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Abstract,

A study has been made of the strengthening by
rapid austenitizing of iron-26% nickel-0.3 - 0.L% carbon and
iron-23% nickel-2.9% molybdenum—0, 4% carbon alloys which are
austenitic at room temperature and in which a substantial
amount of martensite can be formed on quenching below room
temperature. Samples, initially in the martensitic state,
have been austenitized to 600 - 850°C inzéalt;bath for about
one minute and quenched in water. The reverted austenite
(S.T.A. austenite) has a strength 3 - 4 times higher than that
of the conventionally annealed austenite, Factors contribut-
ing to the increased strength of the S.T.A. austenite have
been discussed on the basis of microstructural observations.

111ines/cm2) is a

A high density of dislocations (~~10
characteristic structural feature. Interferometric techniques
have established that for heating rates obtainable with a
liguid salt bath, the reverse transformation is of martensitic
nature,

With increasing time of austenitizing in the case
of iron-nickel-carbon alloys, the yield stress and hardness
of the S.T.A. austenite decrease slowly at first and, for
relatively longer austenitizing times, attain nearly the same
values as that of conventionally annealed austenites This

behagviour is attributed to a recovery process involving an

activation energy of about 150 Kcal/mol. In iron-nickel-
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molybdenum-carbon alloys, however, prolonged austenitizing
results in phase changes.

The martensite produced from S.T.A. austenite
(i.es S.T.A. martensite) has a sliphtly higher strength than
the conventional martensite - both in the tempered aﬁd un-—
tempered conditions. The difference in the strength ( ~ 6%)
of the untempered martensite results from refinement in the
S.T.A. martensite plate size and a change in its defect sub-
structure,

The effects of tempering the two martensites
(viz. S.T.A. and conventional) in the range 190 - 550°C for
times up to 100 hours have also been studied in relation to
secondary hardening in the iron-nickel-molybdenum—carbon
alloys. The tempered S.T.A. martensite (peak hardness) has a
higher strength (~ 10%) than that of the tempered conventional
martensite (peak hardness) and this is explained on the basis
of the relatively fine size of alloy carbide (Mo,C) particles
in the case of S.T.A. martensite, Precipitation of alloy
carbide along the twins and at the dislocatiomns has been

observed.



General Introduction

When austeni&eftransforms on cooling, its grain
;_size and defect structure are important factors to be con-
sidered in relation to the micro structure and properties of
the ﬁransformation producéi '6ne of the ways of controlling the
austénite structure, with s view to improving the mechanical |
properties, is to use short-time austenitizing treatments. Such
treatments strengthen the austenite, and this effect has been
demonstrated particularly well in alloys which are aﬁstenitic
ap.room temperature and in which substantial amounts of
martensite can be produced by guenching below room'temperaturea
The terms S.T.A. austenite and S.T.A. martensite have been
;htroduced to designate thé austenite produced by short-time

rapid sustenitizing treatments and martensite produced there-

- from.

Heating the martehnsite structure, using relatively
low -gustenitizing tempefatufes, can increase the y%eld strength
of the reverted austenite by a factor of about thpée; this
type of strengthening has been termed 'phase hardening' by some
authors»(Aﬂ)» Using iron-nickel alloys (33.5 -percent
nickel)x, Krauss(A2> showed that the reverted sustenite was
characterized by a very high density of tangled dislocations

and suggested that thié structural feasture resulted from the

* All compositions given in weight percent.

.
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volume change accompanying the reverse martensite transform-
ation, Some work has also been reported by Phillips and
Duckworth (835 A.l) on the effect of short-time austenitizing
treatments on the properties of martensite; working with a
plain carbon steel containing O.4% carbon, they showed that
such treatments significantly increascd the hardness and
tensile strength.

There is a likelihood of similarity between the
‘effects of short-time rapid austenitizing treatments and
ausforming treatment in that both produce a high density of
lattice defects in the austenite, The structure ard properties
of the martensite, produced from S.T.A. austenite, may be
influenced in various ways e.g. the size, shape and sub-
structure of the marptensite crystals may be affected and also
the sub-structure may play an important role in carbide pre-

cipitation during the tempering of the martensite.

The experiments reported in this investigation
form part of a study of strengthening by means of short-time
rapid austenitizing including the strengthening of martgnsite,
both in the tempered and untempered conditions. Iron-nickel-
carbon and iron-nickel~molybdenum—-carbon alloys, sustenitic at

room temperature, were used.
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CHAPTER I

Previous Work

1.1 General

Our present day technology is forcing a demand
upon metallurgists for alloys with higher yield stress and
duectility and much of the work in ferrous metallurgy is con-
cerned with methods of improving the strength attainable with
martensitic and tempered martensitic structures. Among the
relatively new ways of strengthening ferrous alloys that have
attracted considerable attention are: ausforming, maraging and

short-cycle rapid austenitizing,

Ausforming: Details of the ausform process have been described

elsewhere (A;5 to A'7). Briefly, the process may be defined as
the plastic deformation of metastable austenite and the sub-
sequent transformation to martensite, The deformation is carried
out at a temperature in the so-called 'bay' that exists in the
T-T-T diagrams of certain alloy steels between the trans-
formation bands of pearlite and bainite.. The ultra-high

strength of ausformed steel has been shown to be directly
proportional to the carbon content (A.8) McEvily et al (A.6)

have concluded that the attainment of ultra-~high strengths in
‘ausformed steels is dependent upon the development of a uniform

dispersion of fine carbides., Rarlier investigations of Raymond
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and Reuter (A-Q), and of Thomas et al (A.10) have illustrated
thet the strength increase in ausformed steels is due not only
to the carbide dispersion but also to the increase in dis-

location density.,

Maraging: Relatively recently precipitation hardened high
alloy steels have been developed by the International Nickel
Company as the result of many years work by Bieber (A.11) on
aluminium-titanium-niobium hardened iron-nickel alloys. As a
result of intenmsive research and development the earlier steels
have been superseded by the 18% nickel-Co-Mo steels which show
better notch toughness, The yield/tensile strength ratie of
these steels is very high but they have a good ductility - about
ten percent., A typical composition is iron-18% nickel- L
(0.2 - 0.6%) titanium - 0,07% aluminium ~ 8,0% cobalt -

(3 - L4%) molybdenum.

The cycle of treatment for the maraging steels
involves mechanical treatment at about 920°C followed by
solution treatment at 820°C and, after cooling to room temper—
ature, ageing at about 480°C, It has been found (A«12) that
the ageing effects depend upon the product of the pércentage
of cobalt and molybdenum. The reason for the very high strength
(90 tons/in2 - 135 tons/in2) is believed to be associated with
the precipitation of intermetallic compounds and there is some

indication that the cobalt has an ordering effect (5012).
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Short-cycle rapid austenitizing: The short-cycle austenitizing

method involves rapid heating, holding briefly at, and rapidly
cooling from the austenitizing temperature. The enhancement in
the mechanical properties of the short-time rapidly austenitizead
structure has been demonstrated by a few investigators (e.g.
A.2, A.13 and A°1u). The ultimate commercial benefits achieved
by short—-time rapid austenitizing methods may be limited since
rapid heating of thick sections would be a problem in itself,
However, the strengthening of austenite by rapid reversion migih
be of practical interest from the point of view of sustenitic
steels, provided that some martensite can be formed in them
prior to rapid sustenitizing. Furthermore, if the strength

of the parent austenite has any effect on the subsequent form-
ation of martensite, the structural features of the S.T.A.
martensite may be of interest from the point of view of

s trengthe ning.

1.2 Previous work,

The physical effects of the martensite to
austenite transformation were described; in principle, as
long ago as 1932 by Wassermann (A-15), Studying an iron-30%
nickel alloy after the direct and reverse martensitic trans-
formation he observed X-ray line broadening, indicating the
presence of a hardening proccess., He concluded that the reversw

transformation is characterized by the random formation and
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growth of crystal nuclei of the newly formed phase (i.e.
austenite). Wassermann's work was concerned with the annealing
behaviour of the reverted austenite and it is not clear from
his report whether a high rate of heating was employed or not.
This may be a critical feature to mention since the nature of
reversion is likely to depend upon the heating rate. With g
slow heating rate the reverse transformation is expected to be

diffusion controlled.

1.21 Effect of rapid austenitizing on the strength of S.T.A.

~us tenite,

During recent years, the study of the trans-
form tion of martensite to austenite, and its effect on strength
and structure has attracted the attention of both Russian and
American investigators. Russian workers, in particular, have
shown considerasble interest and have been investigating the
structural features of the reversed austenite using alloy
steels and iron-nickel alloys. One of the difficulties of
studying the reverse transformation in carbon-containing
ferrous martensi tes is that during the heating for austenitizing
some tempering is likely to occur., It is probably for this
reason that in the last decade, almost all the American
investigators have studied reversion in iron-(30 - 3L%) nickel

alloys which are austenitic at room temperature.
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The strengthening of austenite by the reverse
martensitic transformation in iron-(30 - 33%) nickel alloys,
with heating rates comparable to that used in the present
investigation, was studied by Krauss and Cohen (AJB) who
found that the reversed austenite was significantly altered
in strength, microstructure and annealing characteristics,
With increasing number of transformation cycles the strength
of the reverted aus tenite was slightly enhanced but the major
strengthening effect occurred in the first cycle., The structure
of the reversed austenite was greatly distorted. Krauss (A'2),
using an iron-33.5% nickel alloy, found that the reversed

austenite contained a high density of tanglcd dislocations.

Following the hardness changes of the reversed
austenite, Krauss and Cohen (A-13) employed various annealing
temperatures (600°C - 700°C) and found that the plot of hard-
ness 'vS' time of annealing at a particular temperature takes
the sigmoidal form similar to that obtained when a cold-worked
structure is recrystallized on annealing. Their conclusion,
supported by optical micrography, was that the reverse marten-
site traensformmation, on prolonged austenitizing, involves
recovery and recrystallization.. Gridner et al (4.16) in their
earlier work had shown similar sigmoidal changes in hardness
with increasing time of annealing., However, no study of the
reverted structure was made and thehauthors did not comment on

the nature of the annealing behaviour..
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The reversion of high-carbon sustenitic alloy
steels under conditions of rapid austenitizing treatments,
with reference to their mechanical properties, has been studied
by Gorbach and Malyshev (A«14), They have reported strengthen-
ing of the austenite (reversed austenite) by 300 percent. In
comparison with the martensitic steels, the austenitic steels,
from the point of view of yield strcss, were shown to be more
responsive to rapid austenitizing treatments., They have also
demonstrated that there is a critical heating rate which must
be exceeded if maximum strengthening is to be achieved. With
a heating rate of about 1000°C per minute the martensite to
aus tenite transformation (in iron-14.0% nickel~O.88¢% carbon
alloy) resulted in a substantial increase in the strength of
the reversed austenite. Reduction in the heating rate for
aus tenitizing gradually raised the Ms temperature of the alloy,
indicating thereby that the solid solution is being depleted
of carbon and that the reversion is occurring by diffusion
controlled tempering phenomena. In their view the yield stress
of the reversed austenite due to rapid austenitizing increases
in proportion to the initial yield strength of the annealed
austenite, ®@xceptionally high strengthening in austenitic:
iron-nickel-(1-2%) titanium alloys, by rspid austenitizing
treatments, has becen reported by Malyshev and Borodina (A‘17>;

but it appears that because these alloys belong to an ageing
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system, the exceptionally high strength may be due to the

development of dispersion hardening.

1,22 Effect of rapid austenitizing on the structure of 8.T.A.

austenite,

Most of the Russian investigators have made a
detailed investigation of the structural features of'the
reversed austenite obtained by rapid austenitizing and the
term "phase hardening" has been used to denote the strengthen-
ing that can be achieved, Their investigations have included
the aspect of stabilization of the reversed austenite relative
to the subsequent martensitic transformation, Gridnev et al
(A.16) made o study of both the direct and reverse mertensitic
tfansformations. Using 22.0% nickel-0,02% carbon -~ 3.0%
manganese steel (Ms = 10°C) and with heating rates varying
from 100°C to 100000C/second, they found that as a result of
the reverse martensitic transformation by rapid austenitizing
the maximum stabilization effect was observed after the first
cycle of heating and cooling; the reverted structure (marten—
sitic) showed an increase in the tensile strength of about 13
percent, These workers found that an increase in the heating
rate from 1000C to 10,;000°C pecr second had very little effect
on the tempersture at which reversion began in the case of
the alloy studied, XKrauss and Cohen, using molten salt for

rapid heating,(A‘13) have achieved comple te reversal of the



- 19 -

martensitic transformation in iron-nickel alloys at a
temperature wi thin the (c&+-K) region of the phase diagram,
indicating thereby that with relatively high rates of heating
thcre is an spparent lowering of the transformation temperature.
-The study of the effects cf heating rate on the reverse trans—
formation in an iron-18% nickel-8% cobalt-0.684titanium marag-
ing steel by Goldberg and O'Connor (A.18) has supported the
view that a decresse in reversion temperature is obtained with
-increase in heating rate., With relatively high rates of heat-
ing to certain austenitizing temperatures, the reversed
austenite can be unstable relative to equilibrium ferrite +
austenite mixtures. Depending upon the time of holding at the
temperature of austenitizing, fully reversed sustenite can be
generated even though the structure tends to decompose to

ferrite and austenite,

Gorback and Butakova (4.719) made an optiecal
mstallographic study of the reversed austenite in alloys
(austenitic at room temperature) containing 28% nickel - 0, 5%
chromium - O.3% manganese -~ 0,04% carbon. They reported that
the transformation of a martensitc crystal to austenite
proceeds gradually and extcends over a temperature fange of
400 - 500°C. It is important to point out that in their
investiga tion, a relatively low heating rate (109C per minute)

was employed and it can be expected that the reversion was



- 20 -

diffusion controlled, at least partly. It appears from their
work that the reverse transformation did not develop over the
entire martensite crystal to form a single plate (crystal) of

reversed gustenite,

Gorbach and Butakova (4:19) observed that the
rcversed austenite needles appeared at the martensite~austenite
interface; the initial martensite boundaries disappeared on
reversion, and the fragments of the reverted agustenite formed
a continuous structure with the retained.austenité. Dash and
Brown (4.20) working on an iron - 32% nickel alioy have repofted
gsimilar observations. The observations also indicated that the
recverse transformation takes place through layer by layer
dissolution at the interface. However, the authors have not
indicated the rate at which the specimens were heated, In a
recent publication, Jana and Wayman (4.21), using an iron - 3%
nickel alloy, have reported that with a heating rate of 10C per
minute and an austenitizing temperature of 320°C (very close to
the (X +¥)/¥ boundary), martensite to austenite reversion
ocecurs by the martensite/austenite interface sweeping through
the interior of the original martensite plate, It is likely
that with this rate of heating, a perceptible amount of

diffusion is occurring.
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Kessler and Pitsch (A.22) have studied reversion
in an iron - 32.5% nickel alley using heating rates of 1OQJper
minute and 100°C per second. They found that the reverse trans-—
formation proceeded with the development of small austenite
plates along the martensite—austenite interface and these plates
were differcntly oriented wi thin each martensite crystal. After
heating to about MZOOC, complete reversion was observed. On
lowering the rate of heating to 0.3% per minute an appreciable
rigse in the temperature at which transformation to austenite
began was noticed and the reversion was comple ted at 550°¢.
Kessler and Pitsch's observation (heating rate 0. 3% per minute)
of the sphere-like formation of reversed austenite in some

regions was indicative of diffusion controlled procecsses.

Surface relief studies of the reverse tranddrm-
atlion were pioneered by the Russians in the late thirtiecs.
It was Golovchina (8+23) who, later in 1951, reported that the
reverse martensitic transformation (both in brasses and in iron
alloys) was the result of coherent translations similar to those

in the direct austenitc to martensite transformation.

Edmondson and Ko (A+24) in their study of the
martensitic transformation in an iron - 34% nickel alloy have
shown the occurrence of plastic deformation in the austenite

during both heating and cooling. When a partly martensitic
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specimen, unpolished after transformation, was austenitized at
14,00°C (heating rete not mentioned) there was a residual tilt-
ing of the areas originally occupied by the martensite and some
rippling effect was also observed. Such observations indicate
that the reversion may be of martensitic nature. 8Since the
specimen surface already showed tilts (due to the direct
transformation), it is difficult to decide whether the final
tilt of the surface after reversion included tilts due to the
actual reversion. Sokolov et al (A:25) noted that the relief
arising during the reversion is more complicated than a simple
mirror reflection of the relief in the direct trahsformstion
and have suggested that a large number of fragments of reversed
austenite arise during reversion. Gorbach and Butakova (8¢19)
have supported this view on optical micrography evidence. They
have obscrved (iron-nickel alloy, heating rate 1000/minute)
that as the reverse transformation develops the relief
progressively extends over the entirc martensite plate.

