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ABSTRACT 

The influence of quaternary alloy additions of Mn and Ni to 

Fe/Cr/C steels which have been designed to provide superior mechanical 

properties has been investigated. Transmission electron microscopy and 

x-ray analysis revealed increasing amounts of retained austenite with 

Mn up to 2w/o and with 5 w/o Y.i additions after quenching from 1100°C. 

This is accompanied b) a corresponding improvement in toughness proper­

ties of the quaternary alloys. In addition, the generally attractive 

combinations of strength and toughness in these quaternary alloys is 

attributed to the production of dislocated lath martensite from a 

homogeneous austenite phase free from undissolved alloy carbides. 

Grain-refining resulted in a further increase in the amount of retained 

austenite. 

The phenomenon of Tempered Martensite Embrittlement (TME) has been 

studied in detail in the quaternary alloys using a combination of TEM, 

fractography and mechanical property testing involving both slow as well 
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as high strain rate toughness parameters and it is shown that TMF. is a 

fairly general phenomenon in steels containing appreciable amounts of 

retained austenite. TME is coincident with the decomposition of retained 

austenite into incerlath coarse carbides and the fracture path is trans-

granular with respect to prior austenite grains but intergrar.ular with 

respect to individual martensite crystals. Addition of Mn did not show 

any shift in the TME temperature of the base alloy (300°C) although 

5 Ni addition postponed the onset of T.MF, to 400°C. Tt is roncluHed 

that graphitizing elements such as Ni, Al, St are beneficial in 

postponing TME. 

Fundamental studies of lath martensite formation revealed that the 

so called "laths" are indeed "small platelets" and that the orientation 

of adjacent laths in a packet is the result of minimization of the overall 

shape deformation. This is not normally achieved by a single-step twin 

mechanism but most commonly through a multistep orientation process in­

volving rotation of adjacent laths along a common axis such that the shear 

vector completes a 21! rotation in a group of adjacent laths. The austenite 

retention in these alloys is studied in detail and it is shown that carbon 

is essential in the stabilization of austenite and that both Kurdjumov-

Sachs (K-S) and Nishiyama-Wasserman (N-W) orientation relations between 

retained austenite and martensite can occur within a single martenstte 

packet. 
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CfWEUAL INTRODUCTION 

The martensitic transformation in ferrous materials is perhaps the 

most widely exploited transformation for producing a variety of strengtl-

toughness combinations in structural alloys. Yet, it is the nost complex 

transformation defying the attempts by various investigators to synthe­

size a clear understanding of the structure-property relations in alloys 

transformed to produce martensite. Metallurgically, this transformation 

is of considerable significance as it is the simplest and yet nost economi­

cal known means of producing a homogeneous distribution of a high densitv 

of dislocations in the product phase simply via the solid state shear 

transformation in the parent phase of suitable composition. In spite of 

numerous investigations of this important class of transformation, sev­

eral questions regarding the mechanism of transformation, crystallography, 

morphology and substructure in interstitial free ferrous alloys( plain 

carbon as well as alloy steels, remain incompletely answered. ^ The 

mechanism of hardenability and the reasons for the observed variations in 

nartensite formation temperatures as veil as substructure as a function of 

alloying are not well understood. ' ' So also, questions regarding 
(2 3 12 13) martensite nucleation remain quite elusive * * ' . The shear 

transformation is characterized by innumerable slip barriers such as 

boundaries and interfaces, for e.g., lath, packet, grain boundaries and 

several interfaces: carbide/matrix, twin, austenite/martensite. These 

various interfaces and boundaries either by themselves or due to 

secondary processes such as segregation and/or precipitation of second 

phase particles at these interfaces^ ' can control in a signifcant 
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way the deformation and fracture behavior of steel and it is only re­

cently that a systematic correlation of structure-property relations in 
(lfl—20) these alloys has been carried out.v ' 

It is clear from the brief summary above that both a fundamental 

understanding of the raartensitic transformation as well as the influence 

of microstructure developed on the subsequent mechanical preoperties are 

vital for further exploitation of this transformation in ferrous materials. 

