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Abstract.  

A study has been made of the strengthening by 

rapid austenitizing of iron-26% nickel-0.3 - 0.L6 carbon and 

iron-23% nickel-2.95 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 in/salt-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. 

A high density of dislocations (,-..,10111ines/cm2) is a 

characteristic structural feature. Interferometric techniques 

have established that for heating rates obtainable with a 

liquid 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 austenite. This 

behaviour is attributed to a recovery process involving an 

activation energy of about 150 Kcal/mol. In iron-nickel- 



molybdenum—carbon alloys, however, prolonged austenitizing 

results in phase changes. 

The martensite produced from S.T.A: austenite 

(i.e. S.T.A._ martensite) has a slightly higher strength than 

the conventional martensite — both in the tempered and un—

tempered conditions. The difference in the strength (r',  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 (,--,10M than that of the tempered conventional 

martensite (peak hardness) and this is explained on the basis 

of the relatively fine size of alloy carbide (Mo2C) particles 

in the case of S.T.A. martensite. Precipitation of alloy 

carbide along the twins and at the dislocations has been 

observed. 
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General Introduction  

When austenite transforms 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 transformation product. One of the ways of controlling the 

austenite structure, with a 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 austenitic 

at room temperature and in which substantial amounts (3.' 

martensite can be produced by Quenching below room temperature,  

The terms S.T.A. austenite and S.T.A. martensite have been 

introduced to designate the austenite produced by short—time 

rapid austenitizing treatments and martensite produced there—

from. 

Heating the martensite structure, using relatively 

low austenitizing temperatures, can increase the yield strength 

of the reverted austenite by a factor of about three; this 

type of strengthening has been termed / phase hardening' by some 

authors),(Al)b Using iron—nickel alloys (33.5 •penaent 

nickel), Krauss(A2)  showed that the reverted austenite was 

characterized by a very high density of tangled dislocations 

and suggested that this structural feature 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 11103; A•4)  on the effect of short-time austenitizing 

treatments on the properties of martensite; working with a 

plain carbon steel containing 0.4% carbon, they showed that 

such treatments significantly increased the hardness and 

tensile strength. 

There is a likelihood of similarity between tie 

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 and propertie3 

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 maytensite crystals may be affected and also 

the sub-structure may play an important role in carbide pr-

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 martensiter  

both in the tempered and untempered conditions. Iron-nickel-

carbon and iron-nickel-molybdenum-carbon alloys, austeniec 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 

ductility 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 Ibayt  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) Mavily 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. Earlier investigations of Raymond 
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and Reuter (A.9), and of Thomas et al (A.10) have illustrated 

that 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 intensive 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 ratio of 

these steels is very high but they have a good ductility - about 

ten percent. A typical composition is iron-18% nickel- 

(0.2 - 0.6%) titanium - 0.07% aluminium - 8.0% cobalt - 

(3 - 4%) molybdenum. 

The cycle of treatment for the maraging steels 

involves mechanical treatment at about 920°C followed by 

solution treatment at 82000 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 percentage 

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 (A.12). 
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Short-cycle rapid austenitizing: The short-cycle austenilz;. 

method involves rapid heating, holding briefly at, and rapid.ly 

cooling from the austenitizing temperature. The enhancement in 

the mechanical properties of the short-time rapidly austenitized 

structure has been demonstrated by a few investigators (e.g. 

A.2, A.13 and A,1)4) . 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 17,1E% 

be of practical interest from the point of view of austenitic 

steels, provided that some martensite can be formed in them 

prior to rapid austenitizing. 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 

strengthening. 

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 process. He concluded that the rever.,,, 

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 a 

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. 

rtustenite.  

During recent years, the study of the trans-

formation 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 considerable interest and have been investigating the 

structural features of the reversed austenite using alloy 

steels and iron-nickel alloys. One of 

studying the reverse transformation in 

ferrous martenaites is that during the 

some tempering is likely to occur. It 
reason that in the last decade, almost  

the difficulties of 

carbon-containing 

heating for austenitizing 

is probably for this 

all the American 

investigators have studied reversion in iron-(30 5/4) 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 (1143)  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 austenite 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 tangled dislocations. 

Following the hardness changes of the reversed 

austenite, Krauss and Cohen (A.13) employed various annealing 

temperatures (60000 - 7000C) and found that the plot of hard-

ness 'vBc 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 transformation, on prolonged austenitizing, involves 

recovery and recrystallization. Gridner et al (A.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 the authors did not comment on 

the nature of the annealing behaviour, 
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The reversion of high-carbon austenitic 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 stress, 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°0 per minute the martensite to 

austenite transformation (in iron-1L.0% nickel-0.88% carbon 

alloy) resulted in a substantial increase in the strength of 

the reversed austenite. Reduction in the heating rate for 

austenitizing 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. exceptionally high strengthening in austenitic 

iron-nickel-(1-2%) titanium alloys, by rapid austenitizing 

treatments, has been 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 S.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 a study of both the direct and reverse martensitic 

transformations. Using 22.0% nickel-0.02% carbon - 

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 per second had very little effect 

on the temperature at which reversion began in the case of 

the alloy studied. Krauss and Cohen, using molten salt for 

rapid heating,(A.13) have achieved complete reversal of the 
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martensitic transformation in iron-nickel alloys at a 

temperature within the (44+ '5) region of the phase diagram, 

indicating thereby that with relatively high rates of heating 

there is an apparent lowering of the transformation temperature. 

The study of the effects of heating rate on the reverse trans-

formation in an iron-18% nickel-8% cobalt-O.4titanium marag-

ing steel by Goldberg and O'Connor (A.18) has supported the 

view that a decrease 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 austenite can be 

generated even though the structure tends to decompose to 

ferrite and austenite. 

Gorback and Butakova (A.19) made an optical 

metallographic study of the reversed austenite in alloys 

(austenitic at room temperature) containing 28% nickel - 0.5% 

chromium - 0.3% manganese - 0.04% carbon. They reported that 

the transformation of a martensite crystal to austenite 

proceeds gradUally and extends over a temperature range of 

400 - 50000. It is important to point out that in their 

investigation, a relatively low heating rate (1000 per minute) 

was employed and it can be expected that the reversion was 
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diffusion controlled, at least partly. It appears from their 

work that the reverse transformation did not develop over the 

entire martenOite crystal to form a single plate (crystal) of 

reversed austenite. 

Gorbach and Butakova (A.19)  observed that the 

reversed austenite needles appeared at the martensite-austenite 

interface; the initial martensite boundaries disappeared on 

reversion, and the fragments of the reverted austenite formed 

a continuous structure with the retained austenite. Dash and 

Brown (A. 20) working on an iron - 32';i, nickel alloy have reported 

similar observations. The observations also indicated that the 

reverse 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 (A.21),  using an iron -  

nickel alloy, have reported that with a heating rate of 10C per 

minute and an austenitizing temperature of 32000 (very close to 

the ( + )/I( boundary) 9 mar tensi to to austenite reversion 

occurs 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 alloy using heating rates of lORJper 

minute and 1000C 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 differently oriented within each martensite crystal. After 

heating to about 420°C, complete reversion was observed. On 

lowering the rate of heating to 0.3°C per minute an appreciable 

rise in the temperature at which transformation to austenite 

began was noticed and the reversion was completed at 55000. 

Kessler and Pitsch's observation (heating rate 0.3°C per minute) 

of the sphere-like formation of reversed austenite in some 

regions was indicative of diffusion controlled processes. 

Surface relief studies of the reverse trandbrm-

ation were pioneered by the Russians in the late thirties. 

It was Golovchina (A.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 austenite 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 

400°C (heating rate 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. Since 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 reverdbn. 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 transformation 

and have suggested that a large number of fragments of reversed 

austenite arise during reversion. Gorbach and Butakova (A.19) 

have supported this view on optical micrography evidence. They 

have observed (iron-nickel alloy, heating rate 10°C/minute) 

that as the reverse transformation develops the relief 

progressively extends over the entire martensite plate. 

Krauss and Shapiro (A.26), while working on the crystallo-

graphy of the reverse 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 

intersects 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 
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appreciably higher than that of 0.20 reported for the direct 

transformation by Machlin and Cohen (A.27). Work by Dash and 

Brown (A.20) has suggested that the reverse transformation is 

primarily through a shear process but it is aided by atomic 

diffusion. In a recent publication by Kessler and Pitsch (A.22) 

the martensitic nature of reversion (iron-32.5;,f, nickel alloy) 

has been clearly demonstrated. According to these authors, the 

reverse transformation takes place martensitically if the 

specimen is austenitized at relatively high heating rates. At 

low heating rates (0.300 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, 	thus raising the transformation temperature. 

The orientation relationships between the 

martensite and the reversed austenite have been 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 

transformation is basically the same as that of the austenite 

to martensite transformation. Kessler and Pitsch (A.28) have 

explained their crystallographic data by an application of the 

Wechsler, Liebermann and Reed theory of martensitic trans- 

(A.29) formations 	and assuming that the lattice invariant shear 

of reverse transformation takes 'place along the 1111 1  planes 
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of the reversed austenite. By this they proved that the reverse 

transformation which occurred at high heating rates (100°C 

per second) was of pure martensitic nature. 

The metallographic investigation of Edmondson 
and 

 xo (A.24) on an iron - 31.4.;o nickel alloy has shown that the 

plastic deformation in austenite after a complete cycle of 

cooling and heating transformations consists of (a) slipping 

in austenite, (b) severe deformation in the regions originally 

occupied by the martensite crystals. The structure after 

reversion was called a 'ghost' structure. 

In subsequent work Krauss (A.2)  showed by 

electron-microscopy 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./0)  have also reported the tangled nature of 

the dislocations in the reversed austenite. Krauss (A.2) 

suggested 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 (b,c.c.) to austenite (f.c.c.). Kuhlmann-Wilsdorf 

(A.30) et al 	have stressed the importance of excess 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. 

Krauss (A.2)  has also reported the presence of 

relatively large islands of reversed austenite 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) as being about five microns in width and 

appear to have slightly curved boundaries. Krauss (A.2) has 

observed the highly imperfect nature of the 'reversal' twins 

containing tangled dislocations, The mechanism by which the 

' reversal' twins are formed has not been reported in the 

literature. However, Krauss (A.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 alloy has been made by 

Thomas and Krauss (A.32). They have reported the formation of 

lathlike M23C6 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 quenching. They have 

also shown a substructure of high density of dislocations in 

the reversed austenite. 
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CH.APTTI'R II 

EXPERIMENTAL PROCEDURE 



- 27 — 

EXPERII=AL PROCEDURE. 

2.1 	Alloy composition and preparation 

As mentioned in Chapter I, the effects of short—

time austenitizing are more warked in austenitic steels than 

in martensitic ones; the choice of steels for the present in—

vestigation was influenced by the requirement of producing a 

fully austcnitic structure at room temperature while allowing 

substantial amounts of martensite to form on quenching to 

liquid nitrogen. 

Steels, with composition Cloy weight) shown in table 

2T-1, were chosen as suitable for the present investipation. 

For a study of the tempering behaviour of the steels, it Was 

decided that some alloys should contain a strong carbide— form—

ing element and molybdenum was chosen. 

Prezaration of materials.  

All the alloys, except HP1, were obtained either 

from International 3ickel Ltd. (Birmingham) or the British 

Iron and Steel Research Association (Sheffield). 

Alloy HP1: This alloy was prepared by the author by high—

frequency induction melting in vacuum, and cast in an argon 

atmosphere. After reheating to 120000 in a hydrogen 



(with code 
numbers) 

HP1 

PTilVC 
(INNI) 
N866 
(INN2') 

P14114- 
( INM1 ) 

S1013 
(B1SE1) 

Ni Mo Cr Co  Ti 

0.25- 
•-' 

0.37 

0..40 

110 . 

0.1.1 

26  (nom 
inal) 

6 

25.7 

23-. 5 

23.7 

<0.01 

< 0. 01 

2.95 

2.95 

IMO 

<0.05 

<0.05 

IOMP 

•••• 

<0.01 

ONO. 

< O. 1 

WO. 

<O. 01 

••• 
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TABLE 2T-1 

Alloys used 
	

Composition (weight percent) 
Al Si Mn Zr B Mg Cu Fe 

- - - - _ _ _ bala 

0.029. <0.05 <0.01 <0.01 x,0.002.<0.01 <0. 1 bala 

- <0.01 <0.1 - - - <0.1 bala 

- X0.1 <0.05 - - - <0.1 bala 

- - - - - - - bala 

-r 
dee Lppendix C. 
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atmosphere, the alloy was hot forged into plates of about I," 

thickness and air cooled. 

Alloys MI, 1P12 and 	All these alloys, supplied by 

International Fickel ltd., were vacuum melted and hot worked 

to 	or 	thick plates. 

Alloy BISE1: This alloy, supplied by the British Iron and 

Steel Research Association, was manufactured by vacuum induct-

ion melting,and casting using pure Swedish iron as melting 

base with the addition of graphite, nickel and ferro-molybdenum. 

With alternate 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 6.0604. Homogenizing was done in 

a vacuum furnace at 1200°C for 3-4 hours. This was followed 

by grinding the surface by about 0.02". An approximate cal-

culation, Appendix I A', shows that there was not likely to be 

any significant loss of carbon during homogenizing. 