Krauss and Shapiro (A.26), while working on the crystallo-
graphy of the rcverse martensitic transformation in an iron-
nickel alloy, have shown that there is a certain relief effect,
with each fragment of the reversal product (austenite) which
interscects the surface of the sample. Their measurement of the
tangent of the tilt angle yielded values varying from 0.08 to

0.51. The maximum value of the shear (i.e. 0.51) appears to be



- 23 -

appreciably higher than that of 0.20 reported for the direct
transformation by Machlin and Cohen (4.27). Work by Dash and
Brown (A;QO) has suggcstced that the reverse transformation is
primarily through a shear process but it is aided by atomic
diffusion. 1In a recent publication by Kessler and Pitsch (A.22)
the martehsitic nature of reversion (iron-32,5% nickel alloy)
has becn clearly demonstrated. AccordingAto these authors, the
reverse transformation takes place martensitically if the
specimen is austenitized at relatively high heating rates. At
low heating rates (0.3°C per minute) part of the reverse trans-—
formation occurs martensitically but, simultaneously, the
diffusion of iron or nickel across the austenite/martensite
interface appears to stabilize the rest of the untransformed

martensite, s thus raising the transformation tempcrature.

The orientation relationships between the

martensite and the reversed austenite have bcen found (A.26 and

A.28) to be the same as that for the direct transformation.
This indicates that the crystallographic nature of the reverse
transfomation is basically the same as that of the austenite
to martensite transformation. TKessler and Pitsch (A.28) have
explained their cfystallographic data by an application of the
Wechsler, Liebermann and Reed theory of martensitic trans-
formtions (A+29) and assuming that the lattice invariant shear

of reverse transformation takes place along the {111} planes
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of the reversed austenite. By this they proved that the reverse
transformation which occurred at high heating rates (100°%¢

per seccond) was of pure martensitic nature.

The metallographic investigation of Bdmondson
and Xo (A+24) on an iron - 34% nickel alloy has shown that the
plestic deformation in austenite after a complcte cycle of
cooling and heating transformations consiste of (a) slipping
in austenite, (b) severe deformation in the regions originally
occupled by the martensite crystals. The structure after

reversion was called a 'ghost' structure,

In subsequent work Krauss (4.2) showed by
electron—microscoby that the reversed austenite (obtained by
using heating rates comparable to the ones used in the present
investigation) contained a high concentration of tangled and
Jogged dislocations. The dislocation density of the reversed
austenite was about a factor of ten greater than that observed
in the retained austenite of directly transformed specimens.
Dash and Brown (A:20) have also rcported the tangled nature of
the dislocations in the reversed austenite. Krauss (A.2)
suggestcd that the increase in the density of dislocations is
a result of vacancy generation during the sudden structural
volume change occurring during the transition from the
martensite (bec.c.) to austenite (f.c.c.). Kuhlmann-Wilsdorf

et al (4. 30) have stressed the importance of cxcess vacancies
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in the formation of jogged dislocations. The high dislocation
density of the reversed austenite was considered to strengthen

the reversed austenite.

Xrauss (4+2) has also reported the presence of
relatively large islsnds of reversed austecnite and has
identified these islands as twin related. He has referred to
these twins as 'reversal' twins. Some of these twins have
been reported (A+2) ag being sbout five microns in width and
appear to have slightly curved boundaries. Krauss (4.2) has
observed the highly imperfect nature of the 'reversal' twins
containing tengled dislocations. The mechanism by which the
'reversal' twins are formed has not been reported in the
literature, However, Krauss (4.2) is of the opinion that these
twins are formed on recovery after reversal. Breedis (A.31)
has also shown the twinned nature of the reversed austenite in
an iron - 16% chromium- 12% nickel stainless steel alloy.

A recent study of the structure of the reversed
austenite in an 18/8 stainless steel slloy has been made by
Thomas and Krauss (A.32). They have reported the formation of
lathlike M2506 precipitate particles in areas originally
occupied by the martensite plates. The authors believe that
the precipitation occurs prior to reversal, and affects the
subsequent transformation to martensite on guenching. They have
also shown a substructure of high density of dislocations in

the reversed austenite,
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EXPERIL FI'TAL _PROGEDURE..

2.1 Alloy composition and preparation

As mentioned in Chapter I, the effects of short-
time austenitizing are more uwarked in austenitic steels than
in martensitic ones; the choice of steels for the present in-
vestigation was influenced by the recuirement of producing a
fully asustenitic structure at room temperaturc while allowing
substantial amounts of martensite to form on quenching to

liquid nitrogen.

Steels, with composition (by weirht) shown in table
27-1, were chosen as suitable for the present investisation,
For a study of the tewpering behaviour of the steels, it Wwas
decided thsat some alloys should contain a strong carbide- form-

ing element and wmolybdenum was chosen.

Preparation of meterisls.

All the alloys, except HP1, were obtained either
from Internstional l'ickel Ltd. (Birmingham) or the British

Iron and Steel Research Associastion (Sheffield).

Alloy HP1: This alloy was prepared by the author by high-
frequency inductibn melting in vacuum, and cast in an argon

atmosphere. After rehesting to 1200°C in & hydrogen
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atmosphere, the alloy was hot forced into plates of about i

thic¥ness and air cooled.

Alloys INI:1, INM2 and IMii: All these alloys, supplied by

International Fickel 1td., werc vacuum melted and hot wo rked

to £ or 4" thick plates.

Alloy BISM1: This alloy, supplied by the British Iron and

Steel Research Associs tion, was wmanufactured by vacuum induct-
ion melting and casting using pure Swedish iron as melting
base with the addition of graphite, nickel and ferro-molybdenum
With slternate annealing and hot-rolling, the ingot was re-
duced to about 0.2 inch thick plates.

All the alloys were scaled during the hot working
and the plate was, therefore, surface-ground by an amount
varying from 0,030" to about C,060%, Homogenizing was done in
~a vacuum furnace at 1200°C for 3-4 hours. This was followed
by grindins the surface by about 0.02"., An approximate cal-
culation, Appendix 'A', shows that there was not likely to be
any significant loss of carbon during homogenizing.

Rolling of the samples, with intermediate annealing,

was carriecd out until the desircd thickness was achieved.

Solution trestment: HP1, IMNM and part of IFN2 alloys were

solution treated in a vacuum furnace at 1OOOOC for 2 hours

and were cooled slowly in the furnace. This resulted in an
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austenite structure at room temperature.

The above method was found unsatisfactory for the
solution treatment of iron-nickel-molybdenum-carbon alloys
because of possible precipitation of carbides during slow cool-
ing in the vacuum furnace. Samples of these alloys (IFL1 and
BISL1) and also of the remaining part of INI2, sealed in
evacuated‘%V1O"u mmHg) transparent silica tubes, were heated to
12uO°C for INM1 snd BISL1 and to 1200°¢ for INN2 for 3 hours,
after which the silica tube was dropped into a water bath and
was broken immnediately. The resulting structure was completely
austenitic at room tempersture. In the guthor's experience
this wethod proved very satisfactory. An gzpproximate cal-
culation, Appendix A, shows that there was no significant loss
of carbon durins solution treatment. 1In addition, chemical
analysis of the INMY alloy after the solution treatment,
showed that the amount of carbon was the same as in the as-
received condition.

Samples of INM1 snd BISH1 alloys, solution treated
a8 described above, were used as the 'standard' (conventional)
austenite, In the case of HP1, INNI and II"'2 alloys, samples,
splution treated at 1000°C Ffor 2 hours in the vacuum furnace,
auenched to -196°C and reheated in the vacuum furnace at 800°¢

for one hour were used to produce 'conventional' austenite.
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liixtures of petroleum-ether and liguid nitrogen'
were used to obtain sub-zero temperatures ranging from 0°C to
about -110°0., These mixtures, however, become 'pasty' below
-110°C and alternative mixtures of iso-pentane agnd liquid
nitrogen were used below this temperature down to about -1065°C,
In both type of mixtures, the sub~zero temperatures could be

easily meintained for sbout ten minutes.

2.2 Determination of martensite-austenite revepsion

temperature.

Experiments were made to determine the temperature
at which austenite formed on rapid heating of martensite,
Heating rates of about uODG per second were used and the
transformation was studied by makine use of the dilatometric
property of the martensite-austenite transformation. The
apparatus was that used by Ankara (B1). iartensitic strips
(HP1 alloy), 7" x 0.01% x 2mm, were hested in a vacuum chamber
by A.C, A continuous record of change in length of the strip
showed that the transformation to sustenite occurred between
532°C amd 550°C.

It should be noted herc that some tempering of the
martensitic structure occurs during the heating of the strip
(see Section 2,54) and it is for this reason that the temm

'reversion' temperature, rather than Ag temperature, has been
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adopted. Also, use of the terums Ay and A3 temperatures is
avolded as these refer to heating under eguilibrium conditions

of the phases concerned.

2.3 Rapid heating technigues.

fiany methods of rapid heating are available., HZach

method hss its own advantage and the choice depends on the
size of the specimen, heat losses during heating and the sub-
sequent observations to be made., It is necessary to keep in
mind the need to avoid decarburization during heating.

One of the recent developments in this field is
'Laser' heating. With this technicue, heating rates as high
ss 10° Oc/sec have been reported (B2)., This method has the
following disadvantages for the prescent purpose of investig-
ation,.
a) As the specimen is heated in 2ir, decarburization of the
materialy, hcated for relatively long tiwes, is bound to occur.
b) Laser pulse heating is suitable for intervals of 0.001 -
0.1 second when no precautions are nceded to avoid heat loss
to the surroundineg air. For times longer than this the temper-

ature drop in the specimen becomes appreciable (B3).

Resistance heating., Some experiments were done using direct

clectric heating. This wethod of heating has the advantage

that presumably the thermal diffusivity of the specimen does
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not control the rate at which the centre of the specimen
attains a given temperature., Direct electric resistance
heating was, however, abandoned on the following grounds.

a) Martensite tensile specimens were tempered at the
'shoulders' of the test piesce.

b) Buckling of the specimens, during the heating, invariably

occurred,

Liguid bath immersion: Since,; in direct electric heating, it

was difficult to quench the specimen immediately after the
rapid heating in the vacuum, use of a high temperature liquid-
salt bath was found satisfactory. Simple manual immersion of
the samples in these baths and subsequent removal can cover
the time interval from a few seconds to longer times.

Two salts, supplied by I.C.I. under the commercial
names Q.S.495 and N.C.660 were used. The former could be
used up to 700°C and the latter up to 900°C. TFor austenitiz-
ing times longer than about 5 minutes, Regenerator "A"
(supplicd by I.C.I) was used. It is claimed that the use of
the regencrator prevents dccarburization during heating in the
salt bath and some tests were carricd out, Appendix B, to
confirm this. |

Heating in a liquid bath has the advantage that a
constant temperature can be maintaincd throughout the bath

thus giving a uniform heating rate of the specimen, The
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temperature of the bath was controlled to within * BOC up to
a temperature of 650°C and to within # 5°C up to 850°C.

In view of the difficulties of obtaining accurate
values of the co-efficient of heat transfer and the specific
heat for the alloys employed in this investigstion and of the
thermal properties of the commercial salts used in the bath,
approximate calculations suggest that it takes about 5 seconds
for a specimen 0,01" thick to reach a bath temperature of

650°¢.
2.4 Reversion

Lxperiments were aimed to determine the extent of
reversion when a martensitic structure is austenitized for
short-times. X-ray powder-study and the use of a magnetic

balance were the two techniques used for this purpose.

2.41 Austenitizing of powdered samples for

X-ray study.

Rapid heating of powdered samples, for the pur-
pose of x-ray study, was carried out by enclosing annealed
and quenched (-196°C) powder samples of INM{ alloy in
aluminium~foil envelopes and immersing them in the salt
bath at 8L0°C for about LO seconds followed by guenching in

wagter, o b.c.c., or b.,c.t. diffraction lires were detected
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on X-ray diffraction examination.

2. 142 agnetic balance.

Lxperiments, using a Sucksmith-type magnetic
balance (BL), werc carried out in the Ketallurgy Department
of Birmingham University. It should be pointed out here that,
since austenite is paramagnetic, the recorded magnetic res-
ponse, in fact, includes the paramagnetic contribution and
the ferromagnetic contribution.

Under standard condit ions of non-uniform field and
constant field gradient the force on a ferromagne tic specimen,
measured by displacement (D), is given by

D = Km <,
where m is the mass of the specimen, «¢ is the average satur-
ation intensity and X is a constant for the apparatus under
standard conditions. This relationship does not yield an
absolute value of € but allows an accurate comparison to be
made between the values of the two specimens; if & for the
material of onc of these be known, then that of the other can
be deduced, The apparatus can therefore readily be calibrat-
ed by measuring the deflection due to a specimen of known
mass prepared from materigl of known & . Pure nickel was
used for this purpose since, besides its availability, its

saturation magnetic intensity is accurately known (54.3 c.g. s
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units). +We have then

Dx _Kmx Sx _ Mxog (1)
Prvi  Kimgs @53 MppySig

where the suffices 'Mi' and 'x' refer to nickel and the
specimen of unknown &, respectively. The calibration was
checked immediatcly before and after every determination of

= and it was found that, provided the apparatus (particularly
the optical system) was not disturbed, the deflection due to
the standard nickel specimen varied only slightly.
containing % equivalent amount

The value of &,

of ferromagnetic content, can be obtained by
5, (100%) x g

: — (2
“x = 100 ~

Thus using equations (1) and (2)

m, x & (100%) x Dy

M% =

It is claimed that the magnetic balance had * 0,5%
reproducibility provided the value of &is accurately known.
The calculations for &, (100%) were made using published dba
(BL) on the effect of nickel and molybdenum on the saturation
intensity of iron assuming that these effects would be

additive; the influence of carbon was assumcd to be that

of pure dilution. (B5)
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The overall sensitivity is claimed to be O.1% at
ferromagnetic contents of 0% falling to about 0.2% for 100%

ferromagne tic contents.

2¢5 Mechanical propertics.

2.51 Hardness: All samples used for the purpose of
hardness testing (or for optical microscopical study), after
austenitizing, were ground to remove any scale or surface layer
formed during the heat treatment. The macrohardness of the
polished specimen was determined using a Vickers testing
machine with a pyramid indentor and a load of 2.5 or 5.0 kgm
depending upon the thickness of the specimen, Xither five or
ten indentations were used on each specimen depending on the
degree of reproducibility discovered.

Microhardness tests were carried ous using a G.K.N.
microhardness tester with a load of 30 gms. and a umm, object-
ive.

2.52 Tenslle tests, Tensile test specimens were pre—

pared from rolled and anncaled sheets. They were then sol-
ution treated as described earller in this chapter., The
dimensions of the tensile specimens (shown below) were in

accordance with a British Standard Specification,
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§ Overall Gauge Gauge Radi Pin hole

width width | length adlus + i smeter |
R e s WpRPREY FR AP l. e vm A ——————— e bt | Bt mea ‘...w..“’t. B T
i 0.75u 0. 251 1,54 0. 25 % 0. 25"

The tensilce tests were carried out on samples with
different thicknesses (0,025% - 0.0uO“) and the spccimens con-
tained about 6 -~ 10 grains across the thickness, All tests
were carried out using an Instron testing machine which had a
load range from 10 to 5000 kgm with the load cellse The ext-
cnsion was measured by marking two pairs of light scratches,
with each scratch of a pair at a distance of 2.0 cms from the
other., A crogs-head speed of 0.2 cm per minute was used

throughout the investigation.

Pactors affecting the tensile tests.

a) Testing technigue: The main feature of testing technique

which affect the yleld stress, other than rate of straining,
is- the axiality of loading and evenness of straining of the
test piece. Care was, therefore, taken to ensure both proper

gripping of the test plece and axial loading.

b) HMachine characteristics: To determine the strain

induced in the testing machine, a rigid bar was tested under
the same conditions as the specimen (i.e. the same strain ratec,

temperature etc). Assuming the effect of loading is only in
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the machine, the straln in the machine was calculated and sub-

tracted from the recorded strain in the specimen.

2.53 PFormation of martensite during mechanical testing.

The possibility of martensite formation in the
austenite during hardness testing and tensile testing at room
temperature was investigated by metallographic examination.

Mo martcnsite was detected during hardness testing (Fig. 2.1).
This figure, however, shows strained regions around the
indentation. Fig. 2.2 is a micrograph of S.T.A aus tenite
strained about 0.2% in tension. Dark etching regions, some-
what like slip bands in appearance, are, in fact, the character-

istic structural feature of the S.T.A. austenite (see section

3,15).

2.5 Standardization of initial martensitic structure -

tempering at room temperature.

It was found that when the martensite, produced by
quenching iron-nickel-carbon alloys to -19600, was heated to
room femperature, a hardness increase of about 60 HV occurs
during the heating. Annealed specimens of INF1 wcre kept at
-196°C for about 15 minutes, and then polished and tested for
hsardness at room temperature. The polishing operation took

about two minutes. ATfter about 30 minutes the speclimen
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achieved a maximum hardness of about LLO HV.

Thus, thc martcnsite examined at room temperature
was a slightly 'tempered' structure. The observed hardening
is consistent with the results of Winchell and Coh&n (B6).
Specimens, after qguenching in liquid nitrogen were therefore
kept at room temperature for about hslf an hour to ensure that
approximately the same hardness and degree of tempering were

achieved prior to reversion or mechanical testing.

2.6 Metallographic Procedures.

2.61 Light Microscopy

All the specimens for metallographic examin-
ation were mounted in bakelite. The rough polishing on silicon
carbide papers of various grades was followed by polishing on
diamond wheels using diamond dust of seven and one micron fine-
ness.