The present investigation is concerned with these two important aspects 

and is divided Into two parts. The first part deals with the structure-

property relations and the control of microstructure by means of alloying 

and heat-treatment to achieve desirable combinations of mechanical prop­

erties. The second part is concerned with a fundamental understanding 

of the formation of dislocated (lath) martensite as it is by far the least 

understood but most widely utilised transformation in metallurgical 

applications. 



PART 1 . 

DESIGN OF Fe-4Cr-0.3C-X QUATERNARY ALLOVS 

FOR IMPROVED TOUGHNESS-STRENGTH PROPERTIES 

I. INTRODUCTION 

(TO 21 ?/ 1 

As part of a continuing progranr ' ' ' on the systematic 

investigation of the influence of alloying on the microstructure and 

mechanical properties of experimental steels, the pteseul work is 

concerned with the influence of quaternary alloy additions to the 

experimental FelCrlc ternary system. From the previous work on the 

influence of ternary substitutional solute additions to simple Fe-C 

steels, important conclusions regarding the effects of CrK \ Mo^ , 

Mn^ , Co^ ' etc. on the substructure and morphology of Fe-C 

martensites have emerged which eventually led to the control and design 

of alloys to obtain desirable micros truetures for npt inum combination 

of properties^ ' ' . However, the commercial steels existing today 

have normally a very complex chemistry based on one or several of the 

following reasons: (i) elements add^d in combination give better 

hardenability than if added individually * , (ii) several elements 

are added in combination to exploit the benefits of secondary 
/Q 25 ) hardening * and/or strengthening from intermetallies such as in 

very low carbon maraging steels^ ' , (iii) some elements are added 

to produce grain refinement^ ' ' and (iv) a few elements are added 

in ^rder to eliminate/defer the onset of various kinds of embrittlement 

during tempering of steel^ ' ' while others are added to suppress 
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/31) H« susceptibility* Often, however, the influence of the individual 

alloying elements in a complex commercial steel on its microstructure 

and properties is unknown and thus, in designing, commercial steels, 

empiricism has taken the place of a systematic approach. The need for 

an understanding of the individual influence of various alloying elements 

on the structure and properties of much simpler, impurity free experimental 

alloys clearly exists. It is not alwoys easy to isolate the individual 

effects of two alloying elements present in a steel due mainly to the 

uncertainty of their mutual interaction behavior. Nevertheless, an attempt 

is made here to study the effects of quaternary additions on the structure 

and properties of the experimental FelCrjC steel. The ternary Fe|Cr|C 

steel was chosen mainly because a large volume of information about this 

steel is already available and because it can possess superior combinations 
(10 1 R T* It) of properties to existing complex commercial alloys * ' '*' 

A significant observation made recently^ * using the sophis­

ticated methods of high resolution transmission electron microscopy is 

the identification of thin interlath films of retained austenite in 

allovs apparently having their M and M f temperatures much above room 

temperature. Since it? discovery several investigators attributed 

improved fracture toughness properties to the presence of retained 

austenite^ • ' * . Although in several instances the improvement 

in toughness properties could not be singly attributed to the retained 
(30,35,37) L . c , . , . 

^ustenite, best properties were often associated with micro-
(23 35 37) structures containing large quantities of stable retained austenite. f 

Kohn observed that excessive enrichment of austenite during isothermal 

holding above M temperature may make the retained y an undesirable 
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constituent for plane strain fracture toughness. Almost all the previous 

work on the influence of austenite on toughnesn was carried out on 

commercial steels wherein the complex chemistry and impurities complicate 

the interpretation. The chemical and mechanical stabilizations of austtnii t <• 

as well as its morphology (whether contin' .is interlath films or discrete 

islands) could have important repercussions on its influence on the 

toughness of steel. It is thus, one of the important objectives of the 

current investigation to try to assess unambiguously the role of retained 

austenite on the mechanical behavior by varying its amount and stability 

by either heat-treatment cr alloying (or both) of the simple experimental 

Fe-Cr-C alloys. Secondly, in order to improve the toughness to strergth 

ratio (which in turn increases the critical flaw size) steels are usually 

tempered following quenching and the thermal instability of austenite 

ensuing Lpmpering could significantly affect the toughness properties. 