Rolling of the samples, with intermediate annealing, 

was carried out until the desired thickness was achieved. 

Solution treatment: HPI, Ili r1 and part of InT2 alloys were 

solution treated in a vacuum furnace at 1000°C 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. Sainples of these alloys (I T1=1 and 

BISE1) and also of the remaining part of ITT E2, sealed in 

evacuated .-4(.10-14  mmHg) transparent silica tubes, were heated to 

1240°C for INM1 and BISL:1 and to 120000 for IP1T2 for 3 hours, 

after which the silica tube was dropped into a water bath and 

was broken immediately. The resulting structure was completely 

austenitic at room temperature. In the author's experience 

this method proved very satisfactory. An approximate cal-

culation, Appendix A, shows that there was no significant loss 

of carbon durinc, solution treatment. In addition, chemical 

analysis of the IITE1 alloy after the solution treatment, 

showed that the amount of carbon was the same as in the as-

received condition. 

Samples of IFTH and BISM1 alloys, solution treated 

as described above, were used as the 'standard' (conventional) 

austenite. In the case of HP1, Intl and IfT2 alloys, samples, 

solution treated at 100000 for 2 hours in the vacuum furnace, 

quenched to -19600 and reheated in the vacuum furnace at 80000 

for one hour were used to Droduce 'conventional' austenite. 
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Eixtures of petroleum—ether and liquid nitrogen 

were used to obtain sub—zero temperatures ranging from 0°C to 

about —110°C. These mixtures, however, become 'pasty' below 

—110C and alternative mixtures of iso—pentane and liquid 

nitrogen were used below this temperature down to about —165°C, 

In both type of mixtures, the sub—zero temperatures could be 

easily maintained for about ten minutes. 

2.2 Determination of martensite—austenite reversion 

temperature. 

Experiments were made to determine the temperature 

at which austenite formed on rapid heating of martensite 

Heating rates of about 40°C per second were used and the 

transformation was studied by making use of the dilatometric 

property of the martensite—austenite transformation. The 

apparatus was that used by Ankara (B1). lartensitic strips 

(HP1 alloy), 7" x 0.01" x 2mm, were heated in a vacuum chamber 

by A.G. A continuous record of change in length of the strip 

showed that the transformation to austenite occurred between 

532°C and 550°C. 

It should be noted here 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 term 

'reversion' temperature, rather than As  temperature, has been 
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adopted. Also, use of the terms Ai  and A3  temperatures is 

avoided as these refer to heating under equilibrium conditions 

of the phases concerned. 

2.3 	Rapid heating techniques.  

Many methods of rapid heating are available. _each 

method has 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 technique, heating rates as high 

as 106 °C/sec have been reported (B2). This method has the 

following disadvantaes for the present , purpose Of investig—

a tion. 

a) As the specimen is heated in air, decarburization of the 

material, heated for relatively long times, is bound to occur. 

b) Laser pulse heating is suitable for intervals of 11001 —

0.1 second when no precautions are needed to avoid heat loss 

to the surrounding air. For times longer than this the temper—

ature drop in the specimen becomes appreciable (B3). 

Resistance heating. Some experiments were done using direct 

electric heating. This method of heating has the advantage 

that presucaably 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 piece. 

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

occurred. 

Liquid 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 70000 and the latter up to 900°C. For austenitiz-

ing times longer than about 5 minutes, Regenerator "A" 

(supplied by I.C.I) was used. It is claimed that the use of 

the regenerator prevents decarburization during heating in the 

salt bath and some tests were carried out, Appendix B, to 

confirm this. 

Heating in a liquid bath has the advantage that a 

constant temperature can be maintained 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 ± 3°C 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 investigation 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°C. 

2.4 	Reversion 

Experiments 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 INM1 alloy in 

aluminium-foil envelopes and immersing them in the salt 

bath at 640°C for about 40 seconds followed by quenching in 

water. No b.c.c, or b.c.t. diffraction lines were detected 
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on x-ray diffraction examination. 

2.L12 	Yagnetic balance.- 

Experiments, using a Sucksmith-type magnetic 

balance (B4)„ were carried out in the Metallurgy 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 conditions of non-uniform field and 

constant field gradient the force on a ferromagnetic specimen, 

measured by displacement (D), is given by 

D = Km 

where m is the mass of the specimen, (5" is the average satur-

ation intensity and K is a constant for the apparatus under 

standard conditions. This relationship does not yield an 

absolute value of 6' but allows an accurate comparison to be 

made between the values of the two specimens; if 6for the 

material of one 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 material of known 6". 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  ds-x 	mxfCx 

DNi 	mNi(14i 

where the suffices 'Yi' and '.x' refer to nickel and the 

specimen of unknown e, respectively. The calibration was 

checked immediately before and after every determination of 

,f"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. 

The value of 6)0' containing E% equivalent amount 

of ferromagnetic content, can be obtained by 

t5x(100%) x M% 

100 

Thus using equations (1) and (2) 

Dx  x mNi  x 6Ti  x 100 

mx  x...1,';-x(100) x Dri  

It is claimed that the magnetic balance had ± 0.5% 

reproducibility provided the value of 6is accurately known. 

The calculations for 6  (100%) were made using published dda 

(B4) 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 assumed to be that 

of pure dilution. (B5) 

(1)  

(2)  

M% _ 
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The overall sensitivity is claimed to be 0.1% at 

ferromagnetic contents of 0% falling to about 0.2% for 100% 

ferromagnetic contents. 

2.5 	Mechanical proper ties.  

2.51 Hardness: All samples used for the purpose of 

hardness testing (or for optical microscopical study), after 

austenitizing9  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. Either five or 

ten indentations were used on each specimen depending on the 

degree of reproducibility discovered. 

Microhardness tests were carried out using a G.K.K. 

microhardness tester with a load of 30 gms. and a Lamm. object-

ive. 

2.52 Tensile tests. Tensile test specimens were pre-

pared from rolled and annealed sheets. They were then sol-

ution treated as described earlier in this chapter. The 

dimensions of the tensile specimens (shown below) were in 

accordance with a British Standard Specification. 



Overall Gauge i Gauge wi dth 	width 
	

length 

0.75" 1 0.25" 1 
	

. 5" 

Pin hole! 

	

Radius 	diameter I 

	

0.25" 	0.25" 
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The tensile tests were carried out on safples with 

different thicknesses (0.025" - 0.0140") and the specimens 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 cells. The ext-

ension 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 cross-head speed of 0.2 cm per minute was used 

throughout the investigation. 

Factors affecting the tensile tests.  

a) Testing technique: The main feature of testing technique 

which affect the yield 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 piece and axial loading. 

b) Machine 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 rate, 

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

tracted from the recorded strain in the specimen. 

2.53 Formation 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. 

Tro martensite 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 austenite 

strained about 0.2% in tension. Dark etching regions, some-

what like slip bands in appearance, are, in fact, the characba.-

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

3.15). 

2.54 Standardization of initial martensitic structure -

tempering at room temperature.  

It was found that when the martensite, produced by 

quenching iron-nick el-carbon alloys to -196°C, was heated to 

room temperature, a hardness increase of about 60 HV occurs 

during the heating. Annealed specimens of ITTY1 were kept at 

-196°C for about 15 minutes, and then polished and tested for 

hardness at room temperature. The polishing operation took 

about two minutes.. After about 30 minutes the specimen 



; 
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Ye-ri-C(INF1) alloy 

Fig.2.1.Effect of hardness tests on format-
ion of martensite in austenite. Etching in-
dicates strained regions around an indent- 
ation. 	 X96 

Fig.2.2.Effect of 0.2;4 plastic 
strain on formation of marten- 
site in austenite.Dnrk regions 
are 'ghost' structure. 	X600 
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achieved a maximum hardness of about 440 HV. 

Thus, the martensite examined at room temperature 

was a slightly 'tempered' structure. The observed hardening 

is consistent with the results of Winchell and Cohan (B6). 

Specimens, after quenching in liquid nitrogen were therefore 

kept at room temperature for about half 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. 

For structural observations of S.T.A. austenite, 

some of the specimens were chemically thinned by about 0.02" 

to ensure complete removal of any surface layer formed during 

the austenitizing treatment. The following etchants were 

found satisfactory. 
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Alloys 

Iron-nickel-carbon  

! Structure 
	

Etchant 

Austenite 
	

Alcoholic Ferric Chlorkle.  

Martensite 
	

2Y) Vital 

1 
1 
1 Iron-nickel-molybdenum 
-carbon 

Austenite 
	

Alcoholic Ferric Chloride 

Martensite ; Alcoholic Ferric Chloride 
0.ntempered) : 	+ 2% Hital 

Martensite 
	

30 c.c. 1101. 
(Tempered) 
	

10 c.c. ENO 
20 c. c. G1 erol 

2.62 Interferometry: The study of surface relief 

accompanying reversion was made by an interferometric technique. 

The interferometer was in the form of a metallographic optical 

microscope (Reichert MeF) having a polarizer and an analyser 

in the crossed position. 

Specimens of INTT1 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 nut in a 'cradle' with 

narrow ends. The cradle was then put into the salt bath at 

650°C and held there for about one minute. After austenitiz-

ing, a light polish on the =.147  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 Electronmicroscopy.  

The samples used for electronmicroscopy were in 

strip form about 0.75" wide and about 0.005" thick. The strip 

was heated from the martensitic state in the salt bath for 

various times and temperatures. 

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 0.005" to about 

0.001". The second stage of electrothinning was carried out 

in a different electrolyte. Success was achieved and after a 

little practice fairly large thin foils were obtained for 

observation in the electron microscope. 

The electrolytes and conditions employed fzr 

electrothinning and polishing were: 

...§:12Ee I. 

Composition: 	Ortho phosphoric Acid --- 	60 mis 

Sulphuric Acid (conc) --- 140 mis 

Conditions: 	Temperature 1> 50°C 

Current Density 	2.OA/sq". 

Cathodes --- Stainless steel (strip) 
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Stage II.  

  

Composition: Cro3 100 gm. 

Conditions: 

Glacial Acetic Acid 	5L10 c.c. 

Distilled Water 	28 c.c. 

Voltage 	20-25V 

Current Density 	0.2A/sq". 

Temperature 	10 — 15°C  

Cathode --- Stainless 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 KV. and have the 

facilities for tilting the specimen about one axis through an 

angle of 5. 

Regions of interest in the foils were photographed 

together with diffraction patterns from selected areas. In 

addition a high resolution dark field technique was employed. 

Analysis of diffraction patterns, obtained from 

areas of reversal twins" and carbide precipitates, was done 

by standard methods, and orientation relationships were deter—

mined. 

2.64 Dislocation density measurements.  

The determination of the density of dislocations 

was done by the method of Smith and Gsuttman (MO. 
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It should be emphasized that accurate dislocation density 

measurement has not been possible because of the frequent 

occurrence of the unresolved and 'cloudy' dislocations scatt-

ered throughout the network in S.T.A. austenitic structures. 

However, the average dislocation density t:ce  of areas of 

particular interest was estimated using the grid method which 

employs the expression 

2N 
y = Lt 

where I N' is the number of intersections made by the dis-

location lines with the grid lines of total length 'V, t e 

being the thickness of the foil and lip ' is the dislocation 

density. Two grids were used, one with a regular set of grid 

lines and the other with grid lines drawn at random. The 

foil thickness I t' was not determined but was taken as 2500A. 

In view of the fact that few electron micrographs, 

with resolved networks of dislocations in the S.T.A. austenite, 

were obtained, only about 600 counts were possible in the S.T.A. 

austenite structure. About 120 counts were made in the case 

of fully annealed austenite. The possibility of the intro-

duction of dislocations by foil handling in the case of 

annealed austenite, (being softer than the S.T.A. austenite) 

must be taken as a source of error in the estimation of dis-

location density. This error is difficult to estimate. 
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CHAPTER III 

RESULTS 
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3.11 	Presentation of results. 

UsinL: the hi n. heatini; rates in liquid baths, it is 

aimed in this investigation to study the effects of rapid 

austenitizing on the mechanical properties of the austenite 

and to compare these properties with those of the austenite 

produced 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. 

Evidence 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 technioue. 

On the basis of the structural observations, an 

attempt has been made to explain the high activation energy 

for recovery of the austenite. 
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3.12 	Initial structures 

3.12a - Es  temperatures and the amount of martensite at 

liquid nitrogen temperature. 

Approximate values of IJ for the alloys employed in 

the present investigation are tabulated below. One of the 

factors which influences the hs  is the prior austenizing 

temperature and this is also mentioned in the table (3T-1). 

The amount of martensite formed after quenching to 

-196°C was calculated by the 'point counting' technique of 

quantitative metallography. An average of 1000 counts on each 

sample was made. 

For all the iron-nickel-carbon alloys, the Ms 

temperature is in fair agreement with the results of previous 

workers"(C.1). 

3.12b - Typical structure and hardness on short-time 

rapid austenitizing.  

Short-time rapid austenitizing treatments result in 

an appreciable enhancement in hardness. The increase in hard-

ness is dependent upon the time of austenitizing, the amount 

of martensite present prior to austenitizing and, for 

relatively lon times, upon the temperature of austenitizing. 