Por structural observations of S.T.A; aus tenite,
csome of the specimens were chemically thinned by about 0O, 02"
to ensure complete removal of any surface layer formed during
the austenitizing treatment. The following etchants were

found sgtisfactory.
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2,62 Interferometry: The study of surface relief

accompanying reversion was made by an interferometric techniguc
The interferometer was in the form of s metallographic optical
microscope (Reichert Mel') having a polarizer and an analyser

in the crossed position.

Specimens of INNM1 alloy, after quenching to just
below Ms, were polished with % micron diamond paste followed
by electropolishing in chromic acid. To avoid touching the
polished surface the specimens were put in a ‘cradle' with
narrow ends. The cradle was then put into the salt bath at
65000 and held there for about one minute. After austenitiz-
ing, a light polish on the % micron diamond paste had no
effect on the surface relief appearance. The same procedure

was adopted for the preparation of specimens for making carbon

replicas.
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2,63 ZXlectronmlcroscopye.

The samples used for electronmicroscopy were in
strip form about 0.75" wide and about O0,005" thick. The strip
was heated from the mertcensitic state in the salt bath for
various times and temperaturcs.

A two-stage Bellman technique (B7) was used for
producing thin foils, In the first stage the electrothinning
was fast and the thickness was reduced from O,005" to about
0.001", The sccond stage of electrothinning was carried out
in a dif'ferent electrolyte. Success was achieved and after a
little practice falirly large thin foils were obtained for
observation in the electron microscope.

The electrolytes and conditions employed for

elcetrothinning and polishing were:

Composi tion: Ortho phosphoric Acid --- 60 mls
Sulphuric Acid (conc) —-- 4O mls
Conditions: Temperature 3 50°C
Current Density -—= 2,04/s8q".

Cathodes --- Stainless steel (strip)
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Stage 1T,
Composition: CroB --- 100 gm.

Glacial Acetic Acid ~-- 5LO e, c.

Distilled Water -—= 28 c.c.
Conditions: Voltage ——=  20-25V

Current Density -——  0.2A/sq".

Temperature -— 10 - 150¢

Cathode =--- BStainless Steel (Pointed)

During the course of the research, both a Hitachi
(HU 11) and an AEI (EM6G) microscope were used. Both the
electron-microscopes can be operated at 100 XV, and have the
facilities for tilting the specimen about one axis through an
angle of 50.

Regions of interest in the foils werc photographed
together with diffraction patterns from sclected areas. In
addition a high resolution dark field technique was employed.

Analysis of diffraction patterns, obtained from
areas of “reversal twinsY and carbide precipitates, was done
by standard methods, and orientation rclationships were deter-

mined.

2.6l Dislocation density measurements.

The determination of the density of dislocations

was done by the method of Smith and Geuttman (B.&,).
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It should be emphasized that accurate dislocation density
measurement has not‘becn possible because of the freguent
occurrence of the unresolved and 'cloudy' dislocations scatt-
ered throughout thc network in S.T.A. austenitic structures.
However, the average dislocation density '#' of areas of
particular interest was estimated using the grid method which

employs the expression

> 2N
7T Lt

where 'N' is the number of intersections made by the dis-
location lines with the grid lines of total length LY, 't
being the thickness of the foil and '# ' is the'dislocation
density., Two grids were used, one with a regular set of gfid
lines and the other with grid lines drawn at random. The
foil thickness 't' was not determined but was taken as 25002.
In view of the fact that few electron wmicrographs,
with resolved networks of dislocations in the S.T.A. austenite,
were obtained, only about 600 counts were possible in the S.T.A.
aus tenite structure. About 120 counts were made in the casc
of fully annealed austenite, The possibility of the intro-
duction of dislocations by foil handling in the case of
anncaled asustenite, (being softer than the 8.T.A. austenite)
must be taken as a source of error in the cstimation of dis-

location density. This error is difficult to estimate,
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CHAPTER III1

RESULTS



- L7 -

3. 11 Presentaticn of results.

Usin;: the hish heating rates in licuid baths, it is
aimed in this investigation to study the effects of rapid
austenitizing on the mechanical properties of the sustenite
and to compare these properties with those of the austenite
broduced by conventional austenitizing-annealing. The observed
enhanced strength has been explained on the basis of structural
observations made both by optical and electron microscopical
study.

The shear-type nature of the reverse transformation
(martensite = austenite) is verified by the surface relief.
Bvidence for the relief effect, occurring during reversion,
has been obtained by an interferometric microscopical study
and also by electron microscopy using the direct carbon
replica technicue.

On the basis of the structural observations, an
attempt has been wade to explain the high activation energy

for recovery of the sustenite,
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3.12 Initigl structures

3.12a = Mg temperatures and the amount of martensite at
liguid nitrogen tempersture.

Approxima te values of lig for the alloys employed in
the present investigation are tabulated below. One of the
factors which influences the iig is the prior austenizing
tenperature and this is also mentioned in the table (3T-1).

The amount of wmartensite formed after quenching to
~-196°C was csloulated by the 'point counting' techniaue of
quanti tative metallography. An average of 1000 counts on each
sample was made,

For all the iron-nickel-carbon zlleoys, the g
temperature is in fair agreement with the results of previous

workers (C.41).

J¢12b - Typical structure and hardness on short-time

rapid asustenitizing.,

Short—-time rapid austenitizing treatments result in
an appreclable enhancement in hardness. The increase in hard-—
ness is dependent upon the time of sustenitizing, the amount
of martensite present prior to austenitizing and, for

relatively long timee, upon the tewmperature of austenitizing.
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TABLE 3T-1

i T “‘; 1

: Approximate per-

t ; cent martensite
Code | Alloy composition | Austenitizing g 'on cooling in

i (by weight) Treatinent 5 ! 1iquid nitrogen

26%¢, nickel-0,25% 800°C for one ! o

:carbon balance-iron | hour. Vacuum +~387C : g0

i0ther total impur- furnace cooled :

ilties <.1% j ;

i i %
|
{
i

HP1

125, 6% nickel-0.lja

?INN1 icarbon’ balance~iron e Dq i

(PTWC) 'Other total impur— | 4% 2POVe —657C | 85

; lities <.2% | ;

§ 25.7% pickel-0.4% ! (ag As above

(INN2 jcarbon! balanece-iron; (b)1200°C for 500 o5
- S

g(N866) Other totsl impur- | 3 hours in :
: ities < .2% evacuated sil-.
1 ica tube foll
' ! owed by direchi !
i ! cuench in water ;

INii1 123,54 pickel-2.95% | As (b) above |
{(P145) molybdenum -0, L% but austenit- =130°C 70
i carbon bslance-iron! ized at 12&0%3 ;-

H

Other totsl impur- for 3 hours.
ities < .2% ' i

23.75 nickel=2,95% ;
BISH1 1molybdenum -0,L1% As above i~-850C 80
.(81013|carbon;balance~iron
; Other total impur—
ities < o 2%

¥ o . C s
Iominal Composition

See Appendix C
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Typilesl changes in hardness and structure maylbe.
illustrated by reference to the iron—nickel~molybdénum carbon.
alloy (INE1) solution treated, then cooled in liguid nitrogen
and re-sustenitized at /50°C for one minute followed by direct
guenching in water. The following table shows the hardness of
S.7.A. austenite. (i.e. austenite obtained after short—time
austenitizing treatment).

Austenitizing Temperature = 6500(,

Amount of martensite after cooling - ~

in{l‘quid nitrogen = 70 percent.

TABLE 3T-2

. — e

Hardness of conventional hardness of S.7T.A. Hardness of

i
austenite(solution treateﬁaustenite(austenit— conventional

at 12L0°C for 3 hrs. ized in salt bath martensite/
[}
followed by cuenching in {for one minute at austenite
water) 6500¢) mixture
135=145 HV 280-300 HV 360-370 HV

Optical metallographic examination of the S,7.A,
aus tenite has shown (Fig. 3.1b) that the original martensite
crystals on rapid austenitizing, are divided into a number of
fragients. The structure, prior to reversion (Fiz. 3.1a),

consists of both twinned snd untwinned platelets of martensite
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crystals. Iost of the martensite plates were internally
twinned, and the untwinned plates showed no twin contrast on
tilting the thin foill., Similar observations have been made by
Kelly and Mutting (Co2). IMige 3.1C is an elecﬁronmicrograph show-
ing both types of martensite crystals.

One of the interesting features that emerged from the
earlier experinents was that the size of the original grains of
the austenite (with martensite crystals in the matfix) remains
unaltered on rapid heating for relatively short times. (Figs.
3.4a and 3.1b).

Further effects of time and temperature of austenit-
izing on the strength, and the accouwpanying structural changes
were studied in greater detail using both iron-nickel-carbon

and iron-nickel-molybdenum—carbon slloys.

3.13 = Effects of austenitizing time and tempersture

T m— .

on properties of S,".A. austenite,

As has been mentioned in Chapter 2 (section 2.54),
some tempering of the wmartensite can occur at sub-zero temper-—
atures; therefore, all specimens, after cooling in liguid
nitrogen, were maintained at room temperature for about half
an hour to ensure that approximately the same hardness and
degree of tempering were achievedppior to reversion or

mechanical testing,
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Iron-nickel-carbon alloys.

Samples of the three iron-nickel-carbon alloys (HP1,
INNY and INN2) with differecnt carbon content were rapidly
heated from the wartensitic state and austenitized in a salt

bath at temperatures ranging from 600°C to 670°C for times vapry-

o}

ing from a few seconds up to about 80 hours. Tigures 3.2, 3.3
and 3.4 show the variation of hardness with austenitizing time
for various treatment temperatures,

In the early period of austenitizing, there is a
slight decrease in hardness and this is later followed by a
large drop. With prolonged austenitizing, the hardness reaches
nearly the same value as‘that of the vacuum annealed austenite.
"he variation in yield stress® (Pig., 3.2) shows a similar effect
of rapid austenitizing.

Table 3T-3 shows the effects of rapid austenitizing
in the temperature range of 600 - 620°C for one minute on the

hardness of the three iron-nickel-carbon alloys.

TABLE 3T-3
1 Hardness of Hardness of S§,T.A. austenite '
Alloy! wvacuum e o o e 1 e 2 mimn 1 s v e ST
annealed Austenitized in the | Prolonged austen~
i austenite range 600-6200C for | itizing in the
! | one inute, | range 600-620°C, !
P !
HP1 95~-105 HV -~ 210 HV % ~100 HV
}
TN 100-115 HV --230 HV % ~ 110 BV
i
INN2 | 135-145 HV ~265 HV l ~ 140 HV

Average of four tests.
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The results of the effects of rapid austenitizing on
ductility and ultimate tensile stress have been plotted for the
iron-nickel carbon alloy (HP1) in Pig. 3.5.

The tensile strength seems to be little affected by
variation in the austenitizing time (at 650°C), In view of the
wide scatter in the values of the T.S., it is difficult to make
conclusive comments on the effects of rapid sustenitizing (Fig.
3.5); however, there seems to be a small increase {up to about
10 tons/in2) in the value of T.S, of S.T.A. sustenite over the
'standard' austenite, |

The accompanying loss in the ductility for an austen-
itizing time of about one minute at 650°C is relatively small
- the value is approximately 80 percent for S.T.A. austenite in
comparison with approximately 120 percent for annealed austen-
ite. The wide scatter in the values of ductility indicates that
the ductility of the 5.T.A. austenite is a complex function of
its internsal structure - it probsbly depends upon the density
of internal defects, such as dislocations, and their inter-
action.

Some of the scatter in the values of both ductility
and T.5. is probably due to the fact that several different

thicknesses of tensile specimens were used.
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Iron-nickel-molybdenum-carbon alloys

Solution treated samples of the iron-nickel-molybdenum-
carbon alloy (IINi1),after guenching in liguid nitrogen, gave
mattensitic structures co—-existing with about 30 percent retgined
austenite., The samples were re—austenitized in a salt bath at
temperatures between 650°C and 860°C for times ranging from 30
seconds up to 100 hours. Figs. 3.6 and 3.7 show the variation at
room temperature of the hardness of the S.T.A, austenite with
austenitizing time at 650°0C, 755°C and 860°C. For an austenitiz-
ing treatment of about 1 minute the hardness value is about 280 -
500 HV, This may be compared with the hardness of about 1,0 HV
for the austenite solution treatecd at 1240°C for 3 hours (i.e.
conventional austenite) and with the hardness of about 365 HV
for the martensite—-austenite mixture obtained on cooling the
solution treated austenite in liquid nitrogen.

ior austenitizing at 650°C and 755°C the hardness of
the 'reversed' sustenite incrcases by about 20 HV during the
first ten winutes of austenitizing., TFor the 65006 treatment,
further increase in the heardness occurs during an austenitizing
period of about 100 hours, whereas at 755°C the hardness decreases
markedly with time during this period. Tor austenitizing at
86000, the hardness decreases comparatively rapidly with increas—
ing treatment times up to about 12 hours, but the hardness after
this time has sti1ll not reached the value of 140 HV character—

igstic of the conventional austenite.
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In the iron-nickel-molybdenum—carbon slloy (INi1) it
was found that the specimens became ferromagnetic with incressing
austenitizing time, Using a simple magnetic test, the specimens
noticeably showed ferromagnetism after a period of time which

varied with temperature gs shown in Table 3T-l4.

TABIE 3T-L
| Austenitizing Austenitizing
temperature tine
860°¢ After 20 minutes
755°C After S0 minutes
65000 | After UL hours,

A Sucksmith-type magnetic balance (See Chapter 2)
was used to study the amount of ferromagnetic phases (ferrite
and/or carbides) formed on prolonged sosking of the lron-nickel-
molybdenum-carbon alloy (and also of the iron-nickel-carbon
alloy austenitized at 650°C) at an austenitizing tempcrature of
700°¢, Solution treated specimens of these alloys were cooled
to liguid nitrogen temperature to produce a structure of merten-
site co-existing with retained ausienite; Fhey were then rapidly
austenitized for various times from a few seconds up to about
eleven hours at temperatures shown in Tablec 3T-5,

In view of the fact that the asustenite ltself gives a

magnetic responze, it should be emphasized that, with the wethod
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TABLE 3T=5

“ffect of time of austen1t1z1ng on fepromagnetlc response,
Iron-nlckel~nolybdenum~carbon Iron—-nickel-carbon alloy (INN1)[
i alloy (INH1).
P Amount of martensite at Amount of martensite at
-196°C = 70% -196°C = 85%
. Temperature of austen1t1z1ng i Temperature of austenitizing
= 700°¢C = 658C
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TABLB 375 (Gﬂntlnued)

Tlme of !'“qulvalent' Time of 'Bquivalent!'
austenitizing | ferromagnetic austenitizing | ferromagnetic
Econtent—perc ant content—percent
30 minutes E 2.0 30 minutes L.5
|
23 L.6
. | B9
. ]
60 W 2.2 © 60 i L.6
242 LL. ';
4.9
Ly, hours ‘ 2.3 L4 hours Le3
L S-S Iyl
;10 | 35.3 125 L3
. 40,3 6.1 '
Conventional 2.1 Conventional 6.0
‘austenite ! austenite
2.3 6.0
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of calibration used, (Chapter 2, section 2.L2), the magnetic
response of the conventional austenite is equivalent to about
2% ferromagnetic phase in the iron-nickel-molybdenum-carbon
alloy (IFii1) and about 6% in the iron-nickel-carbon (INN1)alloy.
The results of thesc tests indicate thav in the time
range up to four hours, there is no evidence of any ferromsgnetic
phases (within the limits of accuracy of the experiments); in
other words, the magnetic reSponse of the 8,T,A. austenite is
the same as that of the original annealed austenite. In case of
the iron-nickel-molybdenum—-carbon alloy (INM1), however, a pro-
nounced development of ferromagnetism occurs for austenitizing
times of wmore than four hours. This effect complicated the study
of the effects of relatively longer times of austenitizing on the
strength of 8.T.A. austenite. It was, therefore, decided, at
least fortfron—nickel—molybdenum—carbon alloys, to study the
effects of rapid austenitizing only for short times - say about

a minute,

3.1h - Effect of initial amount of wmertensite on the

yield stress of S.".A. austenite,

Some experiments were carried out to study the relatiou-
ship be tween the strength of S.7.A. austenitc and the amount of
martensite in the structure prior to austenitizing. Tensile

samples of the iron-nickel=-cardon alloy (INI2) were heated for
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3 hours in vacuum at 1200°C snd water-quenched.
d

They were then

cooled to sclected sub—-zero temperatures to give various amounts

of martensi

ute at 650°G and cuenched in water,

out;

te.

The samples were then re—austenitized for 1 min-
Tensile tests were carried

and the values of the 0,2% yield stress, corresponding to

the various smounts of msrtensite are shown in Table 3T7-6 sznd

Fig. 3.8. The yield stress value for sustenite produced by

annealing at 1200°C for 3 hours ie 9-11 tons/in. 2

TABLE 3T-6

Awount of martensite snd 0.2% yield stress of 5.T.A, austenite,

fQuenching
tenperature

Percentage martensite presen
prior to austenitizing

0.2% jield stress of
S.T.A.austenite ton/i

t

4

I?