Tt is thus anorher objective of the research to study the thermal stability 

of austenite as a function of type and amount of qua-ternary alloying. 

In addition, design of quaternary aHoys of optimum composition 

to further develop the stength and toughness of the base steel from 

the above understanding constitutes an inherent part of the research. 

For this purpose some selection guidelines discussed in the following 

section are used to select the quaternary alloy additions. 

II. APPROACH FOR IMPROVING TOUGHNESS-STRENGTH PROFERT;ES 

The approach adopted to obtaining good combinations of strength and 

toughness is primarily microstructural control by alloying, heat-treatment 

or combinations of both. In what follows, the design guidelines for 
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improved mechanical proprrtits are outlined and in the subsequent section, 

the choice of quaternary alloying based on these principles is disrussed. 

A. Design Guidelines 

*) Carbon Content: 

Increasing the carbon content of the steel is by far the 

most effective and economical way of raising Mie strength 

of steel. However, depending on the total alloy content 
(32) of the steel, it has been shown , above 0.U7.C, the steel 

is susceptible to intergr^nular cracking. Besides, while signi­

ficant gains in strength <-ould be obtained through C addition, 

the toughness deteriorates monotonicaliy. From a fracture 

mechanics viewpoint, increasing strength without a corresponding 

increase in toughness would only result in poor utilization 

of the available strength of steel in engineering applications 

where resistance to the propagation of existing cracks is 

important (See Appendix 1). At 200,000 psi yield strength 
1/2 level, a minimum of 80 KSI-in plane strain fracture toughness 

i? needed for a critical flaw size of 0.1" if 60-80% of available 

strength is to be utilized (Appendix 1). Above about 0.35£C, 

martensitic si el attains significant contribution to 

strengthening from substructural twinning* However, as wi11 

be discussed shortly, this kind of strengthening is undesirable 

from a toughness viewpoint. Thus, with a view to designing 

tough structural steels at an yield strength level of 200,000 

psi, the carbon content of all the alloys investigated is 
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maintained at a max i mum of 0.3%. 

1i) Martensite Substructure: 

The invariant plane strain condition for the ma rtens i t i c 

transformation requires an inhomogenous shear in the product 

phase on a fine scale which will not niter the crystal structure 

of the product^ . This requirement contributes to the sub­

structures observed in martensitic steels and there are only 

twc known types of shear which would not a2ter the original 

crystal structure, viz., slip and twinning. The former produces 

dislocated substructures while the latter twinned. Several 
(18 39) investigations in the past ' (recently summarized in 

ref. 4) revealed th<jL twinned martensites possessed much inferior 

toughness properties to dislocated martensites when compared 

at the same strength level. Upon tempering the twinned martensite, 

extensive twin boundary carbide precipitation occurs and this 

twin boundary carbide may be even more detrimental than twinning 

itself. Twinning reduces the available number of active slip 

systems and is detrimental to the toughness of carbon 

containing steels both in as-quenched and tempered conditons 

and therefore, should be avoided. 

iii) Retained Austenite: 

Although the exact mechanisms by which interlath films 

of retained austenite promote toughness of a steel are not 
(18 23 35) clearly understood, several recent investigations * ' 

suggest that small quantities of interlath austenite are bene­

ficial to toughness properties. By increasing the stability 
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of ret a i ned austen I te t r> t rans forma t ion unde r rvrhan i ca 1 stress/ 