TABLE 3T-1 

;Approximate per-
cent martensite 

Code 	Alloy composition Austenitizing 
(by weiE:ht) 	Treatment  

Ion cooling in 
:liquid nitrogen 

00 HP1 

INN1 
KPTWC) 

nickel-0.25 1 800°C for one ! 
carbon balance-iron hour. Vacuum 1_380c 
Other total impur- 	furnace cooled; 
ities <.1% 

25.6% nickel-0.4;,) 
'carbontbalance-iron 
Other total impur-
ities ‹.2,' 
25.7% pickel-0.4% 
carbon balance-iron 
Other total impur-
ities < .2% 

(b 1200°C for. 
(9 As above 

3 hours in 
evacuated sil-
ica tube foll-
owed by directi 
Quench in water 

As ('b) above 
but austenit- ',-130°Ct 	70 
ized at 12409Di 
for 3 hours  

As above 85 

41TN2 
p866) 

Ot1 	23.5% nickel-2.95% 
P14115)molybdenum -0.4 

carbon balance-iron 
Other total impur-
ities 

I 
I 	23.7ia nickel-2.95 

E3ISM molybdenum -0.41 	As above 	I-850C 
:(S1013) carbon,balance-iron  

Other total impur- 
ities < .2',J  

80 

0°C 	95 

m 
Tominal Composition 

See Appendix C 



Hardness of conventional 	ardness of S.T.A. 

austenite(solution treatedaustenite(austenit-

at 1240°0 for 3 hrs. 

followed by quenching in 

water) 

Hardness of 

conventional 

martensite/ 

austenite 

mixture 

ized in salt bath 

for one minute at 

650°c) 

135-145 HV 280-300 HV 360-370 HV 
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Typical changes in hardness and structure may be. 

illustrated by reference to the iron-nickel-molybdenum carbon 

alloy (In:11) solution treated, then cooled in liquid nitrogen 

and re-austenitized at 65000 for one minute followed by direct 

quenching in water. The following table shows the hardness of 

S.T.A. austenite. (i.e. austenite obtained after short-time 

austenitizing treatment). 

Austenitizing Temperature = 650°0. 

Amount of martensite after cooling 

in Avid nitrogen 	= 70 percent. 

TABLE 3T-2 

Optical metallographic examination of the S.T.A. 

austenite has shown (Fig. 3.1b) that the original martensite 

crystals on rapid austenitizing, are divided into a number of 

fragments. The structure, prior to reversion 	3.1a), 

consists of both twinned and untwinned platelets of martensite 
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crystals. l!ost of the martensite plates were internally 

twinned, and the untwinned plates showed no twin contrast on 

tilting the thin foil. Similar observations have been made by 

Kelly and Nutting (C.2).Fig. 3.10 is an electronmicrograph show-

ing both types of martensite crystals. 

One of the interesting features that emerged from the 

earlier experiments was that the size of the original Brains of 

the austenite with martensite crystals in the matrix) remains 

unaltered on rapid heating for relatively short times. (Figs. 

3.1a and 3.1b). 

Further effects of time and temperature of austenit-

izing on the strength, and the accompanying structural changes 

were studied in greater detail using both iron-nickel-carbon 

and iron-nickel-molybdenum-carbon alloys. 

3.13 - Effects of  austenitizinF time and temperature 

on properties of S.T.A. austenite.  

As has been mentioned in Chapter 2 (section 2.54), 

some tempering of the martensite can occur at sub-zero temper-

atures; therefore, all uecimens, after cooling in liquid 

nitrogen, were maintained at room temperature for about half 

an hour to ensure that approximately the same hardness and 

degree of tempering were achievedprior to reversion or 

mechanical testing. 
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Fe-ri-ijo-C (In.1) alloy 

Fig. 3. 1a. Conventional marten-
site and austenite structure 

X540  

Fig. -3.1b.Structure after aus-
tenitizing at 650°0 for one 
minute 	X540 

Fig.3.1c.Twinned and un- 
twinned nature of mart- 
ensite 	X40,000 
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Iron-nickel-carbon alloys.  

Samples of the three iron-nickel-carbon alloys (HP1, 

IEN1 and INN2) with different carbon content were rapidly 

heated from the martensitic state and austenitized in a salt 

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

ing from a few seconds up to about 80 hours. Figures 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. 

The variation in yield stress (Fig. 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 

Hardness of 
	

Hardness of S.T.A. austenite 
Alloy vacuum 

annealed 
	

Austenitized in the Prolonged austen- 
austenite 	range 600-620°C for itizing in the 

one minute. 	range 600-620°C. 

	

HP1 
	

95-105 HV 	210 HV 	--100 HV 

	

7:11.1 
	

100-115 HV 	—230 HV .,110 HV 

	

IHN2 135-145 HV 
	

265 HV 	I —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 Fig. 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 austenitizing (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. austenite over the 

'standard' austenite. 

The accompanying loss in the ductility for an austen-

itizing time of about one minute at 65000 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 S.T.A. austenite is a complex function of 

its internal structure - it probably 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.S. is probably due to the fact that several different 

thicknesses of tensile specimens were used. 
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Iroll7nickel7molybdenum-carbonalloys 

Solution treated samples of the iron-nickel-molybdenum- 

carbon alloy (=1),after quenching in liquid nitrogen, gave 

mabtensitic structures co-existing with about 30 percent retained 

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. rigs. 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°C, 75500 and 860°C. For an austenitiz-

ing treatment of about 1 minute the hardness value is about 280 - 

300 HV. This may be compared with the hardness of about 140 HV 

for the austenite solution treated 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. 

austenitizing at 650°C and 75500 the hardness of 

the 'reversed' austenite increases by about 20 HV during,  the 

first ten minutes of austenitizing. For the 65000 treatment, 

further increase in the hardness occurs during an austenitizing 

period of about 100 hours, whereas at 75500 the hardness decreases 

markedly with time during this period. For austenitizing at 

860°C, the hardness decreases comparatively rapidly with increas-

ing treatment times up to about 12 hours, but the hardness after 

this time has still not reached the value of 140 HV character-

istic of the conventional austenite. 
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In the iron-nickel-molybdenum-carbon alloy (INE1) it 

was found that the specimens became ferromagnetic with increasing 

austenitizing time. Using a simple magnetic test, theEpecimens 

noticeably showed ferromagnetism after a period of time which 

varied with tafloerature as shown in Table 3T-4. 

TABLE 3T-4 

Austenitizing 
temperature 

Austenitizing 
time 

860°C After 20 minutes 

755°C After 90 minutes 

65000 After 	4 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 soaking of the iron-nickel-

molybdenum-carbon alloy (and also of the iron-nickel-carbon 

alloy austenitized at 650°C) at an austenitizing temperature of 

700°C. Solution treated specimens of these alloys were cooled 

to liquid nitrogen temperature to produce a structure of marten-

site co-existing with retained. austenite; They were then rapidly 

austenitized for various times from a few seconds up to about 

eleven houri at temperatures shown in Table 3T-5. 

In view of the fact that the austenite itself gives a 

magnetic response, it should be emphasized that, with the method 
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TABLE 3T-5 

Effect of time of austenitizing 

Iron-ni ckel—Molybdenum-carbon 
alloy ( 'NM). 
Amount of martensite at 

-19 6°C = 70% 
Tempera ture of austenitizing 

= 700°C 

i 	Time 
austeni 

of 	!'Equivalent' 
tizingiferromagnetic 

content-percent 

1 second 2.5 
2 seconds 2.3 

2.6 
1 5 it 2.1 
1 

2.1 

on ferromagnetic response. 

Iron-nickel-carbon alloy (INIT.1)1 

Amount of martensite at 
-196°C = 85% 

Temperature of austenitizing 
= 65/3C 
1 

Time of 	! 'Equivalent' 
austenitizing ferromagnetic 

content-percent 

1 second 
	6. 6 

2 seconds 
	6.  

5 	if 
	

6. A 
 I 

. 

10 

30 

i I 

Si 

2. 0 
1 . 8 
2. 1 
2.1 

1.6 

15 	" 

30 	it 

1 minute 1 	minute 
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TABLE 3T-5 (Continued).  

Time of 	i 'Equivalent' 	Time of 	'Equivalent' 
austenitizing i ferromagnetic 	auotenitizing ferromagnetic 

content—percent
-A 	

content—percent 

30 minutes 	2.0 	I 30 minutes 	4.5 

	

2.3 	4.6 

4.9 

60 
	

2.2 
	60 	st 

	
4.6 

2.2 

4..9 
4 hours 	2.3  hours 	4.3 

L 
2..4 ,4.4 

12.5 d 4.3 

Conventional 	6.0 
austenite 

6.0 

6.4 

10 
	

t 
	

39.3 

40.3 
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of calibration used, (Chapter 2, section 2.42), the magnetic 

response of the conventional austenite is equivalent to about 

2% ferromagnetic phase in the iron-nickel-molybdenum-carbon 

alloy (TI hl) and about 6-;) in the iron-nickel-carbon (Infi)alloy. 

The results of these tests indicate that in the time 

range up to four hours, there is no evidence of any ferromagnetic 

phases (within the limits of accuracy of the experiments); in 

other words, the magnetic response of the S.T.A. austenite is 

the same as that of the original annealed austenite. In case of 

the iron-nickel-molybdenum-carbon alloy (flail), however, a pro-

nounced development of ferromagnetism occurs for austenitizing 

times of more than four hours. This effect complicated the study 

of the effects of relatively loner times of austenitizing on the 

strength of S.T.A. austenite. It was, therefore, decided, at 
Ke 

least forkiron-nickel-molybdenum-carbon alloys, to study the 

effects of rapid austenitizing only for short times - say about 

a minute. 

3.14 - Effect of initial amount of martensite on the 

yield stress of S.T.A. austenite.  

Some experiments were carried out to study the relation-

ship between the strength of S.T.A. austenite and the amount of 

martensite in the structure prior to austenitizing. Tensile 

samples of the iron-nickel-carbon alloy (INF2) were heated for 
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3 hours in vacuum at 1200°C and water-quenched. They were then 

cooled to selected sub-zero temperatures to give various amounts 

of martensite. The samples were then re-austenitized for 1 min-

ute at 650°C and Quenched in water. Tensile tests were carried 

out; and the values of the 	yield stress, corresponding to 

the various amounts of martensite are shown in Table 3T-6 and 

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

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

TABLE 3T-6 

Amount of martensite and 0.2% yield stress of S.T.A.austenite.  

Quenching 
temperature  

Percentage martensite presenti 0.2% yield stress of 
prior to austenitizing 	S.T.A.austenite ton/ii?  

-25°C 

-36°C 

-50°C 

-5500 

-60°C 

-70°C 

-86°C 

13.0, 15.0, 18.0 

16.5, 18.0, 20.0 

34.0, 35.0, 38.0 

/45.0, 48.0 

48.0, 50.0: 55.0 
60.0, 64.0 

81.0, 85.0  

14.0, 

16.0, 

20.0, 

20,5, 

25.0, 

26.42 

29.2, 

29.2,  

15.2, 15.5 

16.7, 17.7 

20.2, 20.3 

21.0 

21.4 

25.2, 25.2 

27.0 

29.2 

29.0 

-115°C 	89.0, 90.0 

-196°C 	95.0, 97.0 
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In order to reduce the uncertainty in the amount of 

martensite, as measured by the 'point—count' metallographic 

technique,o,large numbers of counts, as many as 1000, were made 

and, in some cases, the experiment was triplicated for tensile 

tests and 'point7counts'. The average amount of :lartensite, 

formed on quenching to a pre—selected temperature, was taken as 

the simple arithmetic average of all the values of the amount of 

martensite from each group of about 1000 counts. Beacuse of the 

large number of counts made, the probable error (the range in 

which there was 95c,,  probability that the true value lay) in 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 (Fig 3.8) appear to lie on a 

curve rather than a straight line. The graph indicates that the 

strengthening achieved in the S.T.A. austenite is greater per 

percent martensite in the range approximately 0725% martensite 

than in the range 45-95% martensite. These results are in good 
An 

agreement with the work done by Krauss (C.4) on A iron-33.5% 

nickel alloy. 

3.15 — Structural changes  

Characteristics of short—time rapidly 

austenitized structures.  

(i) Optical microscopy 

Optical microscopical study of the S.T.A. austenite 

shows that most of the original martensite plates, on reversion 
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to austenite, break down into fra ;ments appearing within the 

original martensite plates. gully annealed samples of iron 

nickel-carbon alloy (Hpi) were quenched to -41°C and the result-

ing structure, containing a small amount of martensite co-exist-

ing with a large amount of retaining austenite, was rapidly 

austenitized at 6500C for 10 minutes followed by quenching in 

water. After grinding off the surface by about 0.002", the 

samples were polished and etched. ^i g. 3.9a shows a typical 

optical micrograph of S.T.A. austenite present in the matrix of 

retained austenite. Edmondson and KO (C.5) have referred to this 

effect as a "ghost" structure. The structural mechanism of rev-

ersion is characterised by the "banded" appearance (Fig. 3.9a) 

of austenite fragments in each martensite crystal; the fragments 

are much smaller than the original martensite crystal. 