-25°¢
-36°¢
-50°¢
-55%C

13.0, 18.0
16. 5,
3l4.0,
15,0,

15. 0,
18.0, 20,0
35.0, 38,0
48,0

-60°¢
-70%
-86°¢
-115°C
~196°C

48,0, 50.0, 55.0

60,0, 6L4.0
81.C, 85.0
8%.0,

s 97.0

9C. 0

..... JR— ¢ g ot . @ e 7+

g

4.0,
16,0,
1.7,
20,0,
20,5,
25.0,
26.4,
2%9. 2,

29.25

29.0

15.2, 15.5
16.75 17.7
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in order to reduce the uncertainfy in the amount of
martensite, ss measured by the 'point-count' metsllographic
technigue,aolarge numbers of counts, as many as 1000, were made
and, in some cases, the experiment was triplicated for tensile
tesfs and 'point-counts's The aversge amount of usrtensite,
formed on guenching to a pre-selected temperature, was taken as
the simple arithmetic average of all the values of the amount of
mar tensite from each group of about 1000 counts, Beacuse of the
large number of counts made, the probable error (the rsnge in )
Whioh there was ¢5% probability that the trué value lay) im the
amount of martensite, for a specimen containing approximately
50 percent of martensite is estimated to be * 2.5% (C3).

The points on the graph (FPig. 3.8) sppear to lie on s
curve rather than a straight line. The graph indicates that the
strengthening achieved in the 5.T.A. saustenite is greater per
percent martensite in the range approximately 0-25% martensite
than in the range 85-95% martensite. These results are in good
agrecement with the work done by Krauss (C.h) O%:EPOH—33'5%

nickel alloy.

3,15 - 8tructural changes

Characteristics of short-ftime rapidly

austenitized structures,

(i) Optical microscopy

Optical microscoplcal study of the 5.T.A. sustenite

shows that most of the original martensite plates, on reversion



to sustenite, brecak down into fragments appearing within the
original mertensite plates. I'ully annealed samples of iron
nickel-carbon alloy (HP1) were quenched to -u1°C and the result-
ing structure, containing a swall amount of wmartcnsite co-exist-
ing with a large ampunt of retaining austenitc, was rapidly
austenitized at 650°C for 10 minutes followed by quenching in
water, After grinding off the surface by about 0,002, the
samples were polished and etched. Tig. 3.%9a shows a tjypical
optical micrograph of S.T.A. austenite present in the matrix of
retained austenite., Tdmondson and K@ (C.5) have referred to this
effect as a "ghost" structure. The structural mechanism of rev-
ersion is characteriged by the *banded" appearance (Fig. 3.9a)

of austenite fragments in each martensite crystal; the fragments

are muach smaller than the original martensite crystal.,

(ii) Zlectron wicroscopy

Hlectron microscopical evidence for the “bsnded"
appearance of 5,T.A. austenite fragments on reversion is furn-
ished in Fig., 3.Sb. Samples of iron-nickel-molybdenum—-carbon
alloy (INi1) were cuenched to -155°C to produce a small amount
of martensite existing with retained austenite, They were then
rapidly austenitized at 750°C for 1 minute. The micrograph
shows a "banded structure within the region of the original
martensite plate; in this wmicrograph aress of retained austen-

ite adjoin the reversed gustenite, Observations of the
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existence of the S5.T.A. austenite in relation to the original
mixture of marterdte and retained sustenite were not always
possible, particularly in samples containing large amounts of
original martensite.

Fige 3.9b shows the *'banded® nature of the fragments
(0_1 - o b microns thick) of S.T.A. austenite which are sep-
arated from one another by irregular, but sharp boundaries.

The carbon replica technigque was used to obtain
further evidence of the fragmentation effect. Samples of the
iron-nickel-carbon alloy (INN2), splution treated at 1200°C for
3 hours and water quenched, were cooled to about -50°C to obtain
a mixture of martensite and retained sustenite. They were rap-
idly austenitized at 650°C for 1 minute followed by water-
guenching and final polishing to remove oxide scale, Carbon
replicas from these samples showed the fragmentation effect
within the original martensite crystals (Fig. 3.10a). In com~
parison with the 5.T.A. austenite, Pig. 3.10b shows a conventiondl
martensite plate (in the same alloy as in Pig. 3.10a) replica ted
on carbon film. : 3

Another structural feature of interest observed in the
transmission electron wicroscopical study of the S.T.A. austen=-
ite is the formation of platelets of 5.T.A austenite, comparable
in size with the original martensite plate, which do not show
"banded! fragments but contain a high dislocation density (Fig.

3¢11). It may be recallcd that the structure bebre reversion
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shows both twinned and untwinned martensite crystals (Fig. 3.1C).

(iii) Crystallographic relations

Arequently the fragments of the S.7.A. austenite tend
to be aligned approximstely transversely across the originsl
martensite plates (Figs. 3.%9a, 3.Sb and 3,10a). In other cases
the fragments lay st nore nearly parallel to the length
of the original martensite plates (Figs. 3.9a and 3.12). These
fragments usually terminatec within the original martensite plate,

Attempts were made to study the crystallographic
relations between the fragments of the S.T.A. austenite. In
some cases 1t was difficult to obtain a simple diffraction
pattern from the areas of the fragmented S.T.A. austenite,
especially if the fragments lay along éhe length of the original
martensite; for fragments of the S.T. A. auétenite aligned across
the original martensite plate, orientation relstions were
established by electron diffraction wethod.

Solution trecated samples of the iron-nickel-molybdenum
-carbon alloy (INH1) alloy, were quenched to -196°C and the
resultingstructure (marténsite and retained sustenite) was
rapidly austenitized at 750°C for one minutc followed by cuench-
ing in water, Fig.*3.13a shows the "banded" fragments of the
3.7.A. austenite lying across the original mertensite plate.

A selecfed area diffragction examination of the frag-

ments (Fig. 3.13b) shows a composite diffraction pattern from
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the fragments of the S.T.A. austenite, Indexing of the diff-
raction pattern (¥ig. 3.13C) reveals that the fragments bear a
twin relstion to onc another. Krauss (C.4) has termed these
fragments "reversal twins'. They terminate within the boundaries
of' the original martensi te platec and unlike annealing twins, the

reversal twins have irregulsr boundsries.

(iv) Dislocation structure of the S.T.A. aus teni te,

In addition to the formation of thej“banded" stvﬁcture
on rapid austenitizing the S.T.A. sustenite has been observed
to contain a high density of dislocations, Fig. 3.1La shows a
complex dislocation configuration in the iron-nickel-molybdenum
~carbon alloy (INH1) heated to 750°C for one minute followed by
guenching in watcr. TFig. 3.714b is an electron micrograph from
a thin foil of the iron-nickel-carbon alloy (INN1) sustenitized
at 650°C for 5 seconds. Both the micrographs show areas pre-
dominantly populated by a high density of tangled dislocations.
In addition, these micrographs show boundaries in the structure.
It has not been established that these boundaries are formed on
rapid austenitizing snd is probable that some of them correspond
to the original wartensite boundaries.

With increasing time of sustenitizing, there is an
apparent decrecase in the density of dislocations. For cxample,

Figs. 3.15a2 and 3.15b, are electron micrographs of the iron-
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hickel—carbon alloy (INi'1) rapidly austenitized at 650°C for 10
minutes and LO minutcs respectively. For the latter treatment,
Fig. 3.15b, the dislocations tend to align themselves in cell
'walls'. The wicrograph also shows areas relatively free of
dislocations., The effect of the time of austenitizing on the re-
covery of the original austenite will be further discussed in
section 3,17. |

In contrast to the highly complex dislocaﬁion network
in the 3.7.A, zustenite, slowly heated samples of the iron-
nickel-carbon alloy {(INN1) have bcen studiedvto determinc the
dislocation arrangements., ©Fig. 3.16 shows a transmission
clectron wmicrograph of a specimen slowly hcated in vacuum to
200°C for one hour. In addition to the lower dislocation den-
sity in the anncaled austenite than in the 5.T.A. austenite,
the dislocations in the former structure appear to be straight
or gently curved.

The value of the dislocation density for the 5.T.A.
austenite, obtained by applying the Smith and CGuttman method
(sec Chapter II) to the micrographs of Figs. 2.1ha and 3. 1Lb, is
approximatély 1010 1incs/cm2. This- way be compared with a value
of about 10° lines/cm?, (Pig. 3.16) for the fully anncaled
austeﬁitel, ;he value of the density of dislocations in the
anncaled éusténite, appears to be high. One of the factors

probably contributing to this apparent high value is the






buckling (during handling) of the thin foil of the annealed
austenite.

In the foregoing results, it has been cstablished
that on 'shock' heating, a martensite plate reverts to austenite
with aitered internal defcects — “banded" structurec and high dis-
location density., It has also been found that rapid sustenitiz-
ing brings gbout lattice distortion in the retaincd sustenite.
Fige 3411, showing dislocations in the retained austenite
(situated betwcen two 3.T.A. austenite plates), is indicative of
this effect. |

Some microhardness twsts were also done on the ret-
ained austenite co-existing with the S.T.A. austenite. Sol-
ution treated samnles of the iron-nickel-molybdenum—carovon alloy
{INM1) were cooled to —1&500 to produce gbout 30 percent marten—
site. They were then heated for 1 winute at 650°C and cuenched
in water. Optical microscopical examibpation showed (Pige 3417)
that the areas of the original martensite plates were still
vieible as dark ctching areas although the structure was fully
austenitic. The microhardness measurements (Fig. 3.717) indicate
that the lattice distortion of the retained austenite is at a
maximum in the near vicinity of the original martensite plate,
and that more remote areas of retained sustecnite remain un-
distorted, The microhardness values for the S.T,A. austenite

regions (e.g. Area ¢ in Fig. %.17), and retained austenite,
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remote from an original martcnsite plate, (e.g. Area A in Fig.
3,17) arc in reasonable agrecement with the e haordness values

reported in Fig. 3.7.

(v)  Shcar-type nature of reversion.

The shear-type nature of the reverse transformation
has been observed by the surfacec relief effects.

Samples of the iron~-nickel~carbon alloy (INNZ) were
cooled to =~519C to produce about 35 percent of martensite and
were given a fine diamond polish. The samples were rapidly
austenitized at 650°C for one minute and were then repolished on
I micron diamond paste to remove any oxide scale. Polishing
after the austenitizing did not destroy surface relief effects,
if any.were present, caused by rapid austenitizing.

The results of the interfcromctry experiments indicate
(Figs 3.18b) that reversion appcared to occur, within the limit
of the resolution, with each martensite plate shearing as one
unit. #ig. 3.18a shows an interferogram of the iron-nickel-
carbon alloy, containing a small amount of martensite, before
reversion.

Although the transmission electron microscopical in-
vestigation has shown that wost of the martcnsite plates, on
reversion, arc divided into fragments, the interferometry

technigue, howcver, gave no evidcnce of small fragments of the
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5.T.A. gustenite having their own sector of relief, This was
probably beccause the fragments were so small that, within the
resolution of the technique, the relief due to individual frag-
ments, within the original martensite plate, could not be

detceted,

However, the results of the direct carbon renlica
technique, suggest (I'ig, % 10a) that surface relief accompanies
each fragment formed, within the original martensite platc, on

reversion.

%.16 Tempering during reversion

The structure of the austenite produced by rapid
aus tenitizing has been shown to contain g high dislocation
density and the possibility that these dislocations might act
as sites for carbide precipitation during sustenitizing treat-
ments was given special attention, since much a phenomenon might
Play an important role in contributing to the observed enhanced
strecngth,.

It may be recalled here that the original (convention-
al) martcnsite before austenitizing is not 'virgin' martensite,
but a slightly 'tempered' structurc, presumably containing fine
[ . . o .

particles., Turthermore, during heating for austenit-
izing sowe tempering is expected to occur., This has been dem-
onstrated by carrying out some 'short-time' isothermal temper—

ing treatuents to indicate the possible degree of teupering
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during continuous heating. A tempering teuwperature of 550°C was
chosen and the hardncss changes that accompany the short-time
tempering of the iron-nickel-molybdenum~-carbon alloy (IEii1) are

shovm in Table 37-7.

TABLEG 3T-7
Short-time tewmpering of martensite.

“masvee - s

Hardness of conventional mesrtensite/austenite mixture = 365 HV.

Time of tcmpering at

5509C - seconds Hardncss HV

2 345 |
5 340 ‘
30 § 330

i

Zlectron microscopical examination was carried out on
a sample of this alloy tempered at 550°C for 15 seconds, in an
attempt to throw light on carbide precipitation that might in-
fluence the structure of the austenite that forms on rapid
austenitizing to a tewperature such as 750°C. Selected area
diffraction Fig. 3.19b, gave evidence for the existence of
cementite particles, but transmission electronmicrographs, how~
ever, did not rcveal the presence of such particles. 7This was
possibly because, considering the short-time (15 secconds) used
for tempering (at 5500C), their size was too swall to be ob-

served,
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‘While evidence for the cementitc particles in short-
tine tempered martcnsite has becn obtained by electron diff-
raction, it has not been poseible to detect any carbidc particks
in the S.T.A. austcnitc containing a high density of dislocat-
ions. It is probable that the carbides, although they exist in
the ferritc + carbide region of the eguilibrium diagram, will
tend to redissolvc on heating to the austenifec region. However,
despite the lack of positive evidence, it is considered that the
presence of small carbidc particles in the S.T.A, austenite is

still a possibility.

5e 17 Changes with time and temperature of

austenitizing — recovery

The manner in which the mechanical properties vary
with austenitizing time (Figs. 3.2, 3.3 and 3,L) suggests that
recovery processeés and possibly recrystallization occur pro-
gressively as the timec of treatment is increascd. The hardness
changes in the 3.T.A. austenitc as a function of anncaling time
and temperaturec for the three iron-nickel-carbon alloys have
alrcady been shown in Figs. 3.2; 3.3 and 3.4; only a small
decrease in hardness occurs during the initial recovery process,

The rapid softening displayed by the curves 1s indicative of re-

crystallization,
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The results of electron microscopical examination,
Pigs. 3.14b and 3.15, of samples austenitized at 650°C for times
ranging from a few seconds up to 4O minutes, indicate that
samples austenitized for 10 wminutes and 40 minutes (Fig. 3.15)
have a lower dislocation density than the samples treated for
only a few seconds.

The nature of the process by which the dislocation
content is reduced, as austenitizing time increases, scems to
be, Fig. 3.1bb, by a process where dislocations hsve polygonized
into sub—gfains. Some areas in the micrograph show relatively
large grains co-existing with swall sub-grains. ‘here is, how-
ever, no evidence for the existence of high angle boundaries
betwecen the grains.

The activation encrgy (q) for the process of recovery
of the anncaled austenitc was determined from the time (t) to
reach a given fraction of the recovery process (as deduced from

the fractional changc in hardness during austenitizing).

%:AGXD'[— %]

where A is a constant; R is the universal gas constant and T is

the sbsolute temperature, Data are given in Table 3T7-8,
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TABLE 3T-8

Activation cnergy of 'recovery'! process

(Reference: Fisures 3.3 and 3.L)

|Praction of 4{ Activation cnergy
Alky recovery QﬁH)E Ycal/mol.
e e e et et et e ne]
0.1 ; 159
f
iron—nickel-carbon §
b * i O- 5 1 60
alloy
(INN1)
~ 0,9 160
0.1 157
Iron-nickel;carbon
alloy
(INN2) |
;
~ 0,9 150

The value of the activation energy is much larger than
the activation cnergy for the self diffusion of iron along the
grain boundarics of austenite, which is reported to be 1 kecal/
wol (C.6). It appears, therefore, that atom-by-atom transfer
of iron (or nickel) across the migrsting interface does not con-

trol the recovery process under study.
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CHAPTEZR 3.2

The Structurc and Properties of iartecnsite and Peupcered

Martensi te Froduced from S.T.A. Austenite

3. 21 Synopsis

A study has been made of the differcnce in mechanical
propertics between martensite produced by conventional and by
rapid austenitizins treatmente and of the extent to which these
¢ifferences are preserved during tempering., Structural studies
of tempercd martensites, both conventional and that produced
from S.7T.A austenite, have shown that the internal structure of
martensite has a pronounced effect on the morpholocy of the

carbide precipitation.

The early stares of the decomposition of martensite in
an iron-nickel-molybdenum—-carbon slloy (IFM1) have bcen
examined by means of thin-foil clectron microscopy. The first
precipitate observed is cementite. A substantial increase in
strength (secondary hardening) has been found to be assoclated
(at peak hardness) with the prescence of wolybdecnum-carbide
(hOZC). The averare martensite plate size in the 5.T.A.

martensite was smaller than that in the conventional martensite,

The orientation relationships between the ferrite

matrix and the precipitates - cementite and molybdenum-carbide

- have been established.



3.22 Offect of time of austenitizing on the

hardness of wmartensite.

Zxperiments were carried out to study the effects of
the time of rapid austenitizing on msrtensite obtained by
refrireration of the revcrsed austenite, Specimens of the
iron-nickel-carbon alloy (IFN1) after the standard heat treat-
ment (BOOOC for 1 hour followed by watcer guenchine and cooling
in 1liguid nitrocen), were rapidly austenitized at 600°C for
varipus times followed by guenching in water and cooling in
liquid nitrosen. The values of the hardnecss of the auenched
samples, which containcd a2 mixture of S.T.A. martensite (about
85 percent), 5.T.A. austenite, and austenite rctained from the

first quench in licuid nitrogen, arec listed in Table 3T-9.