strain or under therma 1 energy, its potent i a] for inproved 

properties can be vastly increased. One of the sinplest 

ways of increasing the stability of ausLenite wuuid Ije Lo 

add an austenite (fee) stabilizer. The most economical way of 

doing this is to increase carbon ronfent. However, the detri­

mental effects of ret a i ned y in h i gh ca rbon -;!. ee ] •; where i n 

it transforms to twinned '-.art ensi t e have been recognized for 

a long t ime . Therefore, ft c .-.I aM 1 i zors wh i ch do not ircrease 

the propensity for twinning should be selected for stabilizing 

austenlto and preventing premature transformstion during stressing/ 

st raining or temperi ng. The p̂ ee-v.;, •-• tudy air.:; to successf ul1 y 

exploit the austenite Tor improver] properties by 

f 1) avoiding excess ive carbon em •chnent 

(2) improving stability witli f--e s'abilir.ers which jo not 

mar/.edly further increase its tendency fur twinning 

(3) maintaining continuous interlath r:' I n morphology wherein 

rhe i riu i v i dual narf ensi te c rysta Is are entrapped by austenite 

(i) nai rta i ning good coherent at the martens Lte'austenite 

interfaces 

(5) increasing the amount of austenite if found beneficial 

iv) Coarse Undissolved Carbides: 

Coarse undissolved alloy carbides can act as slip barriers 

resulting in a stress concentration at the carbide/matrix 

interface . This could result in either (i) carbide cracking^ 

or (ii) interface cracking or (iii) crack nucleation in the 
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natrix due to piled up dislocations. In addition, the 

carbide/matrix interfaces can provide an easy crack path if the 

inttrfacial cohesion is poor. Cox and Lour denionstraLed 

that during plastic fracture, the resistance to fracture decree:. 

with increasing inclusion size which is attributed to the 

ease of void nucleation and growth at coarser particles. 

Therefore, coarse undissolved carbides can promote brittle 

fracture and also reduce fracture resistance during plastic 

fracture and should be eliminated by proper heat treatment. 

The problem of undissolved coarse carbides becomes particularly 

acute in alloy steels containing alloving elements which have 

a stronger carbide forming tendency than iron. 

v) Lowering of Ductile to Brittle Transition Temp (DBTT): 

Phenomenologically DBTT represents a change in mode of 

fracture-from low energy brittle (often cleavage) fracture 

below DBTT to high energy ductile fracture (dir.pled rupture) 

above DBTT. While the Fe/4Cr/0.35C base steels exhibited 

excellent plane strain fracture toughness properties y their 
(10 33) impact properties remained rather low*- ' * . Relatively high 

DBTT in these steels was thought to be the reason and in 

fact, it was shown^ that in Fe|ACr)0.AC bainitic steel, 

the DBTT lies above rootn temperature. In order to further 

develop these steels for technological applications, it is 

necessary to lower the DBTT through suitable alloying. Again, 

the underlying principle in the selection of suitable alloying 

elements for this purpose is the achievement of lower DBTT 
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without increasing t ransf ortn.stioii twinning. Toughening of 

a 1 leys by second phases bar; been known for a lon^ t J rrif-. The 

impact toughness at -196° C of cryogenic 9 Pet Nl ..teel was 

shown tn be enhanced by austerite of volume fraction Cf) - 0.1 

and s i ze ( r ) 0.1 tn ('•. 1 S i>ir, d f ';;;»• r se d in fer r:t e, formed 

by intercr 11 ical he-it ~t r<-;i trie:.i ''•' » ' , in the case of 

brittle matrieos insertion . t • dnrrile netalli? phase renders 
(43) 

a start 11ng Improvement in st re ngt h-toughness rombi nations' 

A suitable dispersion o[ a '*<•.' f. i .». met a 1 J i c phase of sui tabl e 

vo 1 ume fraction, size .''nd r1 •; rpho ! ogy to form mi r rodupl 'jx 

st. rue t ure Joes seem to irnpn ft ;>(,, >d Impact towghne^s to an 

otherwise brittle matrix. 

vi) (-rain Refini r.y : 

Fur a given nllnv con pus i t •' - n , t) e V.TT ran be al tered 

by sui ran ; - rri.i c ro-as we II as mac ro- st ru.-r <;TA I nodi f i <• at ions 

and one of the nosL pacent ways ot I'jwori-.i! DB. / is by grain 

'471 CAH) 

n?fiui;\g (dottrel P ' and Petch ) . Grain refining in addition 

inpHri s the added benef it.s to the strurture in decreasing the 

severity of segregation of embrittling const itutents^ y increasing 

the yield strength^ ' and improving fatigue properties^ . 

Thus, in order to improve the nechanical properties microstructural 

control is the ba^ic approach adopted to achieve the following features: 

(i) Maintain dislocated lath martensite. 