Electron microscopy 

Electron microscopical evidence for the "banded" 

appearance of 3,T.A. austenite fragments on reversion is furn-

ished in Fig. 3.9b. Samples of iron-nickel-molybdenum-carbon 

alloy (INI1) were quenched 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 micrograph areas of retained austen-

ite adjoin the reversed austenite. Observations of the 
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FiF.3.9a.HP1 alloy. 
'Ghost' structure of 
martensite in austen- 
ite 	X800 

Fig.3.9b.IN111 alloy. 
Structure showing 
"banded" nature of 
S.T.A. austenite 

X10,000 

Fig. 3. 10a. INN2 alloy. 
Structure showing frag-
ments of S.T.A. austen-
ite within original 
martensite plate.Carbon 
replica 	X4,000 

Fig. 3. 10b. Conventional 
martensite. Carbon rep- 
lica 	X10,000 
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existence of the S.T.A. austenite in relation to the original 

mixture of martenite and retained austenite were not always 

possible, particularly in samples containing large amounts of 

original martensite. 

Fig. 3.5b shows the "banded" nature of the fragments 

(0.1 — 0.5 microns thick) of S.T.A. austenite which are sep—

arated from one another by irregular, but sharp boundaries. 

The carbon replica technique was used to obtain 

further evidence of the fragmentation effect. Samples of the 

iron—nickel—carbon alloy (INN2), solution treated at 1200°C for 

3 hours and water quenched, were cooled to about —500C to obtain 

a mixture of martensite and retained austenite. They were rap—

idly austenitized at 650°C for 1 minute followed by water—

quenching and final polishing to remove oxide scale. Carbon 

replicas from these samples showed the fragmentation effect 

within the original martensite crystals (Fig. 310a). In com-

parison with the S.T.A. austenite, Fig. 310b shows a conventional 

martensite plate (in the same alloy as in Fig. 3.10a) replicated 

on carbon film. 

Another structural feature of interest observed in the 

transmission electron microscopical study of the f.;.T.A. austen—

ite is the formation of platelets of S.T.A austenite, comparable 

in size with the original martensite plate, which do not show 

"banded'r fragments but contain a high dislocation density (Fig. 

3.11). It may be recalled that the structure befbre reversion 
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shows both twinned and untwinned martensite crystals (Fig.3.1C). 

(iii) Crystallographic relations  

Jrequently the fragments of the S.T.A. austenite tend 

to be aligned approximately transversely across the original 

martensite plates (Figs. 3.9a, 3.9b and 3.10a). In other cases 

the fragments lay aummommna more nearly parallel to the length 

of the original martensite plates (Figs. 3.9a and 3.12). These 

fragments usually terminate 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 it was difficult to obtain a simple diffraction 

pattern from the areas of the fragmented S.T.A. austenite, 

especially if the fragments lay along the length of the original 

martensite; for fragments of the S.T.k. austenite aligned across 

the original martensite plate, orientation relations were 

established by electron diffraction method. 

Solution treated samples of the iron-nickel-molybdenum 

-carbon alloy (INM1) alloy, were quenched to -196°C and the 

resultingstructure (martensite and retained austenite) was 

rapidly austenitized at 750°C for one minute followed by ouench-

ing in water, Fig. 3.13a shows the 'fbanded" fragments of the 

S.T.A. austenite lying across the original martensite plate. 

A selected area diffraction examination of the frag-

ments (Fig. 3.13b) shows a composite diffraction pattern from 
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Fig.3.11.Fe—Yi—C (INN1) alloy.Plates of S.T.A.aus—
tenite with high density of dislocations.Retained 
eustenite can be seen between two S.T.A.austenite 
plates 	 X29,000 

Fig.3.12.Fe—Yi—Mo—C (INM1) alloy,showing fragments 
of S.T.A.austenite nearly parallel to the original 
martensite plate 	 X40,000 
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Fe—Ni—Mo—C (II M1) alloy 

Fig.3.13a.Pragments of S.T.A. 
austenite are seen.11ote irreg—
ular nature of the boundaries 

X40,000 

Fig.3.13b.S.A.D.of fig. 
3. 13a. foil orientation 

L1103 

Fig..5.13c.Indexing the 
fragmented twin spots 
(crosses); twinning 
about[T11] axis lying 
in the plane of the 
diffraction pattern. 
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the fragments of the S.T.A. austenite. Indexing of the diff—

raction pattern (Fig. 3.13C) reveals that the fragments bear a 

twin relation to one another. Krauss (C.4) has termed these 

fragments "reversal twins". They terminate within the boundaries 

of the original martensite plate and unlike annealing twins, the 

reversal twins have irregular boundaries. 

(iv) Dislocation structure of the S.T.A. austenite.  

In addition to the formation of the "banded" structure 

on rapid austenitizing the S.T.A. austenite has been observed 

to contain a high density of dislocations, Fig. 3.14a shows a 

complex dislocation configuration in the iron—nickel—molybdenum 

—carbon alloy (IYH1) heated to 75000 for one minute followed by 

quenching in water. Fig. 3.14b is an electron micrograph from 

a thin foil of the iron—nickel—carbon alloy (111E1) austenitized 

at 6500C 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 and is probable that some of them correspond 

to the original martensite boundaries. 

With increasing time of austenitizing, there is an 

apparent decrease in the density of dislocations. For examiple, 

Figs. 3.15a and 3.15b, are electron micrographs of the iron— 
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Fig.3.14a.Fe—Ni—Mo—C(IYM1)alloy. Alloy austenitized 
for one minute at 75000.showing high density of tan— 
gled dislocations 	 X60,000 

Fig.3.14b.Fe—ri—C(Infl)alloy austenitized for 5 sec—
onds at 650°C. showing high density of dislocations 
and sub—boundaries 	 X80,000 
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nickel-carbon alloy (IT T1) rapidly austenitized at 650°C for 10 

minutes and 40 minutes respectively. For the latter treatment, 

Fig. 3.15b, the dislocations tend to align themselves in cell 

'walls'. The micrograph 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 dislocation network 

in the 3.T.A. austenite, slowly heated samples of the iron-

nickel-carbon alloy (INN1) have been studied to determine the 

dislocation arrangements. Fig. 3.16 shows a transmission 

electron micrograph of a specimen slowly heated in vacuum to 

90000 for one hour. In addition to the lower dislocation den-

sity in the annealed austenite than in the S.T,A. austenite, 

the dislocations in the former structure appear to be straight 

or gently curved. 

The value of the dislocation density for the S.T.A. 

austenite, obtained by applying the Smith and Guttman method 

(see Chapter II) to the micrographs of Figs. 3.14a and 3.14b, is 

approximately 1010  lines/cm2. This.may be compared with a value 

of about 109  lines/cm2. (Fig. 3.16) for the fully annealed 

austenite: The value of the density of dislocations in the 

annealed austenite, appears to be high. One of the factors 

probably contributing to this apparent high value is the 
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Fe-ri-C ( I ilt), alloy. 

Fir.3.15a.Austenitized for 
10 minutes at 650°C.Areas 
of both high and low dis-
location density are seen. 

X22,000 

Fig.3.15b.As fig. 3.15a but 
austenitized for 40 minutes 
rote formation of cell 
'walls' 	X10,000 

Fig.3.16.Austenite anneal-
ed at 900°C for one hour 

X80,000 
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buckling (during handling) of the thin foil of the annealed 

austenite. 

In the foregoing results, it has been established 

that on 'shock' heating, a martensite plate reverts to austenite 

with altered internal defects — "banded" structure and high dis—

location density. It has also been found that rapid austenitiz—

ing brings about lattice distortion in the retained austenite. 

Jig. 3.11, showing dislocations in the retained austenite 

(situated between two S.T.A. austenite plates), is indicative of 

this effect. 

Some microhardness tests were also done on the ret—

ained austenite co—existing with the S.T.A. austenite. Sol—

ution treated samples of the iron—nickel—molybdenum—carbon alloy 

(INM1) were cooled to —145°C to produce about 30 percent marten—

site. They were then heated for 1 minute at 65000 and quenched 

in water. Optical microscopical examination showed (Fig. 3.17) 

that the areas of the original martensite plates were still 

visible as dark etching areas although the structure was fully 

aus teni tic. The microhardness measurements (Fig. 3.17) 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 austenite remain un—

distorted. The microhardness values for the S.T.A. austenite 

regions (e.g. Area C in Fig. 3.17), and retained austenite, 
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remote from an original martcnsite pla te, (e.g. Area A in Fig. 

3.17) are in reasonable agreement with the .hardness values 
reported in Fig. 3.7. 

(v) 	Shear—type nature of reversion.  

The shear—type nature of the reverse transformation 

has been observed by the surface relief effects. 

Samples of the iron—nickel—carbon alloy (IIThx2) were 

cooled to —51°C 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 

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 interferometry experiments indicate 

(Fig. 3.18b) that reversion appeared to occur,Idthin the limit 

of the resolution, with each martensite plate shearing as one 

unit. Pig. 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 most of the martensite plates, on 

reversion, are divided into fragments, the interferometry 

technique, however, gave no evidence of small fragments of the 
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Fig. 3. 17. II :1 ploy. Results of 
microhardness tests. Figures 
below in brackets are micro-
hardness values. Load = 30 gm. 

X600 
A(135), Bc223), 0(268) 

Fij.3.188.Interferogram of pol- 
ished specimen containing mart- 
ensite/austenite mixture.Fe-Ni-C 
(INN2)alloy 	X96 

Fig.3.18b.As fig.3.18a,but after 
reversion 	X96 
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S.T.A. austenite having their own sector of relief. This was 

probably because the fragments were so small that, within the 

resolution of the techninue, the relief due to individual frag—

ments, within the original martensite plate, could not be 

detected. 

However, the results of the direct carbon replica 

technique, suggest (Fig. 3.10a) that surface relief accompanies 

each fragment formed, within the original martensite plate, on 

reversion. 

3.1 6 	Tempering during reversion 

The structure of the austenite produced by rapid 

austenitizing has been shown to contain a' high dislocation 

density and the possibility that these dislocations might act 

as sites for carbide precipitation during austenitizing treat—

ments was given special attention, since much a phenomenon might 

play an important role in contributing to the observed enhanced 

strength. 

It may be recalled here that the original (convention—

al) martensite before austenitizing is not 'virgin' martensite, 

but a slightly 'tempered' structure, presumably containing fine 

1;=6 

izing some tempering is expected to occur. This has been dem—

onstrated by carrying out some 'short—time' isothermal temper—

ing treatments to indicate the possible degree of tempering 

particles. Furthermore, during heating for austenit— 
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during continuous heating. A temperina temperature of 5500C was 

chosen and the hardness changes that accompany 	the short-time 

tempering of the iron-nickel-molybdenum-carbon alloy (Dili) are 

shorn in Table 3T-7. 

TABLE 3T-7 

Shortmetempering.  of martensite. 

Hardness of conventional martensite/austenite mixture tr_. 365 HV. 

Time of tempering at 
5500C - seconds Hardness HV 

2 345 

5 340 

3o 330 

Electron 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 temperature 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 reveal the presence of such particles. This was 

possibly because, considering the short-time (15 seconds) used 

for tempering (at 55000), their size was too small to be ob-

served, 
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Fig.5.19a.Conventional marten-
site tempered at 55000 for 15 
seconds 	X30,000 
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',Mile evidence for the cementite particles in short- 

time 	martensite has been obtained by electron diff-

raction, it has not been possible to detect any carbide particles 

in the S.T.A. austenite containing a high density of dislocat-

ions. It is probable that the carbides, although they exist in 

the ferrite 	carbide region of the equilibrium diagram, will 

tend to redissolve on heating to the austenite region. However, 

despite the lack of positive evidence, it is considered that the 

presence of small carbide particles in the S.T.A. austenite is 

still a possibility. 

3.17 
	

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 3.4) suggests that 

recovery processes and possibly recrystallization occur pro-

gressively as the time of treatment is increased. The hardness 

changes in the S.T.A. austenite as a function of annealing time 

and temperature for the three iron-nickel-carbon alloys have 

already 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 is indicative of re-

crystallization. 
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The results of electron microscopical examination, 

Figs. 3.14b and 3.15, of samples austenitized at 650°C for times 

ranging from a few seconds up to 40 minutes, indicate that 

samples austenitized for 10 minutes 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, seems to 

be, Fig. 3.15b, by a process where dislocations have polygonized 

into sub-grains. Some areas in the micrograph show relatively 

large grains co-existing with small sub-grains. There is, how-

ever, no evidence for the existence of high angle boundaries 

between the grains. 

The activation energy (Q) for the process of recovery 

of the annealed austenite was determined from the time (t) to 

reach a given fraction of the recovery process (as deduced from 

the fractional change in hardness during austenitizing). 

1  = A CXID I- 	
RT 

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

the absolute temperature. Data are given in Table 3T-8. 
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TABLE 3T-8 

Activation energy of 'recovery' process 

(Reference; Figures 3.3 and 3.4) 

1 
Fraction of 
recovery (OH) 

-- 
, 	Activation energy 

!:cal/mol. 

159 

160 
Iron-nickel-carbon 
." 

alloy 
(INN1) 

0.1 

0.5 

ti 0.9 160 

0.1 157 

Iron-nickel-carbon 

alloy 
(INN2) 

0.5 153 

150 

The value of the activation energy is much larger than 

the activation energy for the self diffusion of iron along the 

grain boundaries of austenite9  which is reported to be 41 kcal/ 

rnol (0.6). It appears, therefore, that atom-by-atom transfer 

of iron (or nickel) across the migrating interface does not con-

trol the recovery process under study. 
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CHAP= 3.2  

The Structure and Properties of lartensite and Teiapered 

hartensite Produced from S.T.A. Austenite 

3.21 	Synopsis  

A study has been made of the difference in mechanical 

properties between martensite produced by conventional and by 

rapid austenitizinrr treatments and of the extent to which these 

differences are preserved durinF temperinF. Structural studies 

of tempered martensiteo, both conventional and that produced 

from S.T.A austenite, have shown that the internal structure of 

martensite has a pronounced effect on the morpholo7y of the 

carbide precipitation. 