The table shows that the hardness of the wmartensite/
austenite mixture formed after austenitizing at 600°c for about
one minute is greater than that of the conventionally produced
martensite/austenite mixture. Loun~er austenitizine times,
(~50 hours) followed by cuenching in licuid nitro~en rive =
hardness nearly the same as that of the conventional structure.
This is in rood agrecment with the results obtained (Pig. 3.3)
in section 3.13, where the time for eomplete rccovery of the

austenite st 600°C was found to be nearly the same; Viz. about

80 hours.
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TABIE 3T-9

Hardness of martensite/austenite mixturcs obtained after
various timcs of austenitizing.
Iron-nickel-carbon slloy (INN1)
Hardness of conventional martensite/sustenite

mixture = LLO - 45B0O HV.

éTime of austenitizing at 600°C

| fpllowed by auenching in liguid HV (Load 5kems)
! nitroren

—

; 15 seconds Lol
i 1 minute L87
g 5 minutes L87
% 25 T L83
g 2 hours : L73
| 5 | 475
| 13,5 | 473
| 24,0 * ‘ 1466
| 50.0 § L50
‘ 80.0 154

Nt e e 4 e i 7 o i b e o S - e AR, vy < iy i ¢ 4 Aot




3.23% The two martensites - strength and plate size,

It has been shown in the previous section (3.22) that
short-time austenitizing treatments followed by quenching in
liquid nitroren gives a structurc of 3.7.A, martensite and
aus tenite of preater hardness, by about 4O HV, than that of g
conventionaslly produced martensite/austenite mixture. Further
experimente, enploying different alloys, were done to study the
strensth enhancement in the S.T.A. structure. Solution treated
samples of iron-nickel-molybdenum—carbon slloy (BISL1) were
quenched to produce a mixture of martensite {about 81 percent)
and retained austenite. They were then austenitized at 75000
for one minute followed by aquenching in water and cooling in
liguid nitrosen to produce =.T.A, martensite co-existing witn
3.T.A. austenite and conventional austenite. (See section
3.27). Hardness and tensilc tests were carried out on both

conventional snd S.T.A. structures. (Table 3T-10).

TABLE 3T7-10

Iron-nickel-molybdenum—carbon alloy (BISM1).

Amouﬁonf mar ten—- Hardness 1 Oﬁ v1eld
51te at —1°6Db : HV. stre§ 5 ;
. in

tons i

Quenched structure

]

Conventional marten81ta/ |
' sustenite mixture ~ 81 percent |L20-436 | 61-71 f

T.A., martensite + S.T. A §
austrnltc + conventional ! .~ 85 percent {L63-1473 | 74-80 }
austenite ‘ : i f
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It must be emphasized here that the structure obtained
after auenching elther conventional or 3.T.A. austenite in
liquid nitrogen is, in fact, a martensite/austenite wixture
and, in order to study the strength of martensite only, it was
essential to scparate the strength contribution of the austen-
ite; Samples of the iron-nickel-molybdenum—carbon alloy {BISLi1)
containing either conventional austenite or S.T.A. austenite/
conventional austenite mixture, were cooled to various sub-
zero temperatures (i.e. -122°C, -135°C and -196°C) to produce
different amounts of conventional martensite/conventional
austenite and S.7T.A. martensite/S.T.A. austenite/conveniﬁonal
austenite mixtures respectively. In view of the fact thst, for
structures containing relatively small amounts of martcnsite,

g wide scabtter in the hardness was observed, it was decided to
carry out tensile tests for 1.0% yield stress and plot these
values against the amount of martensite calculated by wetall-
ographic 'point-count! technique. On extrapolating the plots
(assuminm a linear relationship), Figs 34208,to a 1linit of 100
percent martensite (conventional or S.T.A.), the strensth of
the latter structure, incdependent of the strength contribution
from the austenite, can be estiuated. ¥Fig. 3.20a shows sup-

erior strenoth of the S.7.A. martensite over the conventional

one,

The choice of 1.0% yield stress, instead of 0.2%,

was necessary because it was found that in these tests;, and
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indeed in 21l tensilec tests involving martensite structure,
i.0% strain rave consistent values (within experimental error)
of the yield stress. The scatter in the values of 0.2 yield
stress was due to the ill-defined initial slope of the stress-—
strain curve,

iieasurenents of the dimensions (length and width) of
the martensite plates were made using optical microscopy. The
total number of martensite plates measured in the case of con-
ventional martensite (INM1 alloy, was about 1500 and for the
rapidly heat treated stecel about 1000 martensite units were
measured. The avera~e plate width and lensth of the two types

of martensite plates are listed in Table 3T-11.

TABLE 3T-11

at e w C A vra —————y

e B e
Dimension of Klatces | Comentional| s.ma. mertensits
Averase width 5.5 4.0 !
; Average length ' 32 L2

| liaximum width 20 ; 12

; liaximum length 180 i jSQ‘

Optical microscopical observations made on the two
types of martensites, Fic. 321, show rcfined crystals of the

3.T.A., martensite.
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iistograms relating the number of the martensite

plates (conventional or S,T.A) of a certain rangse of widths
(or lengths) are shown in Figs, 3.22 and 3.23. 1In the lower
rancze of thickness, there are more plates of L.T.A. martensite
than of conventional martensite (Fig. 3.22). The number of
relatively thicker plates in the case of conventional marten-—
site is more than in the case of S.T.A., wmrtensite. Although
the number of plates with maximum lensth is the same in both
types of martensites, PMig. 3.23, the conventional martensite

eppears to have more plates in the lower range of lencth.

3.24 Properties of 5.T.A. martensite and conventional

martensite after temperins.

Hardness

Some experiments were made on the iron-niclkel-carbon
alloy (INN1) for the purpose of studyine the effects of temper—
ing on the 3.T.A. martensite. Samples were initially cooled to
-196%C to produce martensitc and then eithér austenitized for
1 minute at 600°C or given a conventlional treatment of 1 hour
at 800°G. They were then cooled again to -196°C. After this
trcatment the hardnesses were spproximately 410 HV with con-
ventional austenitizing and L80 HV with short-time austenitiz-
ing. These samples were then tempered at 150°C % 1°C in a

silicone oil bath (1:S. 550)., Values of the hardness VS



Number of Martensite Plates.

300

200

100

T T ! T T T T T T T i T I T I }
— _—‘ . | —
- | [ Conventional Martensite. ‘ -1 STA. _
. ‘ Martensite.
I
0
] ~J
L - - !
| .
2 4 6 8 10 12 14 16 18 20 - : 2 4 6 8 10 12

- Width of Martensite Unit — microns.

Fige3.22.Fe~Ni-~FKo-C(INM1)alloy.Histograms relating the number of martensite piates (con-
ventional and S.T.A)with their width over one micron range intervals.



500

1N
O
@)

300

200

Number of Martensite Plates.

100

T T | T T T T ] T T T ¥ T I 1 ( | I
"
_ | ] B
S.T.A. Martensite. | ] Conventional Martensite.
-
o = -
AR = lﬂ 0l .eTT1.

20 40 60 80 100 120 140 160 180 O 20 40 60 80 100 120 140 160 180
Length of Martensne Unit — microns.

Pig. 3,23, (Pi-Vi-}o-C)INM1.Histograms relating the number of martens ite plates (conven~
tional and S.T. A) with their length over ten micron range interval,

\O
(0]



temp: rins time (on a losarithmic scale) arc plotted in Pig.
324, TFor both the conventional martensite and the S.T.A.
martensite thcre is an approximstely linear decrease of hard-
ness with los. temnering tine in the rance of 1 - 350 hours.

in comparison with this alloy, the ilron-nickel-amolybdenum-
carbon alloy (INi1), when tempered at 19000, shows a drop of
only about 20 HV during the first hour or so of tewpering,

Fig., 3%.25. 1In the case of the latter alloy, the hardness of
the structure after short-time austenitizing is about 440 HV
compared with asbout 365 HV for the conventional structure.

With inereasing tempering time (at 190°C) un to sbout 450 hours.
the hardness decreases further to a small extent for the normal
structure; 1in the case of the structure resultin~ from short-
time treatment, virtuslly no hardness chancse occurred in this
beriod. There may actually be a trend to slirht hardening,

The rate of loss of hardness with temperine time is less in the
iron-nickel-molybdenum~carbon alloy than in the iron-nickel-
carbon alloy.

The results of tempering the iron-nickel-molybdenum—
carbon alloy at 350°C (¥iz. 3.25) are of succial interest in
that after an initial softening during the first hour, there
is a significant increase in hardness as the tempcrins time is
increased up to avdout 100 hours., This secondary hardening is
slirhtly grester in this period for tempcring of the convention-

al martensite., 1liost of the investipators (C.7-8) in the field
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of temperiny of molybdenum-steels have employed hirher tewmper-
ing temperatures than 3500C (2lthoush their slloys contained
less carbon). In the prcsent work, further investigation of
the 'secondsry' hardening effect was carried out on the iron--
nickel-molybdenum—carbon alioy (INR1) employins hifsher temper—

ing tempcratures VIZ 50000 and 55000.

Sanples were ranidly sustenitized for one minute at
750°C and cooled to —-1960°C, and werc then tempered at 500°C
and 550°C. (In tempering this alloy at 190°C and 350°C, the
short—-time austenitizin~ treatments civen were not identical
with those used for tempcring at 50000 & 5500C but are, never-
theless, sufficiently close to take for comparings the temper-

inwy behsviour over the range 190°C - 550°C).

Fig. 3. 26 shows the changes in hardness with temper-
ine time at 500°C and 550°C of the structures containing
austenite tocether with either conventional or $.T.A. marten-
site. Couparing their behaviour, the differecnce of hardness
prior to temvering, mentioned carlier, is still present after
tempering. At 500°C no significant change in hardness occurs
when the 5.7.4A. martensite was tempered for times up to 200
hours vut in the conventional wmartensite a slipht sof tening
occurs after about 100 hours. At 550°C, with both types of

martensitic structures, a slight hardening was observed durinr
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tempering, reaching a peak value at about 100 hours, This max-
imum hardness value was, howcver, lowcr than that achieved at

35000 for the same time of tempering.

i, 3,27 summarises the variation in tempering be-
haviour with tempering temperature. The hardness values after
2 hours and 100 hours of temperins at teuperatures rangsing from
190°C to 55000 are shown for both the martensitic structures.
In both tynes of martensite, when tempered for 2 hours, the
hichest hardness value was attained at a tewmpering teupcerature
of 500°C. After tempering for 100 hours at 350°C the sccondary
hardening effect was very wmarked with the S.T.A. martensite

showing a hisher strength level,

Tensile properties,

lieasurements of the tensile properties - yield stress.
tensile stress and ductility —for various structural con-
ditions in the Pe=I'i-iio~-C alloy (INi1) were wade to compare ths
effects of conventional and short-time sustenitizing. The
short-time austenitizing was 1 minute at 750°C. The tempering
treatments were sclected on the basis of the hardness results

already shown in Fig., 3%.27.

These results (Table 3T-12) show high strength levels

maintained on tempering to 3500C ~ involving a sccondary

hardening effect. The main point of interest in the tensile
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results is the cnhancement in the =trecnsth of the tempered
S.T.A. martcnsite (co-existing with sustenite); for example,
the yield stress, approximately 77 tona/in2, of untempe red
S.T.A. martensite increases to approximately SL tons/in2 for
S.T.A. martensite tempered at 350°C for 10C hours; tempering
of the 8.T.A. martensite at 55000 for 2 hours lowers the yiecld
stress but the valuc is still greater than that of conventional
martensite. Thus for a.given tempering treataent, the S.T.A,
martensite sives a hipher strength value than that of the con-
ventional martensite but with slishtly less ductility. The
hirhest yield stress obtained in the present investicstion was
from tempering S8.T.A, martensite for 100 hours at 250°C, This
is in excellent agreement with the hardness curves of Fig.
3.27.

2. 25 "Tempcring’ of S.T.A. austenite.

Referring back to Mie. 3,26, it should be noted that
considerable hardening occurs when 5.T.A. auétenite in the
iron-nickel-olybdenum—carbon (INii1) alloy is 'tempered' (Plot
'A' and 'B' of ®ig. 3.26); the effect occurs more rapidly and
to a sreater cxtent at 550°C than at 500°C. The contribution
of this hardening in the observed enhanced strencth of the
tempered martensite plus austenite structures was given special
attention, It should be recalled that the structures rcferred

to as S.T.A. martensite and conventional masrtensite, are both,
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TABLE 3T-12

ien811c propertwcs of tenoered structures :e—‘l—lo—
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in fact, a mixture of martcnsite with as much as 30% of austen-—
ite.

Tensile specinens of the iron-nickel-molybdenum~carbon
alloy (BISii1) in both the conventional austenite and the S&.T.A.
austenite conditions were quenched to -122°C, -135°C and -196°C
to form varying amounts of both types of martensites. These
specimens, in different tempered conditions, were then tested
to determine the 1.0% yield stress. Figs., 3.28 and 3.20b show
plots of 1.0% yield stress against the amount of martensite -
both conv-ntional and S.T.A, - tempered for various tiwes and
temperatures, %The most important feature of these experiments
is that on extrapolating the graphs to a limit where the
structure is 100 percent marterdtic, the tempered S.T.A., marten—
site shows superior strength as compared with the tewpcred con-
ventional ‘iartencsite. A comparison of the behaviour of the two
martcneites tempercd at 3509C and 55000, for a period of twe
hours shows Fig, 3.28, a grcater difference in the strength

level in the casc of the 350°C tecapering.

3. 26 Structural observations of tempered martensites.

Optical wmicroscopical observations were made to study
the structural festures of martensites (BISk1 alloy), both con-
ventlonal and S.7T.A,, after teaperine. The tempering treat-

ments were selccted on the basis of the hardness results shown
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in Fig. 3.27. Conventional wartensite (BISK1 alloy) was
tempered at 350°C for 100 hours (pcak hardness). GCarpide
vrecipitation occurs along the original twins across the wmid-
rib (Fig. 3.2%9). Fig. 3.29b is an electron microsraph showing
the same mode of precipitation as shown in Pip. 3.2%a. A dark
Tield transmission electron-micrograph for the area in ig.

3., 28b is zhown in iz, 3.2%c.

In comparison with the conventional wmartensite, the
S.T.A. martensite (BISIHY alloy), tempered at 350°C for 100
hours, shows (Fig. 3.30a) ill-defined boundaries of the 5.T.A.
martensite plates with no evidence of a widrib. It is diffi-
cult to observe the nature of precipitates invthe optical
micrograph. However, the elcctron micrograph (Fig. 3.30b),
indicates in addition to the small size of the tempered S5.T.A.
martensite plates (c.f. tempered conventional wertensite plates
Fige 3.29b), that the precipitation in the S.T.A. martensi’ o
occurs along the interface of the martensite plates. Although
cuantitative observations were not made, it appeared in the
electron microscope that the number of the 5,T,A. wmartensite
plates showing internal twinning was less than that in the case
of conventional martensite., 1Mig. 3.30c (8.7.A. martensite in
BIS:1 alloy, temered at 350°C for 100 hours) is one of the few
areas showing precipitation slone the internal twin boundaries.

Fig. 3.30c also susgests that carbide precipitationAmay have
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occurred at the dislocations in thc austenitc surrounding the
tempered S.7.A. martensite plates; some features suggestive

of coherency strain are also seen.

3. 27 Sites for %.T.A. wartcnsite formation.

Ag already mentioncd in scction 3,23 the 3.7, A.
martensite crystals arc of considerably smaller width than
those of conventional martensite; further cvidence on this
effect and on the sites for S.7.A. martensite formation has
been obtained by optical wmicroscopy. Fig. 3.31 1s an optical
micrograph of a sample of the iron-nickel-molybdenum—carbon
alloy (BISH1) cuenched to -122°C from the S8.T.A. austenitic
condition., The micrograph shows 3.7,A. martensite co-existing
with 3.T.4., sustenite and sustenite retained from the first
cuenching, fThe S.7.4. martensite plates are not only swmaller
in width than the conventional wmartensite but also not all of
them are formed at the sites originally occupied by convention-
al martensite, Some plates of the sS.7T.A. martensite, for
instancc, are formed in the matrix of retained sustenite.
These plates are, 1n gencral, swmaller than the original
wartensite plates, There are, however, a few plates formed

in areas of S8.7.A. gustcnite.
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3.28 Oricntation relationship and coherency

between precipitate and the wvatrix,

The ecarly stages of the tempering behaviour of INiif
alloy are assoclated with the precipitation of cementite. This
decomnogsition of the conventional martensite, tempered at 5500C
for 15 seconds, refers to thc initial dron 1n secondary hard-
ness. #ig. 3.192 (scction 3.16) shows the diffraction pattern
with the cementite reflections (Fig, 3.190) represcented by
crosses. The crientation relationship

[071] ” [100] .

FPerrite cementite

r ) i
1100 _ . “ LO11
Ferrite

cementite
is in agreement with that determined by Pitsch and Schrader
(C.9).

