My, CAST sTEEL, °*
O ESTIMATED YIELD STRENGTH,
©.2Y% CARBON STEEL %°
X THIS INVESTIGATION.
el
o,
2.
Q i ><\
'9 V:)
x Q
= 20F
a N
0 N\
5 e )
2 a \O
ul
o O
i B
o F . SN
~
3 O
() L 1 ] | L ! 1
0O 200 300 400 500 00 700 80O
TEMPERATURE, °C.
Fle. 3% THE YIELD STRENGTH OF METASTABLE

AUSTENITE IN S TERC




136

to the temperature axis, the intercept would give

the increase in MS, i.e. AMS. It was not found
possible, however, 1o measure this increase accur-—
ately. The load would necessarily havce to be applied

above the normal 1 and for loads that are below

g
the yield stress of the netastzble austcnite the
increase is very snall, only of the order of reprod-
ucibility of Ms, that is approximately 1 or 2°C,

while for larger stresses, plastic deformation of the
austenite occurs, This deformation induces trans-—
formation by another nechanism (which is discusscd
later), and also mechanical stabilization effects
nask the influence of the elastic strains, However,
an indication of 2 small increase in MS due to applied
elastic stress was observed.

Elastic strains have been found to influ-
ence nartensitic transformations in many alloy systemns
but no quantitative work has been reported in the
literature for plain carbon or low alloy steels.

Patel and Cohen58

have reported AMS values of 1°C

per 1000 p.s.i. for tensile stress in an iron-nickel-~
carbon alloy of high alloy content (Fig.6), while

in the present work on En 2% steel a value of 1°C

per 8,000 - 10,000 p.s.i. is indicated. It is not

obvious why elastic stress should aid transforuation

to a greater extent in the highly =zlloyed steel.
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The habit plane for this steel is {ZSQ}X while in

the low~-alloy steel it is predominantly {225LX .

The effect may then be partly attributable to the
larger number of possible planes with the (259}:3' habit,
and therefore it is more likely that one plane will
be more favourably orientated to the applied stress

axis, thereby requiring a lower stress for propagation.

The behaviour of transformation induced by
applicd tensile stress (Fig.25), is consistent with
the idea of a spectrunm of embryo sizes 'frozen-in'
from a high temperature7. As the stress below Ms
is applied, the driving force for trensformation is
effectively increased, and embryos are activated
that would not otherwise have propagated until a lower
tenperature was reached, When these embryos have
been activated, the transformestion curve follows an
parallel path with the normal transformation curve,
At each temperature embryos are activated at a
slightly higher temperature than they would have if
no applied stress were present., The magnitude of
this temperature gap depends on the value of the
stress, When the load is removed, the small in-
crease in driving force is removed. The temperature
must therefore be lowered until it is such that the
remaining embryos become critical. Thus little or

no transformation is observed for a small temperature
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drop as the load is renmoved., The magnitude of this
temperature drop depends on the value of the applied
stress and on the temperature below MS, that is,
on the austenite available for transformation, It
nay then be stated that an elastic stress applied and
removed in no way affects the course of subsequent
transforrmation,

Evidence that some austenite is retained
under normal conditions is provided by the stress
measurenents, A stress of 50,200 p.s.i. appliled
below the Mf temperature induces approximately 0.,5%
transformation, while if this stress is reapplied
below Mp then no additional transformation is
observed., Although this stress may not have been
sufficient to transform all the retained austenite,
it does suggest that only a very small percentage
was retained., This conclusion was confirmed by
X~ray measurenents. Although the Debye-Scherrer
lines characteristic of the face-centred cubic
austenite were observed, they were extrenely faint,
indicating a very small percentage of retained

austenite,
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A stress below the yield stress of
netastable austenite, that is, approximately
25,000 p.s.i. (Fig.33), applied above M, does not
induce transformation above the normal transformation
tenperature, except insofar that it raises the Ms
by a snall anount AMS. The role of the elastic
strain in raising Ms 1g a thermodynamic one, The
total driving force for transformation is raised,
and TO is then raised, as observed in the indium-~
thalliun system (Fig.7). In the present case,

however, the effect is very much smaller,

If the applied stregss causes plastic de-
formation of the austenite the course of transformat-
ion is greatly changed. A stress that produces
vermanent deformation induces a small amount of
nartensite while the specimen 1s deforming. The
influence of plastic deformation on the martensite
transformation is a kinetic effect 3s distinet from

the thermodynanic effect of elastic strain.