The early staves of the decomposition of martensite in 

an iron-nickel-molybdenum-carbon alloy (II MI) have been 

examined by means of thin-foil electron microscopy. The first 

precipitate observed is cementite. A substantial increase in 

strength (secondary hardeninfr) has been found to be associated 

Cat peak hardness) with the presence of oolybdenum-carbide 

(ido2C). The averare martensite plate size in the S.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. 
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3.22 	71ffect of time of austenitizing on the 

hardness of martensite.  

Llxperiments were carried out to study the effects of 

the time of rapid austenitizing on martensite obtained by 

refrigeration of the reversed austenite. Specimens of the 

iron—nickel—carbon alloy (IY171) after the standard heat treat—

ment (800°C for 1 hour followed by water quenching and cooling 

in liquid nitrogen), were rapidly austenitized at 600°C for 

various times followed by quenching in water and cooling in 

liquid nitroen. The values of the hardness of the quenched 

samples, which contained e mixture of IT.A. martensite (about 

85 percent), S.T.A. austenite, and austenite retained from the 

first quench in liquid nitrogen, are listed in Table 3T-9. 

The table shows that the hardness of the martensite/ 

austenite mixture forrAed after austenitizing at 600°C for about 

one minute is greater than that of the conventionally produced 

martensite/austenite mixture. Loner austenitiziarz times, 

(,..,50 hours) followed by quenching in liquid nitro7en rive a 

hardness nearly the same as that of the conventional structure. 

This is in good agreement with the results obtained (Fig. 3.3) 

in section 3.13, where the time for complete recovery of the 

austenite at 60000 was found to be nearly the same; viz. about 

80 hours. 
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TABIE 3T-9 

Hardness of inartensite/austenite mixtures obtained after 

various times of austenitizing. 

Iron-nickel-carbon alloy (INN1) 

Hardness of conventional martensite/austenite 

mixture 440 - 450 HV. 

Time of austenitizincr at 60000 
followed by quenchinp: in liouid 

nitrop-en 
7- 

15 seconds 

1 minute 

5 minutes 

25 

2 hours 

5 

13,5 " 

24.0 " 

50.0 t  

80.0 

HV (Load 5kgms) 

494 

487 

487 

483 

473 

475 

473 

466 

450 

454 
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3.23 	The two martensites - strength and plate size. 

It has been shown in the previous section (3.22) that 

short-time ausenitizing treatments followed by quenching in 

linuid nitrogen gives a structure of S.T.A. martensite and 

austenite of greater hardness, by about 40 HV, than that of a 

conventionally produced martensite/austenite mixture. Further 

experiments, employing different alloys, were done to study the 

strength enhancement in the S.T.A. structure. Solution treated 

samples of iron-nickel-molybdenum-carbon alloy (BISE1) were 

nuenched to produce a mixture of martensite (about 81 percent) 

and retained austenite. They were then austenitized at 750°C 

for one minute followed by quenching in water and cooling in 

liquid nitro,:en to produce L.T.A. martensite co-existing with 

S.T.A. austenite and conventional austenite. (See section 

3.27). Hardness and tensile tests-  were carried out on both 

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

TABLE 3T-10 

Iron-nickel-molybdenum-carbon alloy (BIS1:11). 

!Amount of marten- Hardness 1.0% yield Quenched structure 	
:site at -196°C. . 	HV. 	stre 	0  

Conventional martensite/ 
austenite mixture 	81 percent 	420-436 

	
61-71 

S.T.A. martensite + S.T.A 
austenite + conventional! ,e85 percent 	463-473 

	
74-80 

austenite 
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It must be emphasized here that the structure obtained 

after quenching either conventional or S.T.A. austenite in 

liquid nitrogen is, in fact, a martensite/austenite ickixture 

and, in order to study the strength of martensite only, it was 

essential to separate the strength contribution of the austen-

ite, Samples of the iron-nickel-molybdenum-carbon alloy (BISLAI 

containing either conventional austenite or S.T.A. austenite/ 

conventional austenite mixture, were cooled to various sub-

zero temDeratures (i.e. -122°C, -135°C and -196°C) to produce 

different amounts of conventional martensite/conventional 

austenite and S.T.A. martensite/S.T.A. austenite/convenftonal 

austenite mixtures respectively. In view of the fact that, for 

structures containing relatively small amounts of martensite, 

a wide scatter 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 metall- 

°graphic 'point-count' technicue 	On extrapolating the plots 

(assuminri: a linear relationship), Fig, 3, 20a, to a limit of 100 

percent martensite (conventional or S.T.A.), the strength of 

the latter structure, independent of the strength contribution 

from the austenite, can be esti.:3ated. Fig. 3.20a shows sup-

erior strenth of the S.T.A. martensite over the conventional 

one. 

The choice of 1.0; yield stress, instead of 0.2`,Z, 

was necessary because it was found that in these tests, and 
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20 	40 	60 	80 	100 
Percentage Martensite (volume).  

Fig.3.20.Fe—Ni—Eo—C(BISM)alloy.Plot of amount of 
martensite,conventional and S.T.A.,versus yield 
stress.Extrapolation gives strength of martensite 
independent of that of austenite. 



indeed in all tensile tests involving martensite structure, 

1.0 strain gave 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. 

Measurements 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 steel about 1000 martensite units were 

measured. The avera:,e plate width and length of the two types 

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

TABLE 3T-11 

	

Dimension of Plates. 	Conventional 

	

(microns) 
	

martensite S.T.A. martensite 

Averv'e width 
	

5.5 

Average lenr2- th 
	

32 

I,:aximum width 
	

20 

Laximum length 
	

180 

Optical microscopical observations made on the two 

types of martensites, Fir. 30, show refined crystals of the 

S.T.A. martensite. 

4.0 

42 

12 

180 
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Pe-ri-No-C Inli) alloy 

Fig. 3. 21a. Conven tional mar ten— 
si te 	 X550 

Fig. 3. 21b. S. T. A. martensi to 
structure, showing narrower mar—
tensi to plates( c. f. fig. 3. 21a) 

X550 
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Histograms relating the number of the martensite 

plates (conventional or S.T.A) of a certain range of widths 

(or lengths) are shown in Figs. 3.22 and 3.23. In the lower 

range 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. martensite. Although 

the number of plates with maximum length is the same in both 

types of martensites, Fig. 3.23, the conventional martensite 

appears to have more plates in the lower range of length. 

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

martensite after tempering.  

Hardness  

Some experiments were made on the iron-nickel-carbon 

alloy (INr1) for the purpose of studying the effects of temper-

ing on the S.T.A. martensite. Samples were initially cooled to 

-19600 to produce martensite and then either austenitized for 

1 minute at 600°C or given a conventional treatment of 1 hour 

at 8000C. They were then cooled again to -196°C. After this 

treatment the hardnesses were approximately LIIJO NV with con-

ventional austenitizing and 480 HV with short-time austenitiz-

ing. These samples were then tempered at 190°C t 1°C in a 

silicone oil bath (L8. 550). Values of the hardness VS 
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tempfring time on a logarithmic scale) arc plotted in Fig. 

3.24. For both the conventional martensite and the S.T.A. 

martensite there is an approximately linear decrease of hard-

ness with log. tempering time in the range of 1 - 350 hours. 

In comparison with this alloy, the iron-nickel-molybdenum-

carbon alloy (INL1), when tempered at 190°C, shows a drop of 

only about 20 HV during the first hour or so of tempering, 

Fig. 3.25. In the case of the latter alloy, the hardness of 

the structure after short-time austenitizing is about 410 HV 

compared with about 365 HV for the conventional structure. 

With increasing tempering time (at 190°C) un to about 450 hours;  

the hardness decreases further to a small extent for the normal 

structure; in the case of the structure resulting from short-

time treatment, virtually no hardness chanr,:e occurred in this 

period. There may actually be a trend to slight hardening. 

The rate of loss of hardness with tempering 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 	3.25) are of secial interest in 

that after an initial softening during the first hour, there 

is a significant increase in hardness as the tempering time is 

increased up to about 100 hours, This secondary hardening is 

slightly greater in this period for tempering of the convention-

al martensite. Tost of the investigators (c.7-8) in the field 
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Fig.3.24.Variation of Hardness with Tempering Time at 190°C. 

A. for martensite formed after austeliitizing 1 minute at 600°C. 

B. for martensite formed after austenitizing 1 hour at 800°C. 
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of tempering of molybdenum-steels have .employed higher temper-

ing temperatures than 350°C  (although their alloys contained 

less carbon). In the present work, further investiLTation of 

the 'secondary' hardening effect was carried out on the iron-

nicel-molybdenum-carbon alloy (INL1) employing higher temper-

ing temperatures VIZ 500°C and 550CC. 

Samples were rapidly austenitized for one ''.minute at 

750°C and cooled to -196°C, and were then tempered at 500°C 

and 550°C. (In tempering this alloy at 190°C and 350°C, the 

short-time austenitizing treatments riven were not identical 

with those used for tempering at 500°C & 550°C but are, never-

theless, sufficiently close to take for comparing the temper-

ing behaviour over the range 190°C - 550°C). 

Fig. 3.26 shows the changes in hardness with temper-

inr: time at 500°C and 550°C of the structures containing 

austenite together with either conventional or G.T.A. marten-

site. Comparing their behaviour, the difference of hardness 

prior to temDerinr, mentioned earlier, is still present after 

tempering. At 500°C no significant change in hardness occurs 

when the C.T.A. martensite was tempered for times up to 200 

hours but in the conventional martensite a slight softening 

occurs after about 100 hours. At 550°C, with both types of 

martensitic structures, a slight hardening was observed during 
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Fig. 3.26Xe-Ni-lilo-C 311111 alloy. Variation of hardness with tempering time. 
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tempering, reaching a peak value at about 100 hours. This max-

imum hardness value was, however, lower than that achieved at 

350°C for the same time of tempering. 

pig. 3.27 summarises the variation in tempering be-

haviour with tempering temperature. The hardness values after 

2 hours and 100 hours of tempering at temperatures ranging from 

190°0 to 550°0 are shown for both the martensitic structures. 

In both types of martensite, when tempered for 2 hours, the 

highest hardness value was attained at a tempering temperature 

of 500°C. After tempering for 100 hours at 350°C the secondary 

hardening effect was very marled with the S.T.A. martensite 

showing a higher strength level. 

Tensile properties.  

ivieasurements of the tensile properties - yield stress, 

tensile stress and ductility-for various structural con-

ditions in the Fe-ri-o-0 alloy (ifidl) were made to compare the 

effects of conventional and short-time austenitizing. The 

short-time austenitizing was 1 minute at 750°0. The tempering 

treatments were selected 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 350°0 - involving a secondary 

hardening effect. The main point of interest in the tensile 
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with tempering temperature. 
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results is the enhancement in the strength of the tempered 

S.T.A. martensite (co-existing with austenite); for example, 

the yield stress, approximately 77 tons/in2, of untempered 

S.T.A. martensite increases to approximately 94 tons/in2  for 

S.T.A. martensite tempered at 350°C for 100 hours; tempering 

of the S.T.A. martensite at 550°C for 2 hours lowers the yield 

stress but the value is still greater than that of conventional 

martensite. Thus for a-Eiven tempering treatment, the S.T.A. 

martensite gives a higher strength value than that of the con-

ventional martensite but with slightly less ductility. The 

highest yield stress obtained in the present investigation was 

from tempering S.T.A. martensite for 100 hours at 350°C. This 

is in excellent agreement with the hardness curves of Fig. 

3.27. 

3.25 	4TemperinF" of S.T.A. austenite.  

Referring back to pig. 3.26, it should be noted that 

considerable hardening occurs when S.T.A. austenite in the 

iron-nickel-molybdenum-carbon (in1) alloy is 'tempered' (Plot 

'A' and 'B' of Fig. 3.26); the effect occurs more rapidly and 

to a greater extent at 550°C than at 500°C. The contribution 

of this hardening in the observed enhanced strength of the 

tempered martensite plus austenite structures was given specinl. 

attention. It should be recalled that the structures referred 

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

Tensile properties of tempered structures Fe-n-Lo-C alloy. (B.1.3Li) 

Treatment 	 Tensile property 	
_ _  

1.0 	yield s 1-,essrbuCftli t17 .0  ,-, - 	. 
( tons/in2) 	on 1.5" 	( to aP/in2) 

r •-• 

Conventional ma rtcnsite(untemPered) 	61.5 - 71.0 

S.T.A. ma rtensite (untefflpered) 	74.5 - 79.5 8 MOO 

• 
Conventional 1.,Jartensi te tempered 
2 hours a t 350°C 	 64.5 - 70.1 	9 - 12 	7 - _• 	• 

T.A. ilartensite tempered 
2 hours a t 50Q 	 88.3 - 50.7 	6 -8 	94.3-97.5 I 

Conventional martensite tempered 
100 hours a t 350°C 	 89.9 6 	97.5 

S. T.A. ma rtensi te tempered 
100 hours at 35000 	 93.6 . 	• ,_ 	• • 

Conventibnal iart( nsite tempered 
2 hours at 550°C 

• 

E.T.A. 1,3artensite tempered 
2 hours at 550°0 

	

63.5 - 69.0 	10 - 12 
	75.5 	8u.5 

	

76.0 - 78.6 	6 - 7 
	

80.5 - 81.5 
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in fact, a mixture of martensite with as much as 30% of austen- 

ite. 