At peak hardness of the tempered martensites (con-
ventional or 5.T.A. ), nrecipitates of molybdenum—-carbidec
(MOQO) have been detectcecd by electron diffraction examination.
The diffraction pattern obtained frowm the S.T.A4A., wmartensitic
structure, tempercd at 350°C for 100 hours, Fif. 5.32, est-

ablishes the followins oricntation relations.
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Honeycombe et al (Z.7) have also reported the same orientation
relation in tempered molybdenum—stecls. Results obtained on
tewnering of the conventional wartensite at 3509C for 100 homnr:s
also support the above crystallographic relation between the

molybdenum~carbide and the ferrite Fig, 3, 33,

The wmost sipgnificant observation in the present conte
is the presencec of fine molybdenum-carbide precipitates., Using
carbide reflection spots under conditions of dark field trans-
mission, the molybdenum-carbide precipitates, in the tcupere:
S.T.A., martensite (Fig. 3.32d), are of finer size than in *l.:
conventional martensite (Fig., 3.33d) with the same temperinrg

treatment,






L1, étrength and structure of 35.T.A. austenite

It has been shown in the previous chapter
(3.1) that as a result of short-time rapid austenitizing, the
S.T.A. austenite becomes stronger than the conventional
austenite (fig. %2). In this section an attempt is made to
explain the enhancemeﬁt in the mechanical properties on the
basis of the observed microstructures. Any attempt at relat-
ing the observed strength of metals to their microstructures
must involve several strengthening mechanisms. Zach mechanism
must be supported by evidence from observations.

b 2. Characteristics of structure of S.T.A.
aus tenite.

u521., Ghost structure: Although the interfero-

metry results (section 3.15V) gave no evidence of small frag—-
ments of the S.T.A. austenite, (fig. 3.18b), having their own
sector of relief, the transmission electronmicroscopy (fig.3.12)
and alsp direct carbon replicas from the reverted structure
(fig. 3.10a) showed that a large number of austenite fragments
arise during the reversion at sites originally occupied by a
martensite crystali Following on this, the fragmentation of
the martensite crystals was revealed by chemical etching

fig. 3.%a. The presence of numerous regions of S.T.A.

austenite suggests that the reverse transformation proceeds
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gradually, developing from a number of centres within the
original martensite plate, Thus in this respect the reverse
transformation is not a simple mirror reflection of the
direct transformation.

The transformation of martensite to austenite
appears to proceed with most of the martensite plates revert-
ing to sustenite fragments, figs. 3.9a and 3.12, which are
much smaller than the original martensite pléte. Some of
these observations, e.g. fragments of S.T.A. austenite lying
transversely across the original martensite plate (fiés. 3.9a
and 3.9b), have been reported by other investigators (D.1,D2).
In the present investigation a few of the reverted martensite
plates showed no evidence of fragmentation occurring within
the original martensite plate; instead the reverted plates
of the S.T.A. austenite (fig. 3,11) contained a high density
of dislocations: It should be noted that the size of these
S.T.A. austenite plates is comparable with that of original
martensite platess The occurrence of such S.T.A. austenite
plates suggests another mode of reverse transformation i.e.
transformation occurring over the entire martensite plate.

It is difficult to conceive, in view of the short time of
gustenitizing employed at 650°C (viz about one minute) that
the reversion initiated first with the appearance of the

S.T.A. austenite fragments and that these fragments then
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disappeared leaving a high density of dislocations in the
S.T.A. austenite plate. It must be pointed out that very

few such areas were observed.

L1.22 Disloecation density: One of the most interesting

structural observations made in the present investigation is
the presence of a high dislocation density resulting from
short-time rapid austenitizing. Fig. 3.14 shows such a
structure of tangled dislocations. It is clear from fig. 3.1L4
that the tangles consist of irregularly curved lengths of dis-
location lines sharply kinked at irregular intervals and that
no visible obstacle can be observed at these anchoring points.
(Despite the lack of evidence for the existence of fine
carbide particles in the S5.7T.A. austenite, if they were
present they could act as anchoring points to give rise to
tangled and jogged dislocations. This point is further dis-
cussed in section 4.2l4). The occasional presence of round
loops in the S.T.A. austenite can also be noticed (fig.3.1Lb)
and this may indicate that as a result of rapid austenitizing
at 950°K vacancies are formed, and on subsegquent quenching
precipitate out in the form of a loopP. Ah estimat; of the
vacancy concentration (C,) at S50°K using Cy = e RT (E is
the energy of formation per mole of vacancies) is about 10—17a

Although this value appears to be too small for vacancies to

condense and form loops, it is, however, likely that, in view
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of the structural volume changes occurring during the
martensite —s austenite transformation, the concentration
of Vvacancies in the gamma iron rises at the transformation
temperature. The guenching strain could also result in the
for‘mation of vacancies (D.3.)

The origin of the tangled nature of the dislocatiors
can be explained on the theory put forward by Kuhlmann-Wilsdorf
and Wilsdorf (D.U4), According to these workers any point
defects fprecipitate™ at dislocations and will necessarily
cause the dislocations to be deflected out of thelr respective
gl1ip planes; since this deflection does not take place
uniformly and continuously 1t will block the'glide motion of
the dislocations in certain planes only. The result of this

process will be dislocation tangling.

It may be suggested that the high density of dis-
locations produced on rapid austenitizing can originate fron
the following sources.

(i) Structural volume and shear changes.

(ii) Inherited defects (e.g. dislocations and microstrains)
from the original martensite structure.

(iii) Anisotropy of thermal expansion of martensite crystals.

(iv) Condensation of vacancies on certain crystallographic

planes in f.c.c, structures.
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It should be pointed out that sources (i) and (iii)
will cause plastic deformation in both S.T.A. and the retained
austenite, whilec source (ii) is responsible for the dislocated
structure of the 3.7T.A., austenite alone.

(i) Structural volume change: When a region of a martensite

crystal tries to change its form but is partly prevented from
doing so by the surrpunding material of retained austenite,
internal stresses are set up. The change of form is a com-
bined volume and shear change due to the martensitic nature
of reversion (see section 3.15V). The volume contraction
accompanying the reversioncan only be accommodated by the
plastic deformation of the softer surrounding retained
austenite which, in turn, imposes tensile stresses on the
reverted martensite crystals. The whole process results in
the formation of a dislocated structurc. Since the reversion
occurs while the martensite crystal is embedded in the un-~-
transformed matrix,dislecaticns are left at the interface
between the transformed (S.T.A. austenite) and the untrans-
formed (retained austenite) regions. This is seen in fig.
Le

Tt should, therefore, be expected that in
martensitic transformations where the structural volume

change is very small, c.g. pure cobalt (D.5), 1ittle (or no)
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hardening should occur on short-time heating to a region

where structural changes takes place. Somc exploratory tests
were carried out using pure cobalt, It was found that with
short-time "austenitizing (30 scconds at 530°C) the specimens
had nearly the same hardness as with conventional anncaling.
However, in view of the absence of detalled information e.g.
amount of martensite (c.p.hex.) present prior to reversion¥,
these results are not conclusive.

(ii) Inherited defects from the original martensite: It has

peen established (De7«s Da8es Di9) that martensite crystals in
steels contain a substructure e.g. dislocations and internal
twins. It is, therefore, difficult to ignore the possibility
thet on rapid reversion, and possibly after some recovery, the
subs tructure of the parent phase (martensite) is inherited by
the S.T.A. austenite., The presence of dislocations in the
reverted structure has been discussed, It is however, difficult
to say authoritatively whether the dislocations in the S.7T.A.
austenite are due to the constraining effect of the distorted

retained austenite or from the inherited dislocation structure

¥ In the transformation of pure cobalt (ilg = 480OC and 0.3
percent structural volume change (D.5) pcecurring from the
dircet transformation of f.c.C. —» C.D.hex.) the amount of

martensitic phase depends critically (D.6) on the thermal

history.
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of the parent phase. In principle, rapid austenitizing of a
single crystal of martensite and subsequent microscopical
observation could throw some light on this point.

(iii) Anisotropy of thermal expansion of martensite crystal:

In crystalline structures, belonsing to the hex-
agenal and the tetragonal crystal systems, the thermal
expansion varies with the direction in the crystal. 1In a
crystal of a cubic mctal, on the other hand, no such effect
can exist because the thermsl expansion is the same in all
the principal crystallographic directions. It would be
expected thcecrefore, that as a result of reversion of a
martensite crystel (b.c.t), in the matrix of austenite,
anisotropic thermal expansion of the tetragonal structure
may set up stresses in both the phasecs; here the relastive
volume of each phase may be of importance (sec section 4. 3)-.
Three additional effects must also be considcred,
1¢« The difference in the thermal expansion occurs not only
from phase to phase but 2lso from graln to grain and stresses
may be sct up even if both the phases present were cubic.

2. Wach crystal of martensite has wmany neighbours, usually
of different orientation. A preferred orientation would
show deformation to a lesser degree than a structure in which
crystals are oriented at random.

3. Anisotropy of Young's modulus may slso cause plastic

deformation.
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It is very likely that the stresses set up by the
anisotropy of thermsl expansion of the martensite crystal(s)
are nearly neglipgible since the thermal expansion is dependent
on the temperature difference and not on the rate at which the
temperature changcs. Furthermore, if the reversion proceeds
via a tempering Ypath" i.e. martensite (b.c.t.) —s ferrite
{bec.c) + cementite (orthohombic) — austénite (focec.), the
accompanying loss in tetragonality would lessen the éffects
of anisotropy of thermal expansion.

(iv) Condensation of vacancies on certain crystallographilc

planes in f.c.c. metals: Since Sietz (D.10) studied the

interaction between vacancies and dislocations, evidence (D.11)
has become available to indicate the profound influence which
vacancies can have on the plastic propertics of metals.
Kuhlmann-Wilsdorf (D-12) sugpested that dislocations can be
generated in f.c.c. metals by the condensation of vacancies
on the{110} planes. This wouléd result in an edge dislocatiou
forming part of a prismatic dislocation. They have also
suggested vacancy condensation on {111} planes resulting in
the formation of sessile type (Frank partial) dislocations
with ¥ [111] Burger's Vector. Although the stacking fault
energy of a material is an important parameter in the t rans—
formation of a Frank partial, the ease with which a Shockley

partial is nucleated must also be considered. Smallman and
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Bikum (D«13) nave reported Frank sessile loops in a high
stacking fault material by quenching pure aluminium from

600°C into an oil bath. Probably the accompanying guenching
stresses were too low for nucleation of a Shockley partial to
occur,

In view of the fact that the energy for the form-
ation of vacancies in iron is about 3.5eV, it is probable
that only a swmall number of dislocations are produced by
vacancy condensation on ceﬁﬁéiﬁfplanes in austenitic steels
with the austenitizing temperatures used in this investigation.

Thus it can be comcluded that the predominant
source of dislocations produced on raepid austenitizing is

the structural volume change.

4,23 Reversal twins and sub-boundaries.

The fragmented nature of the reversed austenite
has been observed in the present investigation (section
- 3,15ii). These fragments, when lying transversely across
the reverted plate, are twin-related with respect to one
another. The twins differ from anncaling twins in that they
commonly have irregular boundaries and in addition, they
contain a dislocation sub-structure, fig. 3.13a. On the basis

of these observations, two possible mechanisms by which

reversal twins can form are suggested.
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(i) Coalescence of the original twins in the martensite plates:

During the reversion, stresses at the original
‘twin boundaries are relieved by thickening of two (or more)
adjacent original microtwins (60 - 5008 thick); the resulting
twins (recversal twins) have thicknesses varying from 0.1 - 0.5
micron. This mechanism of twin-coalescence is consistent with
the following observations.
(a) The reversal twins are always formed within the original
martensite plates which show internal twinning, Although
twins have been reported (D.14) in 16/12 stainless steel,
which contains no internal twins in the martensite needles
before reversion, it is, however, possible tha t these twins
may be stacking faults. The reported reversal twins in 16/12
stainless steel have straight boundaries. Noreover, in 16/12
stainless steel numbers of such twins occur in the form of

'bundles' apparently appearing like stacking faults.

(b) It has been well esteblished (D.15) that the thickening
of a twin Pequires mﬁch less energy than that required to form
its The necessary cnergy for twin-coalescence 1is probably
supplied by stress relief at the original twin boundaries,
overall lowering of the twin boundary energy and the thermal
energy during austenitizing. Any increase in one of these
factors, e.g. thermal energy of austenitizing, would be

cxpected to lead to eventual disappcearance of reversal twins.
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No rcversal twins were observed in specimens austenitized for

relatively longer periods, say about half an hour.

(ii) Cross slip during reversion: The irregular nasturec of

the boundaries of the reversal twins (fig. 3.13a) can be
explained by the occurrence of cross-slip, a phenomenon very
common in materials of high stacking fault energy. 1In a
thermally cycled sample, where much of the cross slip i.e.
localized change of slip plane, must have occurred at the
temperature of austenitizing sl the slip is expected to be
Lelatively coarse., Fig. 3.13 shows this effect and emphasizes
the irregularity of the cross slip segments.

At the temperature of austenitizing where cross
slip is likely to be enhanced, it is probabie that two (or
more) adjoining twins in the original martensite plate form a
'band' with cross slip occurring at the narrow ends. Since
cross slip segments are well-known for their zigzag nature,
it is of interest to note that the ends of almost all the
'pands' are very jogged.

= If the above process of reversal twin formation is
accepted, no reversal twins would be expected in the rapidly-
aus tenitized structure of iow stacking fault energy materials.

Tt is difficult to comment with certainty regard-
ing the nature of certain boundaries and sub-boundaries in

the S.T.A. austenite, fig. 3.14b. It is, however, probable
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that the straight and long boundaries are the original
boundaries of martcnsite plates. The presence of irregular
sub-boundaries can be accounted for by phenomenon of cross-
slip.

4.2L4 Tempering during reversion: Tlectron microscopical

study, both darkfield and diffraction pattern, gave no evidencs
for the presence of carbide particles in the sustenite. It
may be recalled here that the martensite before reversion is

a slightly tempered structure (even at room temperature)
presumably conteining fine carbide particles. In view of this
and the occurrence of some additional tecmpering occurring
during the period of reversion, it is suggested that the
presence of fine carbide particles in the austcnite is a
possibility. Sastri (D«16), working on a plain carbon
eutectoid steel (initially inT%empered condition) austenitized
at 8509C for L seconds, showed that ah essentially pearlitic
structure was formed on cooling and claimed a good degrec of
homogenigation. In the present investigation, however, unless
the carbides redissolved on austenitizing (a2 typical time of
austenitizing used was one minute), the possible presence of
fine carbides cannot be ruled out. As already mentioned
(section L.22), these carbidcs could have an anchoring effect

and cause tangling of dislocations.
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L.3 Contdbution of various strengthening mechanisms

in the 8.T.A. austenite.

Pig., 3.2 shows the enhancement in the mechanical
propertics (yield stress and hardness) of the rapidly austeﬁ»
itized structure. Austcnitizing trestments, involving
relatively low temperatures and shorbtimes (e.g. about one
minute), result in sn appreciable increase in ‘the strecngth.
Furthermore, it has been shown (section 3.14 fig. 3.8) that the
degree of strengthening due to rapid reversion depends upon the
initial amount of martensite present in the structure prior to
austenitizing.

Effect of initial amount of martensite on the yicld stress of

Su T‘.Al auStenitG.

The effect of the initial smount of martensite on
the yield stress of the rcverted structure can be explained b
considering the structure as a mixture of two "phases" viz
S.T.A. sustenite and convcntional sustenite. The increase in
the average dislocation dcnsity with varying amounts of
mixture of the two austeniﬁes can be suggested schematically

in the following figure.
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The dotted line in the figure shows the increasc in the
averagc dislocation density assuming the structure to be a
mixture of 8.,T.A. and rctained austenite, with each "phase®
having a constant dislocation density. The dislocation
density of the retained austenitc does not, however, rcmain
conétant and its average dislocation density includes, in
addition to thc dislocations produced on rceversion, the dis-
locations introduced in the retained austenite on direct
transforms tion. Structural observations wade by FEdmondson
and Ko (D.16A) gupgest that the plastic deformation in the
retained austenite during the reverse transformation is nbt

so extensive as during the dircct transformation. The numbor

of dislocationgin the rctained austenite, after reversion,
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will vary with the amount of retained austenite and this will,
probably, affect the form of the dotted line in the figure,
Although the exact form of the curvé is not known, the
suggested full curve (in the fipure) represents the pfobable
trend of dislocation content of the mixture of conventional
and S.T.A. austenites,

It can be inferred from fig. 3.8 that a relatively
small amount of martensite phase (20 - 30%) causes con-
siderable strengthening of the reverted austenite while anfun%vu
increasc sl in tl‘@e‘mar*tensite phase brings about
a relatively smaller amount of strengthening per percent of
initial martensite phasec.

It can be seen from fig. 3.8 that the maximum
yield strength of the S.T.A. austenite obtained by rapid
austenitizing (with an initial‘aﬁount of martcnsite of about
20 pefcent) is about 3 times the strength of the annealed
austenite. In the following section various possible sources
contributing to this strength increase are discussed in the

lisht of the observed structural features.

Nuantitative relationships for strencthening in 8.T7T.A.austenite,

The relationship between the grain size and fdow
stress was First piven by Hall snd Petch (De17 and D.18) ip

the following form:



Gp=6. +Ki 2 = 0=~ = (1)

where '6f' is the flow stress; '&,' is the friction stress
and is a measure of the resistsnce to dislocation movement;
'd' is the ~rain size; and 'K' is a function of the stress
necessary to activate a dislocation source.