(ii) Promote a fine dispersion of carbides in nartensite either 

through auto-tempering or tempering following quenching. 

(lii) Promote stability and occurrence of retained austenite 
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as thin inrcrlath films. This is also necessary to 

avoid interlath brittle f i 1 ns of rartvdt*. 

(iv) Eliminate coarse undissolved alloy carbides, 

(v) Lower DBTT and increase upper ^helf eiu-r^v. 

The above design criteria are achieved through a combination 

of non-convent i ona 1 hea t-t rea tmen ts and qua t erna ry a 11 oyi ng« 'The 

choice of non-conventional beat-treatments will be discussed in a 

later section but for the present the next section deals with the 

choice of quaternary alloying* 

B. Choice of Quatornary_ Alloyi r g_ 

Although no systematic strueture-proper'y correlation exists, 

( 52) 
it is general 1 y aceppted *" ; ha t of all th "• conr.or, alloying ele­
ment s that are often added to medium and low carbon steals, only Mn 
and Ni improve both toughness and strength as measures by impact and 

room temperature tension te:-.ts. Additions of up to Z",i Mn to a 
• q \ 

steel is known to increase its hardenability substantially. Never-

(2° ) theless, excessive additions of Mn are to be avoided for it was shown 

that in medium carbon steels, Mn in excess of 3 w/o leads to large 

fractions of twinned substructures and secondly, since Mn lowers M 

significantly , higher Mn contents result in the suppression of 

(5n 53) 

auto-tempering. There are also reports that Mn addition lowers DBTT V ** * 

The inlluence of Ni is in several respects identical to that of Mn 

although higher percentages of Ni can be added to a steel without 
(54) 

promoting substructural twinning especially in the presence of 
(39) 

carbon . Importantly, both Mn and Ni are fee austenite stabilizers 
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and one of th" design g " a ] c , viz., I pf r<-.--',wi stability of •? "^t -.-r ! f. e, 

would be acrompl 1 shed through the addition of Mn and .\'J . Mn and Ni 

are in fart report ed t o promot c re-1 cut. I on of y f n the as-quenched 

structures of soim- ne d I;;,- -miJ hi ,-,!. r ̂  i lifjn stfrl s, lies i df.'S achieving 

the design criteria with Mir and N'i ihcrt- ,MM further aradenlc interests 

in studying the effects of Mn and Ni : tnc.c these two el orients are 

Invariably present In most ronmere(a! allnys. Mn Is added in commercial 

a 1loys primarily to enmbi ne wi t >i res i dua1 sulphur J n preference to 

Fe to produce less damaging Mn V,. 

Quaternary alloys containing Mn up to 2 w/o and Ni of 5 w/o are 

thus designed to raoef the specific microstrootura1 criteria. 

i IT. EXW-iRIMFNT.Ai. iT'^KDl'RK 

A. MaterlaIs Preparation 

The quaternary alloys and ternary ha--'/ .illov were supplied by Daido 

Stey I Company in Japan in the form of 2. r>" wide } v I" th i <•'•: bars and 

] / 2" di a . rods . liound tens! 1 e spec i mens we re oht a : ned from the 1/2" 

aid. rods a'id the K. 0 plane strain fracture toughness specimens and 

rhe Charpy-V-notch impact toughness specimens were obtained from the 

1" thick bars. Tbe chemical compositions of the vacuum melted alloys 

after homogenlzation at 1200°C for Ik hrs furnace cooled) are given 

in Table I. 