Tensile specimens of the iron-nickel-molybdenum-carbon 

alloy (BISE1) in both the conventional austenite and the S.T.A. 

austenite conditions were quenched to -122°0, -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 rnartensite -

both convrntional and S.T.A. - tempered for various times and 

temperatures. The most important feature of these experiments 

is that on extrapolating the graphs to a limit where the 

structure is 100 percent martenitic, the tempered S.T.A. marten-

site shows superior strength as compared with the tempered con-

ventional 'Iartensite. A comparison of the behaviour of the two 

martensites temeerod at 350°C and 5500C, for a period of two 
hours shows)  Fig. 3.289  a greater difference in the strength 

level in- the case of the 350°C tecAl)erin7. 

3.26 	Structural observations of tempered martensites.  

Optical microscopical observations were made to study 

the structural features of martensites (1-3IS1 alloy), both con- 

ventional and S.T.A., after temperiw:. The tempering treat-
ments were selected on the basis of the hardness results shown 
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Fig.3.28.Fe—Ni—Mo—C(BISM1)alloy.Plot of amount of marten—
sitezconventional and S.T.A.,versus yield stress.Extra—
polaLion gives strength of martensite independent of that 
of austenite. 
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in Fig. 3.27. Conventional martensite (BISM1 alloy) was 

tempered at 350°C for 100 hours (peak hardness). Carbide 

precipitation occurs along the original twins across the mid-

rib (Fig. 3.29a). Fig. 3.2Sb is an electron micrograph showing 

the same mode of precipitation as shown in Fig. 3.29a. A dark 

field transmission electron-micrograph for the area in Fig. 

3.29b is shown in Fig. 3.29c. 

In comparison with the conventional martensite, the 

S.T.A. martensite (BISL1 alloy), tempered at 3500C for 100 

hours, shows (Fig. 3.30a) ill-defined boundaries of the 8.T.A 

martensite plates with no evidence of a midrib. It is diffi-

cult to observe the nature of precipitates in the optical 

micrograph. However, the electron micrograph (Fig. 3.30b), 

indicates in addition to the small size of the tempered S.T.A. 

martensite plates (c. f. tempered conventional ,aartensite plater 

Fig. 3.29b), that the precipitation in the S.T.A. martensit 

occurs along the interface of the martensite plates. Although 

quantitative observations were not made, it appeared in the 

electron microscope that the number of the S.T.A. martensite 

plates showing internal twinning was less than that in the case 

of conventional martensite. Fig. 3.30c (S.T.A. martensite in 

"'USIA alloy, tempered at 350°C for 100 hours) is one of the few 

areas showing precipitation along the internal twin boundaries. 

Fig. 3.30c also sumests that carbide precipitation may have 
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Fe-Fi-Mo-C(BISM1) alloy 
Convptional martensite tempered 3500C for 100 hrs. 

Fig.3.29a.Carbide precipitation along the 
twin boundaries 	X650 

Fig.3.29b.Electron mic-
rograph of structure 
shown in fig. 3.29a 

X10,000  

Fig.3.290.Dark field 
transmission using car-
bide reflection showing 
precipitation along the 
original twins X20,000 
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Fe—ri—Mo—C.(BISM1) alloy 

S.T.A. martensite tempered at 350°C for 100 hours 

Fig.3.30a.Carbide precipitation along 
the martensite—austenite interface is 
seen 	 X850 

Fig.3.30b. 	X40,00C 	Fig.3.30c. 	X20,000 
Electron micrographs of structure shown in 3.30a. 
Carbide precipitation is seen along the interface 
of martensite plates in (b) and (c); (c) also 
shows precipitation pt dislocations 
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occurred at the dislocations in the austenite surrounding the 

tempered S.T.A. martensite plates; some features suggestive 

of coherency strain are also seen. 

3.27 	Sites for S.T.A. martensite formation. 

As already mentioned in section 3.23 the S.T.A. 

martensite crystals are of considerably smaller width than 

those of conventional martensite; further evidence on this 

effect and on the sites for S.T.A. martensite formation has 

been obtained by optical microscopy. 	3.31 is an optical 

micrograph of a sample of the iron-nickel-molybdenum-carbon 

alloy (BISE1) c!uenched to -122°C from the S.T.A. austenitic 

condition. The micrograph shows 3.T.A. martensite co-existing 

with S.T.A. austenite and austenite retained from the first 

quenching. The S.T.A. martensite plates are not only smaller 
in width than the conventional martensite but also not all of 

them are formed at the sites originally occupied by convention-

al martensi te. Some plates of the 3.T.A. martensite, for 

instance, are formed in the matrix of retained austenite. 

These plates are, in general, smaller than the original 

martensite plates. There are, however, a few plates formed 

in areas of S.T.A. austenite. 
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Fig. 3. 31. 	Fe-Ni-Lo.C(BISM1). 
Partially transformed S.T.A. mar-
tensite co-existing with S.T.A. 
austenite and retained austenite 

X540 
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3.28 	Orientation relationship and coherency 

between precipitate and the matrix.  

The earl:" stages of the tempering behaviour of Ini1 

alloy are associated with the precipitation of cementite. This 

decomposition of the conventional martensite, tempered at 550°C 

for 15 seconds, refers to the initial drob in secondary hard-

ness. Pig. 3.19 (section 3.16) Thows the diffraction pattern 

with the cementite reflections (Pic;. 3.19c) represented by 

crosses. The orientation relationship 

Ferrite 
	

11 
	

[1001 
cementite 

[1007 
Ferrite 
	j011]  

r 	
cementite 

is in agreement with that determined by Pitsch and Schrader 

(C.9). 

At peak hardness of the tempered martensites (con-

ventional or '„).T.A.), 21•'ecipitates of molybdenum-carbide 

(M020) have been detected by electron diffraction examination. 

The diffraction pattern obtained from the S.T.A. martensitic 

structure, tempered at 350°C for 100 hours, 	:).32, est-

ablishes the following orientation relations. 
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0e-Ni-Mo-C (BISM1) alloy 

(Tempered S.T.A. martensite) 

Fig.3.32a.S.A.D.from 
tempered S.T.A.marten-
site in fig.5.32b. 

Fig. 3. 32b. S. T. A. mar ten-
site tempered at 3500C 
for 100 hours X40,000 

x M01  C 
• Ferrite 
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36531  
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• x 	x • 200 
1120 	2240 

Fig.3.32c.Indexing of 
Y;02C spots(crosses)in 
ferrite(solid circles) 
matrix.(012)ferritera orientation 

Fig.J.32d.As fig. 3.32h 
but taken in dark field 
using carbide reflect-
ion in fig. 3.32c. Note 
fine size of precipit-
ate particles X40,000 
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Pe-ri-ro-C, (BISL1) alloy 
(Tempered conventional martensite) 

Fig.3.33a.S.A.D.from 
tempered conventional 
martensite in fig.3.:510. 
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X MO2  C 

• Ferrite 

PiE.3.33c.Indexing of 
Mo2C spots(crosses) in 
ferrite solid circles) 
matrix.(T27) 
foil orients  

Fig.3.3310.Conventional 
martensite tempered at 
35000 for 100 hours 

X30,000 

Fig.3.33d.Dark field 
transmission using car-
bide reflection in fig.- 
3.330. 	X40,000 
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Honeycombe et al D.7) have also reported the same orientation 

relation in tempered molybdenum-steels. Results obtained on 

teiapering of the conventional martensite at 3500C for 100 hoar 

also support the above crystallographic relation between the 

molybdenum-carbide and the ferrite Fig. 3.33. 

The most significant observation in the present conte.':' 

is the presence of fine molybdenum-carbide precipitates. Usj.,:z 

carbide reflection spots under conditions of dark field trans-

mission, the molybdenum-carbide precipitates, in the temper. 

S.T.A. martensite (Fig. 3.32d), are of finer size than in t1,:, 

conventional martensite (Fig. 3.33d) with the same tenperig 

t rca tmen t. 
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CHAP TER IV 

DISCUSSION 



— 12C; 

4.1. Strength and structure of S.T.A. austenite 

It has been shown in the previous chapter 

(3.1) that as a result of short—time rapid ausLenitizing, the 

S.T.A. austenite becomes stronger than the conventional 

austenite (fig. 3.2). In this section an attempt is made to 

explain the enhancement 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. mach mechanism 

must be supported by evidence from observations. 

4.2. 	Characteristics of structure of S.T.A.  
austenite.  

4.21. 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 also 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 crystal: Following on this, the fragmentation of 

the martensite crystals was revealed by chemical etching 

fig. 3.9a. 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 austenite fragments, figs. 3.9a and 3.12, which are 

much smaller than the original martensite plate. Some of 

these observations, e.g. fragments of S.T.A. austenite lying 

transversely across the original martensite plate (figs. 3.9e 

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 dislocationsi It should be noted that the size of these 

S.T.A. austenite plates is comparable with that of original 

martensite Plates. 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 

austenitizing 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. 

4.22 Dislocation 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. Pig. 3.14 show6 such a 

structure of tangled dislocations. It is clear from fig. 3.14 

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 B.T.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 4.24). The occasional presence of round 

loops in the S.T.A. austenite can also be noticed (fig.3.14b) 

and this may indicate that as a result of rapid austenitizing 

at 950°K vacancies are formed, and on subsequent quenching 

precipitate out in the form of a loop. Ati estimate of the 
E 

vacancy concentration (av) at 950°K using Cv  = e RT (E is 

the energy of formation per mole of vacancies) is about 10-17. 

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 	austenite transformation, the concentration 

of vacancies in the gamma iron rises at the transformation 

temperature. The quenching strain could also result in the 

formation of vacancies (D-3-) 

The origin of the tangled nature of the dislocations 

can be explained on the theory put forward by Kuhlmann-Wilsdorf 

and Wilsdorf (D.4). According to these workers any point 

defectOprecipitate" at dislocations and will necessarily 

cause the dislocations to be deflected out of their respective 

slip planes; since this deflection does not take place 

'uniformly and continuously it 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 from 

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, while source (ii) is responsible for the dislocated 

structure of the S.T.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 surrounding 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 reversion can only be accommodated by the 

plastic deformation of the softer surrounding retained 

austenite which, in turn, imposes tensile stresses on the 

reverted martensite crystal. The whole process results in 

the formation of a dislocated structure. Since the reversion 

occurs while the martensite crystal is embedded in the un-

transformed matrixsdislocations are left at the interface 

between the transformed (S.T.A. austenite) and the untrans-

formed (retained austenite) regions. This is seen in fig. 

4.1. 

It should, therefore, be expected that in 

martensitic transformations where the structural volume 

change is very small, e.g. pure cobalt (1).5)„ little (or no) 
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Fig.4.1.IFE1 alloy. S.T.A. austenite 
co-existing with retained austenite. 
Dislocations at the interface can be 
seen. 	 X40,000. 

Fig.4.2.BISM1 alloy. Dislocation sub-
structure in S.T.A. martensite plates. 
Note absence of internal twinning in 
the plates. 	X20,000. 
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hardening should occur on short—time heating to a region 

where structural changes takes place. Some exploratory tests 

were carried out using pure cobalt, It was found that with 

short—time "austenitizing° (30 seconds at 530°C) the specimens 

had nearly the same hardness as with conventional annealing. 

However, in view of the absence of detailed information e.g. 

amount of martensite (c.p.hex.) present prior to reversion3f, 

these results are not conclusive. 

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

been established ( D.7., D.8., D.9) that martensite crystals in 

steels contain a substructure e.g. dislocations and internal 

twins. It is, therefore, difficult to ignore the possibility 

that on rapid reversion, and possibly after some recovery, the 

substructure 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.T.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 (Ms  = 14.80°C and 0.3 

percent structural volume change (D.5) occurring from the 

direct transformation of f.c.c. 	c,p.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, belonging to the hex-

agonal and the tetragonal crystal systems, the thermal 

expansion varies with the direction in the crystal. In a 

crystal of a cubic metal, on the other hand, no such effect 

can exist because the thermal expansion is the same in all 

the principal crystallographic directions. It would be 

expected therefore, that as a result of reversion of a 

martensite crystal (b.c.t), in the matrix of austenite, 

anisotropic thermal expansion of the tetragonal structure 

may set up stresses in both the phases; here the relative 

volume of each phase may be of importance (see section 4.3),,  

Three additional effects must also be considered. 

1. The difference in the thermal expansion occurs not only 

from phase to phase but also from grain to grain and stresses 

may be set up even if both the phases present were cubic. 