Detailed investigations of the friction stress
(60) have shown that it is a function of temperature, inter-
stitials and precipitetes (D.19) and strain (P+20), If all

these factors are considered, the flow stress (6f) is given by

[V

&5 = + Ka~

£ = %¢e(1) * Sr(ath)

! i : - »3

where Jf(T) is the thermal component and £(Ath) the athermal

component which varies with density of dislocations and pre-
.‘ '

cipitates in a manner pwwposed by Conrad (D.21),  The exprorr

ion for flow stress then becomes

1,

]
= . ¢ 2 - - - - -
Sp = Sp(m) + S 4Mbe% + e pbA |+ Kd (2)

in which o, and & are constants, u the shear modulus of iron.
1 Pd

2
b the Burgers vector, . the dislecation density and A the
nrecipitate spacing. In equation (2), the second and third
terms represent the dislocation density and precipitate
strengthening respectively. Although a term involving

strengthening due to solid solution alloying (e.g. by carbo:.

nickel, molybdenum) must also be added to the equation (2),
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it may be emphasized that, in using this equation to asccount
for the increase in the strength of the S.T.A. austenite, no
attempt is made to discuss the effects of alloying elements on
the strength of S.T.A. austenite; this is because solid o 1-
ution strengthening will occur to the same extent in both con-
ventional and 8.T.,A. austenites unless the amount of carbon in
solution in the S8.T.A. austcnite is reduced by the presence of
carbide precipitates.

The theoretical model for the d—% term in equation
(2) relies upon dislocation pile-ups forming at the grain
boundaries. However, models based on a process of dislocat-
ions interacting and forming tangles (a characteristic
structural feature of the S.T.A. austenite) show that the
flow stress is proportional to the squarc root of the dis-
location density and this has been experimentaly established
(D'ZZ‘D'25). It appears that although the flow stress may be
a function of grain size, the term involving dislocation
density (m1‘nhﬁ%) is consistent with both current theoriecs
and experimental results. Because of this the dislocation
contribution was considered more significant than the grain
size term (d_%). Moreover, in secction 3.12b it has been
shown that the size of the original grains of the austenite
remains unaltered on rapid hesting (compare fig. 3.1a and

1
3.1b). Therefore the term d 2 and also the term éf(T)’ which
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is negligible at room tempcerature KD-19), are omitted in

equation (2), which then takes the form

As]

1
P = % Ap(2)E -0

2%) + dz,ﬂb(h1~1 ~,32'2) - - = (3)

Local changes in carbon content during austenitizing

tcmpering during revcrcsion.

Although the chemical composition of the austenitic
alloys used in the investigation was chosen in such a wey that
the martensite forms on cooling to below OOC, the possibility
of carbidc being precipitated from the martensite (and austen-
ite) while reaching the temperature of reversion (or during
subsenuent cooling) must be considered. Any cerbide pre-
cipitation from the solid solution can contribute to the
strencth of the S.T.A. austenite and it mey be that the
observed high strength of the S.T.A. austenite (particularly
in alloys containing strong carbide forming clements, INK1 and
BISM1) is in part duc to the precipitation and dispersion
hardening.

As mentioned earlier, no direct evidence for the
existence of carbides in the S.T.A. austenite has been
obtained, however, if any carbide precipitation occurs by
tempcring during hesting and if the resolution of this car-
bide was not complete in the austenite range, then it would

be expected that the g tempersture of the S.T.A. austenite



weould be rgised due to the reduced carbon content in the
s80lid solution. During the course of experimentation, however,
it was noticed that the Mg temperature of the S;T.A. aus ten~
lte, for BISH1 alloy, was lower than that of the conventional
austenite. Due to lack of any positive evidence for the
prescnce of carbide in the austenite after reversion, the
possible contribution of the precipitates to the flow stress
(6f) of the S.T.A. sustenitc could not be cstimated. However,
it secems that the most signifibant term to consider, to
account for the increase of about 18 tons/in2 in yield stress
of the S;T;A; austenite over the conventional austenite is
the dislocation density term in equation (3),

The value of the density of dislocations for the
S;T;A; aus tenite has been calculatcd (section 3.151iv) to be
about 1010 1'1nes/cm2 in comparison with a value of about
109 lines/cm2 for fully annealed austenite; In order to take
into account the 'forest' naturc of the dislocations in the
S;T;A; austenite, a value of 1011lines/cm2 can be used to
cstimate S from the theorectical relationship (equation 3).
Krauss (D;26) has alsc reported the density of dislocations

011linea/cm2.

in the reversed asustenite to be of the order of 1
In the anncaled austenite the value of the dislocation
density (107 lines/cm?) appears to be high, possibly becausc

of the seneration of dislocations during foil preparation
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and subsequent handlingi A value for anncaled austenite of
108 or even less appears more likely.
The expression

i 1
2 o
Gf = o&_ub (/01 _,022)

may be used where x= const =~ O.L (D.27); A = shear modulus

of iron = 12 x 106 1b/in2. b = Burgers vector = 2.5 x 10"80m,

Ja

Fb = dislocation density of conventional austenite, 108 lines,’

cm?. By substituting these values, '&p', the increase in the

dislocation density of S.T.A. austenite, 1011 1ines/cm2

Tlow stress resulting from rapid austenitizing, can be
estimated as being about 15 tons/in® which is quite close to
the observed increase in the yield stress (418 tons/ing) of the

S.T.A. austenite,

Strength of 8.T.A., austenite and reversal twins.

The presence of reversal twins in the S.T.A.
austenite may limit the movemcnt of the dislocations. A dis-
location whose line passes through a twin interface aan move
easily only if its Burgers vector is identical (an unlikely
situation because of the atomic disorder in the interface) on
both sides of the interface. Any discontinuity in the mag-
nitude of the Burgers vector of the intersecting dislocation
will result in the 'pinning' of the dislocation with the twin

interface acting as a barrier to dislocation movement.
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Kelly and Nutting (D-28) nave claimecd that there is a small
strengthening (in martensite) due to twinning. In view of
the fact that the thickness of the reversal twins ig about
0.1 = 0.5 microns (c.f. 60 - 500X in the case of twins in
martensite), the number of the twin barrier to the dis-
location movement is less. It is therefore justified to say
that the presence of the reversal twins contributes slightly
to the overall strength of the S.T.A. austcnite.

Thus the increase in the strength of the S.T.A.

austenite is primarily due to thc high dislocation density.

lyelh lechanism of reversion

The martensitic nature of rapid reversion has been
demonstrated by the surface relief effects, fig. 3.18(b).
Some sharp tilts in the interference fringes canhbe obser&ed
which are duc to the reversal plates of austenite formed
martensitically. Carbon replicas taken from reversed
austenite plates, fig. 3.10a, indicate that the fragments
of S.T.A. austenite present within the original martensite
plate have relief sectors of their own. The interferometric
technique, fig. 3.180, however, docs not, within the limit
of resolution,.conclusively establish that each fragment
of 8.T.A. austenite formedwithin the original martensite
plate is associated with surface tilts. The general appear—

ance of the interference fringes is distorted probably
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becauée of the impingcment of several S.T.A. austenite frag-
ments.

A comparison of carbon replicas obtained respect-
ively from a martensitic plate and from an S.T.A. austenite
plate, fig.3.10a (c.f. fig.3.10b) shows the absence of. a
midrib in the 8.7.A. austenite structure and this may indicate
that the reverse transformation proceeds in only one direction
from the plane of nuclcation. Although no observation
indicating a‘plane sweeping, on austenitizing, through the
original martensite plate was made, Jana and Weyman (D.29),
in a recent publication, have shown a partially reversed
martensite piate in which a sweeping interface stopped midway.
The rate of heating, as cmployed by them, was 1°C per minutie
and this may mean that the reverse transformation was
diffusion controlled. EKessler and Pitsch (D.30) employed
both slower (O.39C per minute) and faster (100°C pcr second)
heating rates and detected a martensitic reversal in both

cases,.

Lh.5 @affect of anncaline time and temperature.

L. 51 Hardness changes

The hardness changes in S.T.A. austenite as a
function of time and temperature of austenitizing, ranging

between 600 -~ 670°C have been plotted in fig. 3.2 to 3.4 for
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the three iron-nickel=carbon alloys. Only a small decrease
in hardness is observed during the initial period, el

. dosnisiestemgisesisoy then,doepending upon the temperature of
-austenitizing, a sudden drop in hardness beginé. With a pro-
longed sustenitizing period, the hardness of the reversed
austénite rcaches the same value as that of the conventionally

annealed austenite.

L.52 Structural changes and activation energy.

The microscopical structural changes are reflected
in the manner in which the dislocations anneal out with
increasing time of austenitizing. For an austenitizing time
of about ten minutes, the hardness of the S.T.A. austenite
(figs 343) is still substantially higher than that of the con-
ventional austenite., Figure 3.15a shows the microstructure
corresponding to this hardness valuc. 'There.are areas of both
high and low density of dislocations. It may be noted that
the electron micrograph shows dislocations inside the cells
indiéating a certain amount of dislocation pinning by the
matrix. With increasing time of austenitizing (40 minutes
at 650°C) the cell-structure formation is more prominent
(figs 3.15b). Although the dislocation density appcars to
be high for a structure which has nearly the same hardness
as that of the conventional austenite, the high content of

dislocations is primarily distributed in the formation of
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cell walls, leaving the matrix, in comparison with fig. 3.15a,
free of dislocations. It may, therefore, be suggested that the
strength of the reverted sustenite is largely dctermined by
the dislocation arrangement rather than the dislocation density.
The effect of the alloying elcments on the dis-—
location arrangements in the reverted austenite must also be
considered, If carbides are formed during the period of heat~-
ing to the austenitizing temperature, the cffects of the pre-
cipitates will be that the particles will hinder slip motion
and cause thc dislocation multiplication. However, for pro-
longed soaking times at the austenitizing temperature, the

carbides will tend to redissolve,

Thomas et al(D'31) have detected carbides in
ausformed austenite (iron-28% nickel 0.3% carbon and iron-25%
nickel-L. 5% molybdenum—-0,28% carbon alloys). According to
these investigators the occurrence of carbides depends on the
amount, and possibly the tcemperature, of deformaﬁion; high
deformations will favour carbide precipitation in austenite.

It is generally accepted that the effect of annecal-
ing on the cold-worked mectal is to bring aboubt recovery and
recrystallization by nucleating new grains at the grain
boundaries of the deformed materisl. The boundaries of the
new grains then migrate through the deformed materisl. The

swept area (virtually free of dislocations) is separated from



- 145 -

the deformed region of a high-angle boundary (D.32). The
microscopical investigation of the S.T.A, austenite on pro-
longed soasking showed no s igns of the presence of high-anele
(recrystallization) boundaries, though the S.T.A. sustenite
contained a high density of dislocations. However, some
boundaries were seen Ce g fig, 3.15b which are possibly the
original boundaries of the martensite platcs. The absence
of high-angle (recrystallization) boundaries indicates that
the effect of gustenitizing time on the reverted structure is
basically a rccovery process wherein the dislocations poly-
gnize themselves to form sub-grains without migration of the
grain boundariesi liicrostructural evidence to support this
view ;s furnished in figure 3,15b. The micrograph (iron-
nickel-carbon INN1 alloy) shows the structure of a specimen
austenitized at 650°C for 4O minutes (from figure 3.3, the
hardness after this treatment is nearly the same as that of
the conventionally snnealed austenite)..

The activation energy (section 3.17) for the
process of recovery of the annealed austenite by rapid
austenitizing has been calculated to be about 155 Kcal/mol
for the iron-nickel-carbon alloys (HP1,INN1 and INN2).
Although this value is much larger than the activation energy
for the self diffusion of iron along the grain boundaries of
austenite (41 Kcal/mol D+37), values of the order of 90

Kcal/mol have been reported by Krauss and Cohen (DPs33) for
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iron-nickel alloys containing impurity-lcvel amounts of
carbon. They believc that the annealing of reverscd austenibe
is the saine as the annealing of cold-worked metals in that
both the processes involve recovery and recrystallization.
Following the idea of Lucke ond Detert(D-34), Krauss and
Cohen (D. 33) proposed that the high#activation energy results
from the preferential segregation of the carbon atoms at the
grain boundaries. In slloys containing higher amounts of
carbon, as in the present investigation, it would, therefore,
be expected that a higherconcentration of solute atoms can
build up at certain regions than at others. Cottrell (D. 35)
has suggested that such segregation is possible around a
dislocation. Thus at thc temperature of austenitizing a
high density of dislocations can provide sites for carbon
segregation.

’ The effect of impurities (tin in zone-refined lcad)
on boundary migration has been well demons trated by‘Aﬂst and
Rutter(D'56). They have concluded that very small impurity
concentrations can dramatically retard boundary migration.
Barlier, Lucke and Detert(De3l) haa postulated that dissolved
impurities retard a moving boundary through an clastic
attraction of impurity atoms towards the 'open' structure of
the boundary (or dislocations); the boundary must then
either drag the impurity atoms along - so that its speed is

limited by the diffusion rate of the impurity atoms - or else
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the boundary can break away if the impurity concentration ig
small enough or the temperature is high enough. A revised
version of Cshn'e theory (D. 32) on boundary migration predicts
that the veloclity of boundary migration is an inverse function
0of solute concentration and that a lower diffusivity of the
solute will lead to a stronger boundary drag.

With the amount of segregation varying from
boundary to boundary (or uneven along any boundary) the net
cffect is that the boundary would be less mobile than would
be anticipated if there was no segregation, in which case the
activation energy will provide atom~by-atom transfer of iron
(or nickel) across the migrating interface.

The high activation energy, thcerefore, possibly
involves carbon scgregation and clustering at thei%oundaries

(and dislocations) thus retarding the mobility of the gralin

boundaries.



= 148 -

L, 6. S.T.A. and conventional martensite -~ tempered

" and untempered.

The structural changes in the austenite, e.g.
increase in the dislocation density, accompanying short-
time rapid sustenitizing treatments have already been
discussed: The increased strength of the S.T.A. austenite
seems to be mainly dependgnt on the dislocation content.
Any possible effect of inheritence of the austenite sub-
structure on the strength of S.T.A. martensite (both in the
tempered and untempered conditions) is discussed in this
section.

Kurdjumow (D+38) pointed out that tempering is
essentially an ageing phenomencn in that it is s process of
precipitation from super saturated solid solution. The
fundamental difference between normal ageing and tempering
lies in the mode of formation of the super saturated solid
solution. In the latter case the parent phase is a product
of shear transformation. As shown by Kelly and Nutting (D. 39)
shear transformation in steels gives rise to two kinds of
microstructure: low-carbon martensite is in the form of
needles containing dense dislocation networks, while high-

carbon martensite is in the form of internally twinned

plates,
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The tempering of martensite has been the subjec’
of many studies since it plays an important part in the
production of high strength steels. In plain carbon
martensitic steels, tempering generally proceeds by a three-
stage process (D-4°>. On tempering below about ZOOOC,
€ ~carbide is precipitsted leaving the matrix containing
about 0.25% carbon. The € -carbide is not a stable phase and
on tempering at higher temperatures, or for longer times at
lower temperatures, cementite is precipitated., This is known
~as the third stage of tempering, the second stage has been
identified as the transformation of retained austenite to
non-martensitic products. It should be stressed that these
stages are not confined to definite temperature ranges, but
are both time and temperature dependent, and vary in different
alloys.

In the tempering of alloy steels the first three
stages are essentially the same ss in plain carbon steels.
During the fourth stage cementite gradually dissolves and
alloy carbides start to precipitate (D'u1). Honeycombe et al
(D:+42) nave reported in situ transformation of cementite to
alloy carbides. Cementite may also be present along with the
alloy carbides (D.L3). Houndremont et al (D-L4lt) showed that
secondary hardening was due to the precipitation of alloy

carbides.
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It may be recalled here that the strength of
the two types of structures investigated (both in the
tempered and untempered conditions), in fact, represents the
strength of mixtures of phases in that the structure prior to
tempering is a mixture either of conventional martensite +
conventional austenite or of S.T.A. martensite + S.T.A.
austenite + conventional austenite. The strength of the
martensite, tempered or untempered, was, thefefore, deter-
mined by extrapolating plots of yield stress versus amount
of martensite to 100 percent martensite (figs. 3.20 and

. 3.28).

L.61. Factors contributing to the increased strength

of the untempered S.T.A, martensite.

It was observed that in the iron-nickel-
molybdenum-carbon alloy (BISK1), the S.T.A. martensite showed
a slightly higher strength than the conventional martensite.
The difference in the 1.0% yield stress (extrapolated values)
of the two martensites in this alloy is only about 6% and this
is discussed below on the basis of the structural study. It
may be mentioned that snce no extrapolation of the velues of
ductility of the two martensites was done, no comment can be
made on this aspect. The factors contributing to the

strengthening of ferrous martensite can be briefly mentioned.
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Carbon is the most important factor in the
strengthening of martensites; the yield strengths achieved
vary from 80,000 1bs/in2 for 0% carbon (extrapolated value)
to 280,000 lbs/in® for 0,8% carbon in iron-nickel-carbon
alloys (Dv45), the strengthening due to the nickel (about
10,000 1bs/in®) being negligible for the relatively high
amounts of nickel. If any precipitation occurs as a result
of auto-tempering or sub-zero tempering, it will be the amount
of carbon remaining in solution which will mainly determine
the strength of martensite. The results of Kelly and Nutting
(D.46) have shown that carbon in solution is responsible for
nearly half the strength of high carbon martensite.