B. Heat-Treatment 

All austenitizing treatments were carried out in vertical tube 

furnaces under argon atmosphere. Oversized tensile, Charpy and K-rp 

specimens were cut from their respective stock and final machining 
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was d o n e u n d e r f l o o d c o o l i n g a f t r-r hi-.-i t - l r» ,11 :-u-ut . Al i i s o t h e r r a l 

t r a n s f o r m ! i n n s w e r e c a r r i r i nut by que neb i n>- :'nt - ,- s . i l t po t l o c a t e d 

d i r e c t l y u n d e r n e a t h t h e f u r n a c e con t a i n i nh\ ai?. H a t e d s a l t n a i n t a i n e d 

i t t h e r e q u i r e d t pnpo r a t u r e , T e r p p r i n ^ t r - . : Er>e- • « w e r e c a r r i e d o u t 

by Jmmers 1 iv, t h e s p e c i n e n s f o r o n e h o u r in s a l t pn t s ma i n t a i ned ;K 

t h e r e q u i r e d t e m p e r a t u r e . At. t h e end uf t i - n p e r i n t r e a t m e n t s a l l 

t h e s p e c i mens w e r e q u i c k ! , ' <;uen: 1 ed i : . l n w.it <• r . Seine nf t he h e a t -

t r e a t n e n t s en p l o y e d i n t h i s i nvi-s t U ' .u i on a r e •-< h e n a t i c a 1 ! y i 11 u s t r a t e r . 

i n F i g . 1 . 

^ * X - P a y A n a 1 y s i s 

X - r a v a n a l y s i s was u s i d f' " M i i l o r t h e pt-r r e n t r e g a i n e d a u s ­

t e n i t e a f t e r v a r i o u s h e n t - t r e . n - > nr '• . '-<;.- t h i s pu r p o s e when ava i 1 a b l P , 

' • p e r i r: e n s wf-rc c u t I r o n f r a r t u r , >: r , { . s [.>••:• iir.eus , nf h e r w i s e b r o k e n 

<1ia r p y spi-r- i n e n s w e r e u s ^ d . Af t-- r r e p e n t e d n e e b a n i ea 1 po 1 i s h i n £ a n d 

c t c h i n f i ::". a - -»I u t i ' . : r--- ' .i i n : nr '••'• n ' . ,". , -1 '. .-, I . MK t o o b t a i n 

a s h i n y -ir :"-!(•.•, r he •• p>-r i -i>-r:s wer<_- • < -i n n <• rf i r a ••' i r k e r X - r a y d i f-

f r i r t o r . e t - j r wi t u ;; f i>:w! '. n r i z o n t a l sf :j.-i u s i r . i ; f'uK^ r a d i a t i o n . The 

s c a n a n ^ I e ' : ' ^ ) c o v e r e d w a s i r o n i n l ) • <, i nn w n H h i n c l u d e s t h e p r o m i ­

n e n t ( 1 ' 1) , ( 1 1 1 ) , ( 2 ? 0 ) y and (2"2) r e f l e c t i o n s . Careful analysis 

of the di f f ract ion data obtained failed to reveal any retained aus ten i te 

in any of the sarciples. There was considt. rable background noise in the 

diffracto^ratn which night have obscured any peaks from retained a u s t e n i t e . 

A modified method consist ing of a more sophisticated instrument and 

technique to suppress the background noise to accent viate the retained 

austeni te peaks was used by Dr. R. L. Mil ler^ 5 ' " ^ at U.S. Steel 
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CorporaLion to detect the austenite levels in these specimens. 

D. Dllatometry 

A commercial dilatometer (Theta Dilatronic III R dilatometer) was 

used to establish the phase transformation temperatures, viz., M » Mf» 

austenite start temperature A and austenite finish temperature A c of 

the alloy steels. 

E. Mechanical Testing 

1. Tensile Testing 

The dimensions of the 1.25" gnoge round tensile specimen are 

shown in Fig. 2(A). Tensile testing was done at room temperature 

in a 300 Kip capacity MTS testing rachine at a cross head speed 

of O.C4"/min. 