If the applied load was removed before
the normal transformation temperature was reached,
no transformation occurred until the temperature had
fallen further (the amount depending on the degree
of permanent deformation)., when the reaction did
start, however, the slope of the transformation

durve was very steep, indicating a high percentage
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of martensite forming per °C decrease in temperature.
If the stress was kept applied, the normal Ms was
raised slightly, and the slope of the transformation
curve was lowered, Now when this load was removed
below My little or no transformation occurred for

an appreciable drop in temperature, and when trans-
formation did recommence the slope of the transform-

ation curve showed rapid transformation,

The plastic deformation influsnces nucleat-
ion either by introducing new nuclei, or by expanding
the nuclei or faults that are already present. The
shear stress required to initiate transformation
increases as the temperature increases, until at
Md only slip occurs. It appears that within the

egmperature range Ms - Md martensite transformation
congtitutes a2 mode of stress relief which conpetes
with slip, and in this respect is similar to deform-

69

ation twinning. Jaswon congiders that it is
probable that all three modes (martensite transform—
ation, slip and twinning) originate from essentially

similar kihds of source,

Cold work or deformation between Mé and Md
activates nucleation by expanding the proposed
quarter-dislocations to produce martensite., It is
not immediately obvious why the plates induced by

plastic deformation are smaller than those that form
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on normal cooling, However, it is not surprising
gince the conditions of formation are narkedly
different, and it nay be that the propagation
mechanism is halted by interacting dislocations on

other slip systens,

The plastic deformation necessarily
work~hardens the matrix and it is therefore not
surprising that MS is depressed on further cooling,
for the critical shear stress of the austenite will
have increased, thereby making the propagation of a
plate more difficult. The driving force for trans-
formation must then be greater and the temperature
nust be lower to activate sources, and Ms is accord-
ingly depressed, However when transformation does
occur the volume that transforms per °C is larger;
the driving force regquired for a nucleus to reach
critical size is larger than that required for pro-
vagation. This mechanical stabilization of the
austenite is very similar to that observed due to

thernal stabilization48

, and is analogous to the
yield point phenomenon in mild stee125, when dis-

locations are unpinned from their atnospheres,

When, however, the stress is not removed
above M the main transfornation occurs at a higher

temperature, Jjust above the Ms observed under normal
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conditions, In this case the elastic component of
the stress adds to the thermodynamic driving force
to initiate transformation. The slope is not so
great, but this is probably due to the retarding
effect produced by the deformation., Although the
relative effect of elastic strain is not known in
this case, it is expected to exert the major influ-
ence. VWhen the stress is removed no transformation
occurs until the driving force without the addition-
al elastic strain energy is sufficient to cause the
nuclei to grow., Again when the specimen was mechan-
ically stabilized the slope of the transformation

curve was greater,

Another interesting observation is that
of enhanced deformation or 'transformation plasticity!
in a enall tenperature range below Ms‘ In the present
work, this transformation plasticity has been
observed for all stresses above approximately
10,000 p.s.i., while using 2 more accurate strain

86 observed a

measuring device, Porter and Rosenthal
'threshold' stress for increased extension at
1,000 p.s.1i, These values are significantly below

the yield stress of the netastable austenite (Fig.33).

It has bcen suggestedlo7 that the nost

probable cause for this phenomenon is that applied
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stress favours the formation of suitably orient-
ated martensite plates, It has been found that
elastic tensile stresses favour the formation of
martensite plates; therefore during the early stages
of transformation under an applied tensile stress,
martensite plates which produce a deformation that
relieves the applied stress, will be formed 1in
preference to those of less favourable orientation,

in accord with Le Chatelier's principle,

Increased deformation as a result of
preferred orientation has been observed by Chang and
Read15 in the gold-cadmlium systen. However, no
evidence of preferred plates could be found by Porter
and Rosentha186, and in the present case, no pre-~

ferred orientation was detected,

Since the effect is only observed in a
spmall tenperature range below Ms the volume percent-
age of transformation of martensite plates with
preferred orientations, would be small when conpared
with the fully transformed structure. Hence it is
not surprising that the X-ray films did not show any
evidence for preferred orientation.

However, metallographic exanmination of the
first-formed plates by the Greninger—Troian098

technique should reveal plates with preferred
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directions. However, no preferred orientation was
observed; the structure consisted of a random
distribution of plates.

Another mechanism to account for the ilncreased
plasticity has been suggested by Porter and
Rosentha186. They assuriec that the transformation
supplies energy to form dislocation pile-ups at
grain boundaries, and that only a small additional
stress 1s then required to activate slip in preferred
directions. This explanation suffers from the dis-
advantage that it may be applied only to alloys of low
stacking fault energy, in which such pile-ups occurlog.