The ageing experiments of Winchell and Gohen!(Ds45)
suggest that carbon can diffuse rapidly in the b.c, t.
structure and the virgin martensite undergoes temperature~
dependent ageing above aboué -60°¢ provided the carbon
content is more than 0.2%, The influence of this rapid
migration of carbon on the méchanical properties of the
martensite can be appreciable, Kelly and Nutting (D.46)
found that in plain-carbon steels a considerable increase in
hardness occurs due to carbon precipitation during the
guench.

. Kelly and Nutting(De46) nave shown that the

effect of substitutional sclid solution hardening, involving
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non-carbide forming elements {(e.g. hickel) on the overall
strength of martensite is very small. With strong carbide
formers as substitutional elements ( and with appreciable
amounts of carbon), clustering may give rise to chemical
hardening (D-47), However, Kelly and Nutting(De46) nave
suggested that a large increase in the yield stress of
martensite would not be expected.

In low-carbon steels the lath martensite
contains a high density of dislocations(D.48), By comparing
the strength of fine grained low-carbon ferrites and the
strength of low-carbon martensites, Kelly snd Nutting(Dohé)
have shown that the contribution of the dislocation sub-
structure to the strength of carbon-containing martensites
is relatively small., The proposal that internal twinning is
partly responsible for the strength of high—-carbon
martensites was put forward by Kelly and Nutting(D'uS),
although the proposal has met some opposition(D-u5). With
regard to the relative effects of dislocations and twinning
on the strength of martensite, Kelly and Nutting have
discussed work on carbon-free iron-nickel alloyS(D'ué). In
these alloys when the martensitic structure changes from
laths containing a high density of dislocations to internally
twinned plates there is no appreciable change in strength.

If the twins have no effect on the strength, it can be
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argued that the internslly twinned martensite should be
weaker than lath martensite. They conclude that the
similarity in the strength of the two structures indicates
that the twins provide a strengthening effect.

In the present work when accounting for the
increase in the strength of S.T.A. martensite over that of
conventional martensite, the effecct of splid solution harden-
ing, both by interstitial snd substitutional elements, on the
strength of the two martensites is not considered, since it
will cause the same degree of strengthening in both cases.
In the case of any sub-zero tempering (see section 2.54), it
is assumed that the carbon precipitation will occur to the
same extent in the two martensites.

The experimental observations clearly show
(fise L.2) that the extent of transformation twinning in the
S.T.A. martensite is less than in conventional martensite;
it, therefore, appears that the decreased amount of twinning
may be of importance from the point of view of the strength
of S.T.A, martensite. The large, homogeneous distribution
of dislocations in the S8.T.A. martensite, fig. 4.2, would
make slip difficult because of dislocation interaction.

The fact that the S.T.A. martensite shows more
plates in the lower range of thickness then does the con-

ventional martensite (fig. 3.22) is also likely to be
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important. The refinement in the S.T.A. martensite plates
can effectively enhance the yield stress by iﬁcreasing the
number of martensite boundaries pér unit slip path. Phillips
and Duckworth(D'49), using plain~-carbon martensitic steel,
have concluded that the increase in the hardness and tensile
strength of martensite;, produced after 'shock' austenitizing
treatments, results from the fine plate size of the marten—
site.

Thus the smell difference in the strength of
the two martensites is due to refinement of the 8.T.A.
martensite plates and the high density of dislocations in

the S.T.A, martensite plates.

L. 62, Tempering and the strength of S.T.A. martensite.

Most of the study of tempered structures was
done on the alloys containing molybdenum (INM1 and BISH1).
Tempering of martensite in the iron-nickel-carbon slloy
(INN1), both conventional and S.T.A., produced a gradual
decrease in hardness as commonly observed in plain-carbon
steels. The structural changes accompanying the variation in
hardness in iron-nickel-carbon alloys have been discussed by
wells(D-50) ana Tekin and Kelly(D+51), Wells, in particular,
employed an alloy of similar composition to that used in the
present investigation. Tempering at a low temperature (about

2009C) brings out € —carbide precipitates as long narrow
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plates (or laths) in more than one direction or in more than
one plane in the martensite plate: On prolonged tempering,
the € —carbide dispersion coarsens and the precipitate becomes
less coherent with the ferritec matrix, As the carbon con-
tinues to come out of solution and forms cementite at 300 -
uOOOG, an overall decrease in hardness results (fig. 3.2h).
The cementite precipitates as platelets on the fine twin
interfaces. No carbide is nucleated on the austenite/
martensite interface. In the later stages of tempering, the
twins disappear and this leads to a further reduction in
hardness.

In comparison with the tempered iron-nickel-
carbon alloy (INN1) martensite, the effect of tempering on
molybdenum~containing alloys (INH1 and BISKH1) is somewhat
different. Although molybdenum is a strong carbide former
its diffusion rate in iron is considerably slower than that
of carbon. As a result,.there is an initial drop in hardness
during isothermal tempering, fig. 3.25, associated with the
precipitation of cementite (fig. 3.19c). With continued
ageing, sccondary hardening occurs from the precipitation of
lio 50 (figm 3.32 and 3.33). The marked increase in hardness
due to secondary hardening of both the martensites with
increasing tempering temperature comes to a maximum at about

3500C (fig. 3.27) depending upon the tempering time, while
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above this temperature there is a gradual softening. The
hardness in the S.T.A. samples is greater than that of con-
ventionally treated samples., No structural study in the
overaged conditions was carried out; however, the softening
aftcr secondary hardening has been attributed to the growth
of alloy carbide(D.U43),

The structural study of the tempered martensite
in iron~-nickel-molybdenum~carbon alloys (INM1 and BISM1) ;;;a
provided some basis for explaining the higheér strength of
tempcred S.T:A. martcnsite (about 10%, extrapolated value)
over that of conventional martensite in the peak hardness
condition.

In view of the high defect content of the S.T.A.
mertcnsite ahd the precipitation of molybdenum carbide on these
imperfections, fig. 3.30b, (which are suitable sites for
nucleation) the tempered S.T.A. martensite (350°C for 100
hours) has shown finer precipitate -particles than in the ecasc
of conventional martensite (figs. 3.33d and 3.32d). It may
be pointed out herec that the molybdenum atom is approximatecly
10 percent larger than an iron atom and for this reaéon may
be expected to segregate to the dislocations and grain
boundaries (fig. 3.30(b) and (c¢)). Assuming that the total
volume of the precipitates is the same in both the marten-

sites (and remains constant), the finer precipitates in the



- 157 -

case of S.T.As martensite will be relatively closely spaced.
Measurements have not bcen made of the size and spacing of
the precipitate particles., However, from figs. 3.30b and
3.,32d, the sige of the precipitate particles can be
approximately estimated as being about 50 - 1253. Thomas

et a1(D+52)  in work on an ausformed Fo-Fi-Mo—-C alloy have
calculated that the size of the molybdenum carbide (MoC)
particles would have to be less than about 708 for the
particles to be cut by the dislocations. In view of the
uncertain value of the particle size in the prescnt work, it
is difficult to predict the nature of the interaction of the
precipitate particles with the dislocations; however, it
seems that some cutting may occur.

In the case of conventional martensite (tempered
ét 350°C for 100 hours), the size of the precipitate part-
icles (fig. 3.33d) is approximately 500 - 10008 and it is
likely that the Orowan mechanism(D.53) is operative whereby
the dislocations pass between the precipitate particles,
leaving encircling loops of dislocations around the particles;
this mechanism involves relatively less energy than that
required for the shearing of particles.

There are a few areas in the sustenite region
of the tempered S.T.A. structure, fig. 3.30c, showing narrow

white regions with dark contrast on either side; these areas
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may be interpreted as eclastic coherency strains around pro-
cipitates, Xelly and Nicholson(D'5“) have suggested that
small cohercnt precipitates are usually sheared by dis—
locations and alloys containing such precipitates are
characterized by a high initial yield stress. Payson(D.43)
has attributed secondary hardening in slloy martensites to
coherent precipitates of alloy carbide. However, in the
present work, thesec effects were not detected in the
martensite regions.

Thus, the factors contributing to the increased
strength of S.T.A. martensite, tempered at 350°9C for 100
hours, are the refinement in precipitate particle size,
associated with precipitation of alloy carbide (liooC) at
dislocations in the S.T.A. martensite and possibly at the

martensite/aus tenite interface.
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Conclusions

The main results and conclusions from the
present investigation of iron-nickel-carbon and iron-
nickel-molybdenum slloys, austenitic at room temperature,
are summarized below:

(1) The reverted austenite (8.T.A. austenite) produced by
rapid heating of martensitic structure for short sustenitiz-
ing times has been shown to have a higher strength than the
conventionally anncaled austenite. The degree of strengthen-
ing increases with increasing amounts of martensite present
prior to austenitizine. The relationship between the amount
of martensite and final strength of austenite is not linear.
For relatively short times of austenitizing - about a

minute - the yield stress and hardness are increased by a
factor of 3 -~ L. |

(2) It is sugrested that the cenhancement in strength is
primarily duc to an increase in dislocation density resulting
from structural volume changes.

(3) In most cases fragments of S.T.A. austenite have been
observed in areas originally occupied by martensite plates.
The fragments lay in two directions with respect to the
initial martensite plates, in one case transversely across
the original martensite plates and in the other case aleng

the martensite plate. In the former orientation, the
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fragments of the S.T.A. austenite have been shown to be

twin related with respect to each other. The occurrence

of fragments (of 3.T.A. austenite) has been confirmed by
carbon replica techniques. A4 few plates of S.T.A. austenite,
comparable in size with the original martensite plate, have
been observed containing a high density of jogged disliocatiors;
suggesting a different mode of reversal.

(4) Interferometric techniques have established that the
reversion is of martensitic nature - at least with the rate
of heating employed in the present investigation.

(5) With increasing time of isothermal austenitizing in

the range 600 - 700°C, the changes in hardness in the iron-
nickel-carbon alloys are of sigmoidal form and, on the
evidence of the structural study, it 1s suggested they arise
from recovery processes involving a relativel; high activ-
ation energy (i.e.~ 150 Kcal/mol). In the iron-nickel-
molybdenum-carbon alloys, the effects of relatively long
times of austenitizing in the rance 650 - 850°C are com-
plicated by the occurrence of phase changes.

(6) 8.T.A. martensite has a higher yicld stress than the
conventional martcnsite -~ both in the tempered and un-
tempered conditions.

(7) 1In the untempered condition, the difference in the

vield stress of the S.T.A. conventional martensite (~ 65)
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has been attributed to the refinement in the plate size and
to the occurrence of less twinning as compared with the
conventional martensi te,

(8) The effects of tempering of the 8.T.A. and conventional
martensite in iron-nickel-molybdenum—carbon alloys have been
studied in relation to the observed secondary hardening
occurring in both the martensites. The higher secondary
hardness of the 5.T. A, martensite over that of the con-
ventional martcnsite has been attributed to the finer dis-
persion of the particles of the alloy carbide, The tempering
of S.T.A. martensite in iron-nickel-molybdenum-carbon alloys
is pfi@afily assoclated with alloy carbide precipiltation at
dislocations and at the martensite/austenite interface, while
in the case-of conventional martcnsite precipitates of alloy

carbide occur along the twins.
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Some suggestions for future work.

The more responsive nature of the austenite,
thon of the martensite, to rapid austenitizings, from the
point of view of strensthening, has been established in the
present investipgation. It appears that the microstructure
of the parent phase (martensite), prior to austenitizing, is
of considerable 1lmportance with regard to the final strength
of the reverted gustenite. It will, therefore, be of
interest to study the effects of rapid austenitizing on
austenitic stainless steels since the microstructure of the
martensite in these steels 1is distinctly different from that
observed in this investigation. To this end, some research
is being done in the lietallurgy Department of Imperial
College. Similar work on some martensitic steels is also
underwaye.

Study of dispersion hardening combined with
rapid austenitizing in alloys belonging to ageing system,
is an avenue of interest from both the academic and
industrial points of view. A combination of rapid austenitiz-
ing followed by ausforming of carbon-containing austenitic
commercial steels may result in bctter mechanical properties

than either of these methods individually.
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Appendix A

(The author is indebted to Dr. #.,G. Hocking of
the ketallurgy Department, Imperial College, for the follow-

ing calculations):

Approximate calculations for carbon from O.1 cm
thick sample containing O.u%\of carbon and heated to about
1200°C for three hours in
a. Sealed evacuated silica tube (at pressure mﬂO_umm.Hg).

b, Vacuum furnace with continuous pumping (i.e. unsealed).}
Vacuum of 1072 - 10~4 was maintained.

If 'D' is the diffusion coefficient of carbon in
iron Gw10“6 cm?/sec), 't' is the time (seconds) of heating and
'L' is the half thickness (cm) of the specimen, the value of

the function Qg is equal to
L

-6

10~ x 10800

0. 052

From the standard chartsﬁ, the value of the ratio

Cn - Co . £ DE (1) 100
Cs - O, corresponding to the value o 3 =) is 0.9999
C. -
ve. o~ %0 o,

¥ . . o
Reference: Darken and Gurry "Physical Chemistry of Ketals"

page L4L7.



where C, = mean carbon content of the sample, Cg = concen-
tration of the carbon at the surface of the specimen after
heating to 1200°C for 3 hours. Cgy = initial carbon con-
centration (G, = 0.4% = LOO ppm). Ve have

Cn — Cp = Cs ~ G (C, = oo ppm)

or Cp = Cg
Thus the mean concentration of the carbon in the sample after
three hours of heating at 1200°C equal the surface concentrat—
ion,

a. Sealed in silica tube:

Volume of the evacuated silica tube 100 c.c.

i

1

Weight of the specimen 100 gms.
Assuming the reasction

2C + 0, = 2Cg
I

goes to completion i.e. all the oxygen (at pressure 10 “mm.
Hg) in the silica tube is used up by the carbon to form Co.
The partial pressure of CO (pC@) will, therefore, be 2 x pO,
= 2 X 107 atmosphere.

From the universal gas equation

pV = nRT.
.p = partial pressure of C6 = 2 x 10~/ atm.
V = volume of the tube filled with CO = 0.1 litre
n = number of moles of CO
R = gas constant = 0,08 litre. atm/deg®K.
T = absolute temperature = 1500°K.
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the value of n can be calculated

2 X 10~ (x _1.: 1040 moles of Co
.08 x 1500

n =
= 1079 gm of carbon.

Thus the silica tube can be filled with CO at
4077 atm and only 102 gm of carbon will be lost from the
initial concentration of 0.4% carbon; Cg will remain equal
to Cpe

b. Unsealed samples: Carbon is not volatile and so it can

escape as CO., When the vacuum pump is left connected, all

the CO gas will be removed, but the gas cannot form continu-
ously since there is no source of oxXxygen — assuming no leaks.
Back-diffusion of oxygen from the astmosphere through the pump
and into the cruecible (containing the sample) can be neglected

Hence, again there should be no appreciable loss of carbon.

Appendix B,

Decarburization in the salt bath.

Technical advice received from I.C.I. (Witton,
Birmingham) claims that the salts have no carburizing
potential,. For the prevention of decarburization, however,
it was important to add a regenerator (supplied under the
commercial name Regenerator "AY) if the salt bath is to be

used for treatments of more than eight hours duration,.
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Even with the addition of the regenerator, it was considered
advisable to check whether gy ceesxics wese o W eweois
G wemstmme ony significant decarburization took place during
the heat treatments., An ordinary razor blade was immersed in
the salt bath at 760°C for about twenty minutes followed by
guenching in water. On bending the blade, it broke in s
brittle fashion indicating, thereby, that no decarburization
had occurred. Thus it can be deduced that no decarburization
occurred in the samples used in the investigation during heat

treatments in the salt bath.

Appendix C.

The exact carbon content of alloys, as wmarked with
an asterisk in table; is not known. Two sets of analysis werc
carried out by International Nickel Co. Ltd., The first was
done on an as—cast sample and gave 0.L2% carbon for INNY1 and
0.43% carbon for INN2. It was found that the hardness of the
annealed austenite in the latter alloy was significantly
higher than that of the former and a repeat chemical analysis
was done on fabricated samples. This gave carbon values of
0.37% and 0,30% respectively., A further chemical analysis
for carbon in INN2 glloy gave values of 0,40, 0.471 and 0.40%

(triplicate). The carbon content of INN2 appears to be
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between 0.4 snd C,43 while INN1 alloy appears to have a
somewhat lower value. The reason for this anomaly is not
known, In spite of the uncertainty in carbon figures the

results of the investigstion are not significantly affeccted.



Appendix D.

d-spacings () of planes (hk.1l) in Lio,,C (c.p. hex).

(¢ = b.72u8; a = 3.002R)
15 = . 147 (h2+hk+12) + 0.0LL8(12)
4a
.1
Planes(hk.1) he %
001 0. 0LL8 0,241
110,070,100 0. 147 0. 383
100,010,710 " it
002,002 0.1792 0. 423
171,147,101, 0.1918 0.438
101,111,019,011 - i i
072,012,012,072, 0, 3262 0. 571
1059?1591:{—2—9 i i
110,110, 0. L1 0, 66l
120,210,210 " "
117,271 0. 4858 0. 697
212,112,212, 0, 6202 0, 787
212,212,722 y it
113,70303,713 0, 561 0. 741
201,021 0, 6328 0,795
273 0. 843 .918

302 1.4982 1.21
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