2. Aach crystal of martensite has many 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 also cause plastic 

deformation. 
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It is very likely that the stresses set up by the 

anisotropy of thermal expansion of the martensite crystal(s) 

are nearly negligible since the thermal expansion is dependent 

on the temperature difference and not on the rate at which the 

temperature changes. Furthermore, if the reversion proceeds 

via a tempering "path" i.e. martensite (b.c.t.) 	ferrite 

0.c.c) + cementite (orthohombic) 	austenite f".c.c.), the 

accompanying; loss in tetragonality would lessen the effects 

of anisotropy of thermal expansion. 

(iv) Condensation of vacancies on certain crystallographic  

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 properties of metals. 

Kuhlmann—Wilsdorf (D.12)  suggested that dislocations can be 

generated in f.c.c. metals by the condensation of vacancies 

on the {110} planes. This would result in an edge dislocatiou 

forming part of a prismatic dislocation. They have also 

suggested vacancy condensation on {1111 planes resulting in 

the formation of sessile type (Frank partial) dislocations 

with 1 [1117 Burger's Vector. Although the stacking fault 

energy of a material is an important parameter in the trans—

formation of a Frank partial, the ease with which a Shockley 

partial is nucleated must also be considered. Smallman and 



- 129 - 

ikum (D.13) have reported Frank sessile loops in a high 

stacking fault material byTenching pure aluminium from 

60000 into an oil bath. Probably the accompanying quenching 

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 small number of diblocations are produced by 

vacancy condensation on certain planes in austenitic steels 

with the austenitizing temperatures used in this investigation. 

Thus it can be concluded that the predominant 

source of dislocations produced on rapid 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 

3.1511). These fragments, when lying transversely across 

the reverted plate, are twin-related with respect to one 

another. The twins differ from annealing 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 for more) 

adjacent original microtwins (60 — 50O thick); the resulting 

twins (reversal twins) have thicknesses varying from Oi 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 that these twins 

may be stacking faults. The reported reversal twins in 16/12 

stainless steel have straight boundaries. Moreover, 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 established (D.15) that the thickening 

of a twin requires much less energy than that required to form 

it. The necessary energy for twin—coalescence is 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 

expected to lead to eventual disappearance of reversal twins. 
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No reversal twins were observed in specimens austenitized for 

relatively longer periods, say about half an hour. 

(ii) Cross slip during reversion: The irregular nature 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. In 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 ond the slip is expected to be 

relatively 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 probable thattwo (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 

'bands' are very jogged. 

If the above process of reversal twin formation is 

accepted, no reversal twins would be expected in the rapidly-

austenitized structUre of low stacking fault energy materials. 

It 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 martensite plates. The presence of irregular 

sub-boundaries can be accounted for by phenomenon of cross-

slip. 

4.24 Tempering during reversion: Electron microscopical 

study, both darkfield and diffraction pattern, gave no evidence 

for the presence of carbide particles in the austenite. It 

may be recalled here that the martensite before reversion is 

a slightly tempered structure (even at room temperature) 

presumably containing fine carbide particles. In view of this 

and the occurrence of some additional temperj.ng occurring 

during the period of reversion, it is suggested that the 

presence of fine carbide particles in the austenite is a 

possibility. Sastri (D.16), working on a plain carbon 

eutectoid steel (initially inAtempered condition) austenitized 

at 8500C for 4 seconds, showed that en essentially pearlitic 

structure was forMed on cooling and claimed a good degree of 

homogenization. In the present investigation, however, unless 

the carbides redissolved on austenitizing (a typical time of 

austenitizing used was one minute), the possible presence of 

fine carbides cannot be ruled out. As already mentioned 

(section 4122), these carbides Could have an anchoring effect 

and cause tangling of dislocations. 
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4.3 Contribution of various strengthening mechanisms 

in the S.T.A. austenite.  

Fig. 3.2 shows the enhancement in the mechanical 

properties (yield stress and hardness) of the rapidly austen-

itized structure. Austenitizing treatments, involving 

relatively low temperatures and shoretimes (e.g. about one 

minute), result in an apprediable increase in the strength-

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 

aus teni tizing. 

Effect of initial amount of martensite on the yield stress of 

austenite.  

The effect of the initial amount of martensite on 

the yield stress of the reverted structure can be explained b7 

considering the structure as a mixture of two °phases° viz 

S.T.A. austenite and conventional austenite. The increase in 

the average dislocation density with varying amounts of 

mixture of the two austenites can be suggested schematically 

in the following figure. 
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Average 
dislocation 
density 
content. 

 

 

  

conventional 
austenite(100%) 
	

austenite(100) 

Schematic diagram show- 
ing change in average 
dislocation density with 
varying amounts of mix- 
ture of austenite "phases" 

The dotted line in the figure shows the increase in the 

averaEe dislocation density assuming the structure to be a 

mixture of S.T.A. and retained austenite, with each "phase" 

having a constant dislocation density. The dislocation 

density of the retained austenite does not, however, remain 

constant and its average dislocation density includes, in 

addition to the dislocations produced on reversion, the dis-

locations introduced in the retained austenite on direct 

transformation. Structural observations made by Edmondson 

and loo (D. 16A) suggest that the plastic deformation in the 

retained austenite during the reverse transformation is not 

so extensive as durinp,  the direct transformation, The numbor 

of dislocationSin the retained 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 curve is not known, the 

suggested full curve (in the figure) represents the probable 

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 ilmfAlert. 

increase NOMMIMOMMOMN in the martensite phase brings about 

a relatively smaller amount of strengthening per percent of 

initial martensite phase. 

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 amount of martensite of about 

90 percent) 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 

light of the observed structural features. 

Quantitative relationships for strengthening in S.T.A.austenite.  

The relationship between the grain size and Row 

stress was first given by Hall and Petch (D.17 and D.18) in 

the following form: 
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dr 	— 6'0  + Kd- 2  —  

where '6f ' is the flow stress; '6 ' is the friction stress 

and is a measure of the resistance 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 precipitates (D.19) and strain (D.20). If all 

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

, + Kd-2  6f = 6f(T) 	6f(Ath) 

where (5-fkT)  /,..\ is the thermal component and 05f(Ath) the athermal 

component which varies with density of dislocations and pre- 

cipitates in a manner pU 	 (D.21 ). rposed by Conrad 	The expreT-

ion for flow stress then becomes 

(1) 

(5 	c5" - f - f02) -1  e. + 	 1,ub 	+ylb7N 	+ Kd -1  (2) 

in which (X1 andtx2 are constants, ,u the shear modulus of iron, 

b the Burgers vector, p the dislocation density and A the 

precipitate 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.g5 by carbo:_y 

nickel, molybdenum) must also be added to the equation (2), 
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it may be emphasized that, in using this equation to account 

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 sol-

ution strengthening will occur to the same extent in both con-

ventional and S.T.A. austenites unless the amount of carbon in 

solution in the S.T.A. austenite is reduced by the presence of 

carbide precipitates. 

The theoretical model for the d-L 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 square root of the dis-

location density and this has been experimentaly established 

(D.22-D.25), It appears that although the flow stress may be 

a function of grain size, the term involving dislocation 

density (ociAb/02) is consistent with both current theories 

and experimental results. Because of this the dislocation 

contribution was considered more significant than the grain 

size term (d 2). Moreover, in section 3.12b it has been 

shown that the size of the original grains of the austenite 

remains unaltered on rapid heating (compare fig. 3.1a and 

3.11)-. Therefore the term d-2  and also the term -f(T)9 which 
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is nerrligible at room temperature D.19),  are omitted in 

equation (2)9  which then takes the form 

f2
= 	

1 
 Ab(/)

1  e 
	+ Lx2  )110(1)1-1 	

2
-2) — — — (3) 

Local changes in carbon content during austenitizing  

tempering during reversion.  

Although the chemical composition of the austenitic 

alloys used in the investigation was chosen in such a way that 

the martensite forms on cooling to below 0°C, the possibility 

of carbide being precipitated from the martensite (and austen—

its) while reaching the temperature of reversion (or during 

subsequent cooling) must be considered. Any carbide pre—

cipitation from the solid solution can contribute to the 

strength of the S.T.A. austenite and it may be that the 

observed high strength of the S.T.A. austenite (particularly 

in alloys containing strong carbide forming elements, IYM1 and 

BISM1) is in part due to the precipitation and dispersion 

ha rdening. 

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 

tempering during heating and if the resolution of this car—

bide was not complete in the austenite range, then it would 

be expected that the Ms  temperature of the S.T.A. austenite 
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would be raised due to the reduced carbon content in the 

solid solution. During the course of experimentation, however, 

it was noticed that the Ms  temperature of the S.T.A. austen—

ite, for BISM1 alloy, was lower than that of the conventional 

austenite. Due to lack of any positive evidence for the 

presence of carbide in the austenite after reversion, the 

possible contribution of the precipitates to the flow stress 

(if) of the S.T.A. austenite could not be estimated. However, 

it seems that the most signifiCant term to consider, to 

account for the increase of about 18 tons/in
2 

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. austenite has been calculated (section 3. 15iv) to be 

about 1010  lines/cm2  in comparison with a value of about 

109  lines/cm2  for fully annealed austenite. In order to take 

into account the 'forest' nature of the dislocations in the 

S.T.A. austenite, a value of 10111ines/cm2  can be used to 

estimate 6 from the theoretical relationship (equation 3). 

Krauss (D.26) has also reported the density of disloCations 

in the reversed austenite to be of the order of 10111ines/cm2. 

In the annealed austenite the value of the dislocation 

density (109  lines/cm2) appears to be high, possibly because 

of the generation of dislocations during foil preparation 
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and subsequent handling A value for annealed austenite of 

108 or even less appears more likely. 

The expression 

6f= cis ,ub (p
1  2  — P 

may be used where m= const = 0.4 (D.27); 	•"-"--• shear modulus 

of iron = 12 x 106  lb/in2. b = Burgers vector = 2.5 x 10-8cm, 

1412  = dislocation density of S.T.A. austenite, 1011 lines/cm2 

102 = dislocation density of conventional austenite, 108  lines: 

cm2. By substituting these values, 16±,', the increase in the 

flow stress resulting from rapid austenitizing, can be 

estimated as being about 15 tons/in2  which is quite close to 

the observed increase in the yield stress (18 tons/in2) of the 

S.T.A. austenite. 

Strength of S.T.A. austenite and reversal twins.  

The presence of reversal twins in the S.T.A. 

austenite may limit the movement of the dislocations. A dis-

location whose line passes through a twin interface can 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)  have claimed that there is a small 

strengthening (in martensite) due to twinning. In view of 

the fact that the thickness of the reversal twins is about 

0.1 — 0.5 microns (c.f. 60 — 50OR 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. austenite. 

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

austenite is primarily due to the high dislocation density. 

4.4 Mechanism 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 hinges can be observed 

which are due 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. 3.18b, however, does not, within the limit 

of resolution, conclusively establish that each fragment 

of S.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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because of the impingement 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:5..10a (c. f. fig.3,10b) shows the absence of, a 

midrib in the S.T.A. austenite structure and this may indicate 

that the reverse transformation proceeds in only one direction 

from the plane of nucleation. 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 plate in which a sweeping interface stopped midway 

The rate of heating, as employed by them, was i°C per minute 

and this may mean that the reverse transformation was 

diffusion controlled. Kessler and Pitsch (D.30) employed 

both slower (0.3()C per minute) and faster (10000 per second )  
heating rates and detected a martensitic reversal in both 

cases. 

4.5 Affect of annealing time and temperature. 

4.51 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 3J. for 
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the three iron-nickel-carbon alloys. Only a small decrease 

in hardness is observed during the initial periodosimpoim 

then,dopending upon the temperature of 

-austenitizing, a sudden drop in hardness begins. With a pro-

longed austenitizing period, the hardness of the reversed 

austenite reaches the same value as that of the conventionally 

annealed austenite. 

4.52 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 

(fig.' 3.3) is still substantially higher than that of the con-

ventional austenite. Figure 3.15a shows the microstructure 

corresponding to this hardness value. There.are areas of both 

high and low density of dislocations. It may be noted that 

the electron micrograph shows dislocations inside the cells 

indicating a certain amount of dislocation pinning by the 

matrix. With increasing time of austenitizing 040 minutes 

at 65000) the cell-structure formation. is more prominent 

(fig. 3.15b). Although the dislocation density appears 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 austenite is largely determined by 

the dislocation arrangement rather than the dislocation density. 

The effect of the alloying elements 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 effects of the pre-

cipitates will be that the particles will hinder slip motion 

and cause the dislocation multiplication. However, for pro-

longed soaking times at the austenitizing temperature, the 

carbides will tend to redissolve. 

Thomas et al(1,31) have detected carbides in 

ausformed austenite (iron-28% nickel 0.3% carbon and iron-25% 

nickel-145% molybdenum-0428% carbon alloys). According to 

these investigators the occurrence of carbides depends on the 

amount, and possibly the temperature, of deformation; high 

deformations will favour carbide precipitation in austenite. 

It is generally accepted that the effect of anneal-

ing on the cold-worked metal is to bring about recovery and 

recrystallization by nucleating new grains at the grain 

boundaries of the deformed material. The boundaries of the 

new grains then migrate through the deformed material, 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 soaking showed no signs of the presence of high-angle 

(recrystallization) boundaries, though the S.T.A. austenite 

contained a high density of dislocations. However, some 

boundaries were seen e.g. fig. 3.15b which are possibly the 

original boundaries of the martensite plates. The absence 

of high-angle (recrystallization) boundaries indicates that 

the effect of austenitizing time on the reverted structure is 

basically a recovery process wherein the dislocations poly-

gnize themselves to form sub-grains without migration of the 

grain boundaries. Microstructural evidence to support this 

view is furnished in figure 3.15b. The micrograph (iron-

nickel-carbon INN1 alloy) shows the structure of a specimen 

aUstenitized at 65000 for 40 minutes (from figure 3.3, the 

hardness after this treatment is nearly the same as that of 

the conventionally annealed 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 INIT2). 