This effect may be better explained in
another way; a mechanism is proposed below., It secems
more likely that the increesed extension results from
preferred slip in the austenite round a martensite
plate. The deformation appears to be greater than
that expected only from a consideration of preferred
plates, especially as the phenomenon is observed only
in a small temperature range below MS where a small
volume of transformation occurs. Internal twinning on
a fine scale of a martensite plate, and also plastic
deformation of the austenite surrounding a plate has
been noted by transmission electron microscopylg’los.
The observed dislocation densities particularly near

ole

the tip of a plate nay be as high as 1 dislocat-
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ions per sg. cm.l9 A8 a plate grows, dislocations

nove through the austenite, and it is probable that
only a2 small additional strese is required for slip
to occur in a preferred direction by movement of
dislocations in the slip system that is closest

to the applied stress axis., Slip in the nartensite
plates would not occur preferentially because the
critical shear stress for dislocation movement is
nuch greater than in austenite, especially since the
plates are internally twinned. The preferred slip
in the austenite round a plate would then account

for the enhanced extension.

The enhanced deformation is observed only
in 2 short temperature range below MS, because the
nartensite plates form a network in the austenite
thereby strengthening it. As transformation proceeds
the austenite becones nore defornmed, and by inter-
action of dislocations, the novement of slip dis-
locations becones very limited, and the increased

extension is no longer observed,

L conplete description of the cause of this
defornation which is observed to accompany trans-
formation under stress probably involves both the
effects of preferred orientation and the mechanism

proposed in this thesis, the relotive proportions
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depending on the alloy system investigated, In
this case it appears that the latter mechanism is

predoninant,

(iii) Application to Hard-Zone Cracking.

A relation was established between the
end-of~transformation temperature (Mf) of steels and
their liability to cracking in the heat affected
zone of welds: ¥When transformation continues below
a certain critical temperature with a2 given cooling
rate then cracking is observed., The critical tem-
perature varies with the diffusible hydrogen content
of the weld metal and may be lowered 40° - 50°¢
from approximately 290°C by using low-hydrogen
electrodes.,

This investigation was undertaken primarily
to determine the effect of stress on transformation
and to elucidate the problem of the effect of re-~
straint in the wélded structure. The austenitizing
conditions may also play a part in this connection.
At different distances from the weld transformation
will start at different temperatures because of the
austenitizing conditions.

The results do tend to suggest that stress
would not play a large part in promoting cracking,
since generally stress does not lower transformation
temperatures, and also the phenomenon of transformat-

ion plasticity would relieve stresses.
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CONCLUSIONS.

It is considered that the results obtained
gnd discussed in this thesis have materially con-
tributed to the fundamental knowledge of the martensite
transformation in steels, by providing new experimental
data not hitherto reported, and by confirming the
results of other workers on other materials. The
results have a bearing in relation to the hard~zone
cracking in welded steels, and their application to

this phenomenon has been briefly discussed,

The findings of this investigation may be
expressed as follows

(a) Effect of Austenitizing Conditions.

(1) The M temperature is raised as the
austenitizing temperature is raised.

(ii) The slope of the transformation curve
decreases as the austenitizing temperature
increases, that is, the percentage of
martensite formed per OC decrease in

temperature is lowered.

The results have been discussed in terms
of the theories of the nucleation of martensite and
a suggestion has been proposed to account for the
observed effects based on nucleation at structural

heterogeneities.
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(b) Effect of Applied Tensile Stress.

(i) Elastic stress applied below M, causes
a burst of transformation,

(ii) Plastic deformation of the metastable
austenite induces transformation to
martensite in a limited temperature
range above MS.

(iii) Plastic deformation above M mechanically
stabilizes the austenite, thereby
depressing MS.

(iv) After stabilization the slope of the
transformation curve was high, that is
transformation occurred at an accelerated
rate.

(v) During the early stages of transformation
enhanced deformation occurs under a low

applied stress.

These observations have béen discussed in
the light of current theories of martensitic trans-
formations, and a suggested mechanism has been
proposed to account for the enhanced deformation
under applied stress, by preferred slip of the

austenite adjacent to martensite plates.
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APPENDIX.

Details of the Recording Apparatus.

The recording apparatus consisted of
two de.c. Amplifiers and a Duplex Recorder, one
channel being used for the electrical resistivity
measurenents and the other to obtain a continuous

record of the temperature of the specimen.

Two Tinsley d.c. Amplifiers (Type 6035)
were used having input ranges of 0.5, 2, 5 and 40
nillivolts, and 5, 10 and 25 millivolts, respect-
ively, with an output current of 20 milliamps for
full-scale deflexion. The response time of the
amplifiers was about 0.15 seconds from zero to
full svale.

(11) Recorder.

The output from the amplifiers was fed
to an Ivershed and Vignoles Hish Response Duplex
Pen Recorder. The chart was 7 ins. wide and 65 ft.
long calibrated on two channels each 2% ins. wide.
Chart speeds of ¥%, 1, 3, 6 and 12 ins. per minute
were obtainable, and it was possible to use these
same speeds in inches per second by fitting a new
clock in the recorder., The recorder had a full

scale deflexion specd of 0.125 second.
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