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 (D.33) for 
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iron-nickel alloys containing impurity-level amounts of 

carbon They believe that the annealing of reversed austenite 

is the same as the annealing of cold-worked metals in that 

both the processes involve recovery and recrystallization. 

Following the idea of Lucke and Detert(D-3)4), Krauss and 

) (D.33 Cohen 	proposed that the highfactivation energy results 

from the preferential segregation of the carbon atoms at the 

grain boundaries. In alloys containing higher amounts of 

carbon, as in the present investigation, it would, therefore, 

be expected that a highaconcentration 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 the temperature of austenitizing a 

high density of dislocations can provide sites for carbon 

segregation. 

The effect of impurities (tin in zone-refined lead) 

on boundary migration has been well demonstrated by Agst and 

Rutter(D.36). They have concluded that very small impurity 

concentrations can dramatically retard boundary migration. 

Earlier, Lucke and Detert(De34) had postulated that dissolved 

impurities retard a moving boundary through an elastic 

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 is 

small enough or the temperature is high enough. A revised 

version of Cahn'a theory (D.32)  on boundary migration predicts 

that the velocity of boundary migration is an inverse function 

of 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 

effect 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, therefore, possibly 
sub 

involves carbon segregation and clustering at the boundaries 

(and dislocations) thus retarding the mobility of the grain 

boundaries. 
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4.6. 	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 austenitizing treatments have already been 

diriicussed 	The increased strength of the S.T.A. austenite 

seems to be mainly dependant 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 phenomenon in that it is a 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. 



-149- 

The tempering of martensite has been the subject 

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-40). On tempering below about 200°C, 

e -carbide is precipitated leaving the matrix containing 
about 0.25% carbon. The El-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 as in plain carbon steels. 

During the fourth stage cementite gradually dissolves and 

). alloy carbides start to precipitate (D.41 Honeycombe et al 

(D.42) have reported in situ transformation of cementite to 

alloy carbides. Cementite may also be present along with the 

alloy carbides (D.43). Houndremont et al (D.44) 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, therefore, deter-

mined by extrapolating plots of yield stress versus amount 

of martensite to 100 percent martensite (figs. 3.20 and 

3.28). 

4.61. Factors contributing to the increased strength 

of the untempered S.T.A. martensite.  

It was observed that in the iron-nickel-

molybdenum-carbon alloy (BISM1), 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 63 and this 

is discussed below on the basis of the structural study. It 

may be mentioned that once no extrapolation of the values 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 lbs/in2  for 0% carbon (extrapolated value) 

to 280,000 lbs/in2  for 0.8% carbon in iron-nickel-carbon 

alloys (13.45)„ the strengthening due to the nickel (about 

10,000 lbs/in2) 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 Cohen0j°45)  

suggest that carbon can diffuse rapidly in the b.c.t. 

structure and the virgin martensite undergoes temperature-

dependent ageing above about -600C provided the carbon 

content is more than 0.2%. The influence of this rapid 

migration of carbon on the mechanical properties of the 

46 martensite can be appreciable. Kelly and Nutting (D. )  

found that in plain-carbon steels a considerable increase in 

hardness occurs due to carbon precipitation during the 

quench. 

Kelly and Nutting(D.46) have shown that the 

effect of substitutional solid solution hardening, involving 
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non-carbide forming elements (e.g. nickel) 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(D.46) have 

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 'and Nutting(D.46)  

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.48) 9  

although the proposal has met some opposition(10.45). 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.46). 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 internally 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 effect of solid solution harden-

ing, both by interstitial and 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 

(fig. 4.2) 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 S.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 than 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 increasing the 

number of martensite boundaries per 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 small difference in the strength of 

the two martensites is due to refinement of the S.T.A. 

martensite plates and the high density of dislocations in 

the S.T.A. martensite plates. 

)4.62. 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 BISM1). 

Tempering of martensite in the iron-nickel-carbon alloy 

(TUN1), 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) and 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 

200°C) 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 e -carbide dispersion coarsens and the precipitate becomes 
less coherent with the ferrite matrix. As the carbon con-

tinues to come out of solution and forms cementite at 300 -

400o0, an overall decrease in hardness results (fig. 3.24). 

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 (INNI) martensite, the effect of tempering on 

molybdenum-containing alloys (INM1 and BISMI) 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, secondary hardening occurs from the precipitation of 

Mo2C (fibs. 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 

350°C (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 

after secondary hardening has been attributed to the growth 

of alloy carbide(D-43). 

The structural study of the tempered martensite 
, has 

in iron-nickel-molybdenum-carbon alloys (INM1 and BISM1) twos) 

provided some basis for explaining the highOr strength of 

tempered S.TiA. martensite (about 10;0, extrapolated value) 

over that of conventional martensite in the peak hardness 

condition. 

In view of the high defect content of the S.T.A. 

martensite and the precipitation of molybdenum carbide on these 

imperfections, fig. 3.30b, (which are suitable sites for 

nucleation) the tempered S.T.A. martensite (35000 for 100 

hours) has shown finer precipitate.particles than in the case 

of conventional martensite (figs. 3.33d and 3.32d). It may 

be pointed out here that the molybdenum atom is approximately 

10 percent larger than an iron atom and for this reason 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.A. martensite will be relatively closely spaced. 

Measurements have not been made of the size and spacing of 

the precipitate particles. However, from figs. 3.30b and 

3.32d, the size of the precipitate particles can be 

approximately estimated as being about 50 - 125R. Thomas 

et al(D•52)  , in work on an ausformed Fe-Fri-Mo-C alloy have 

calculated that the size of the molybdenum carbide (MoC) 

particles would have to be less than about 70R for the 

particles to be cut by the dislocations. In view of the 

uncertain value of the particle size in the present 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 

at 35000 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 austenite region 

of the tempered S.T.A.structure, fig. 3.30e, showing narrow 

white regions with dark contrast on either side; these areas 
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may be interpreted as elastic coherency strains around pre-

cipitates. Kelly and Nicholson(D•54)  have suggested that 

small coherent 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 alloy martensites to 

coherent precipitates of alloy carbide. However, in the 

present work, these effects were not detected in the 

martensite regions. 

Thus, the factors contributing to the increased 

strength of S.T.A. martensite, tempered at 350°C for 100 

hours, are the refinement in precipitate particle size, 

associated with precipitation of alloy carbide (Mo2C) at 

dislocations in the S.T.A. martensite and possibly at the 

martensite/austenite interface. 
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Conclusions  

The main results and conclusions from the 

present investigation of iron-nickel-carbon and iron-

nickel-molybdenum alloys, austenitic at room temperature, 

are summarized below: 

(1) The reverted austenite (S.T.A. austenite) produced by 

rapid heating of martensitic structure for short austenitiz-

ing times has been shown to have a higher strength than the 

conventionally annealed austenite. The degree of strengthen-

ing increases with increasing amounts of martensite present 

prior to austenitizing. 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 - 4,  

(2) It is suggested that the enhancement in strength is 

primarily due 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 along 

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. A few plates of S.T.A. austenite, 

comparable in size with the original martensite plate, have 

been observed containing a high density of jogged dislocation-3, 

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 - 7000C, the changes in hardness in the iron-

nickel-carbon alloys are of sigmoidal form and, on the 

evidence of the structural study, it is suggested they arise 

from recovery processes involving a relatively 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 range 650 - 850°C are com-

plicated by the occurrence of phase changes. 

(6) S.T.A. martensite has a higher yield stress than the 

conventional martensite - both in the tempered and un-

tempered conditions. 

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

yield stress of the S.T.A. conventional martensite 
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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 martensite. 

(8) The effects of tempering of the S.T.A. and conventional 

martensite in Iran-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 S.T.A. martensite over that of the con-

ventional martensite 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 primarily associated with alloy carbide precipitation at 

dislocations and at the martensite/austenite interface, while 

in the case of conventional martensite precipitates of alloy 

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

The more responsive nature of the austenite, 

than of the martensite, to rapid austenitizing„ from the 

point of view of strengthening, has been established in the 

present investigation. It appears that the microstructure 

of the parent phase (martensite), prior to austenitizing, is 

of considerable importance *ith regard to the final strength 

of the reverted austenite. 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 is distinctly different from that 

observed in this investigation. To this end, some research 

is being done in the Metallurgy Department of Imperial 

College. Similar work on some martensitic steels is also 

underway. 

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 better mechanical properties 

than either of these methods individually. 
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Appendix A 

(The author is indebted to Dr. M.G. Hocking of 

the Metallurgy Department, Imperial College, for the follow- 

ing calculations) 

Approximate calculations for carbon from 0.1 cm 

thick sample containing 0.410 of carbon and heated to about 

12000C for three hours in 

a. Sealed evacuated silica tube (at pressure ^104mm.Hg). 

b. Vacuum furnace with continuous pumping (i.e. unsealed). 

Vacuum of 10-5  - 10-4  was maintained. 

If 'D' is the diffusion coefficient of carbon in 

iron (".:10-6  cm2/sec), 't' is the time (seconds) of heating and 

'L' is the half thickness (cm) of the specimen, the value of 

the function DI is equal to 
L 

10-6  x 10800 

	

0.052 
	4 

From the standard chartsH, the value of the ratio 

Cs  - co corresponding to the value of D4 (=4) is 0.9999 

i. e. 
C
m 
 - co • 

	

Cs 	Co  

Reference: Darken and Gurry "Physical Chemistry of lietals" 

page 447. 

Cm  - Co  

1 
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where Cm  = mean carbon content of the sample, Cs  = concen-

tration of the carbon at the surface of the specimen after 

heating to 12000C for 3 hours. Co  = initial carbon con-

centration (Co  = 0.400 = 400 ppm). We have 

Cm  - Co  = Cs  - Co 	(Co  = 400 ppm) 

or Cm  = Cs  

Thus the mean concentration of the carbon in the sample after 

three hours of heating at 1200°C enual the surface concentrat- 

ion. 

a. Sealed in silica tube:  

Volume of the evacuated silica tube = 100 c. c. 

Weight of the specimen 	= 100 gms. 

Assuming the reaction 

2C 	02  = 2cp 

goes to completion i.e. all the oxygen (at pressure 10-4mm, 

Hg) in the silica tube is used up by the carbon to form Con 

The partial pressure of CO (pC0) will, therefore, be 2 x p02  

2 x 10-7  atmosphere. 

From the universal gas equation 

pV = nRT. 

p = partial pressure of CO = 2 x 10-7  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/deeK. 

T = absolute temperature = 1500°K. 
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.08 x 1500 
10-9  gm of carbon. 

Thus the silica tube can be filled with CO at 

10-7  atm and only 10
-0 

 gm of carbon will be lost from the 

initial concentration of 0.4% carbon. Cs  will remain equal 

to Cm.. 

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 oxygen - assuming no leaks. 

Back-diffusion of oxygen from the atmosphere through the pump 

and into the crucible (containing the sample) can be neglected 

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

Appendix B.  

Decarbutrization in the salt bath.  

Technical advice received from I.C.I. (Wilton, 

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 "A") if the salt bath is to be 

used for treatments of more than eight hours duration. 

the value of n can be calculated 

n= 2 x 10-7x .1 	1010  moles of Co 
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Even with the addition of the regenerator, it was considered 

advisable to check whether Qamda 4houlks %same mile 	hommemitia 

Win *imitimitany significant decarburization took place during 

the heat treatments. An ordinary razor blade was immersed in 

the salt bath at 7600C for about twenty minutes followed by 

quenching in ,later. On bending the blade, it broke in a 

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 marked with 

an asterisk in table, is not known. Two sets of analysis were 

carried out by International Nickel Co. Ltd. The first was 

done on an as-cast sample and gave 0.425 carbon for INN1 and 

0.L3% 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 alloy gave values of 0.40, 0.41 and 0.40,; 

(triplicate). The carbon content of INN2 appears to be 
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between 0.4 and 0.43 while IPN1 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 investigation are not siEnificantly affected. 
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Appendix D.  

d—spacings (2) of planes (hk.1) in Mo2C (cep. hex). 

(c = 4.724R; 	a = 3.0020 

.147(h2+hk+12) + 0.0)448(12) 
a2  

Planes(hk.1) 	1 
-52  

0 0.0448 	 . 211 001 

iTo 9 o7f0000 	o„1)47 
	

0.383 

100,010,110 II if 

002,002 0.1792 0.423 

1'11,111,161, 0.1918 0.438 

101,111,011,011 iP ft 

012,012,012,012, 0.3262 0.571 
102, 	12,112 g If 7f 

110,110, 0.441 0.664 

120,210,210 If If 

111 ,211 0.14858 0. 697 

212,112, 212, 

21299122 

00  6202 

if 

0.787 

it 

1'13,103,103,113 0. 561 0.741 

207 2 021 0. 6328 0. 795 

213 0.843 .918 

302 1.4982 1.21 
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