2. Fracture Tjughness Testing 

Plane strain fracture toughness values were obtained by testing 

standard compact tension crack-lint loaded toughness specimens 

shown in Fig. 2(H). Following heat-treatment at least 0.01 in. 

was removed from either flat-surface oi the K T r blanks. The 

thickness tor most of the specimens conformed to the ASTM 

specification ' for plane strain condition, viz., thickness 
KIC 2 2.5 (-3—) . However, for some heat treatments of the Mn modified 
y 

specimens the thickness was less than that required to satisfy 

plane strain condition. In this case, a method based on Chells 

criteria and dealt with in Hetail in Appendix 2 was used to 

convert the K Q values into calculated KlQ. The 300 Kip MTS 

machine was again used for fatigue pre-cracking the specimens 
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to a minimum cract' length of 0.05 in. which were subsequently 

tested in the same machine to obtain the fracture toughness 

data. The orientation of crack propagation with respect to 

the long dimension of the bar stock is L-T.v 

3. Charpy Impact Testing 

Standard Charpy-V-Notch specimens shown in Fig. 2(C) were 

obtained from oversized heat-treated blanks. A minimum of 2, and 

in most cases, 3 Charpy-V-Notch specimens were tested for each 

treatment and the tabulated results correspond to the average of 

these tests. In some plots ihe scatterband is also shown. 

Some below and above roum temperature impact tests were also 

conducted in order to determine the ducLile-brittle transition 

temperature. For this purpose, a mixture of methanol and dry 

ice were used tn obtain subzero temperatures. Ch-.rpy specimens 

were immersed in these mixti rs for sufficiently long times 

to attain the temperature of the bath before breaking them. 

For above room temperature tests a water bath with thermostat 

was used. 

Metallography 

1, Optical Metallography 

Specimens for optical metallography were cut from broken 

Charpy bars, mounted in boldmount, abraded on silicon carbide 

papers down to 600 grit, and polished on 1 P diamond abrasive 

wheel. For revealing the martensite microstructure the speci­

mens were etched in 2% and 5% nital solutions. For revealing 
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prior austenlte grain houndaries in fine grained specimens, 

etching was carried out in an etchant of 5 gm. of picric acid 

in 100 cc of water saturated with dodecy]benzene sulfonate. 

2 . Electron Metallography 

Wl • o a v a i l a b l e , t h i n f o i l s for t r a n s m i s s i o n e l e c t r o n 

microsc <>y were o b t a i n e d from hu lk , h e a t - t r e a t e d f r a c t u r e d K T r 

t e s t specimens and in o t h e r s i t u a t i o n s broken Charpy specimens 

were u s e d . About 25 m i l . t h i c k s i i c o s were cut from t h e s e 

specimens and fo l l owing cJ earn ng to remove any oxide s c a l e , 

t h e s e were c h e m i c a l l y th inned to ies-s than r? m i l s , a t room 

t e m p e r a t u r e i n a s o l u t i o n < f 4-5? iiF in H.-,1"1-,- Both 2 .3 nun 

and 3.00 mm d i s c s uerp spark cut \*u?\ Mi.- i-hemi c a l l y th inned 

s l i c e s which were then sanded down to about 2 mi l s t h i c k . 

These t h i n f o i l s were f i n a l l y e l t c t r o p ^ L i s h e d in a twin j e t 

e l e c t ro -po l i sh ing appa ra t u s a t roor\ torn pr-rat n n usinft a 

c h r o n i c - a c e t i c ac id so iu t ion nadi j f 7 ,.::ri. Crfi-, , -'t00 ml . 

CI I ~ COO H and 21 ml. d i s t i l l e d w a t e r . fh<" >n {Lsci.ig v o l t a g e 

v a r i e d from 25 to 3 f> v o l t s for 2 . 3 :TI"; j - _s and '.mm 35-45 

v o l t s for 3 ran d i s c s . Thin f o i l s so o b t a i n e d were s t o r e d 

in a l c o h o l and were s u b s e q u e n t l y examined in Siemens Elmiskop 

IA ( 2 . 3 mm d i s c s ) and P h i l i p s EM 301 (3 mm d i s c s ) mic roscopes 

a t an o p e r a t i n g v o l t a g e of 100 KV. 

3 . Scanning E l e c t r o n Microscopy and 

Energy D i s p e r s i v e Ana lys i s of X-rays 

F rac tog raphy was conducted on both t e n s i l e as we l l a s 

Charpy spec imens , u s i n g an AMR-1000 scann ing e l e c t r o n microscope 
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at 20 KV. The fracture surfaces were preserved by masking with 

a tape during cutting and specimen preparation. This tape was 

later dissolved in acetone. An energy dispersive analysis of 

x-rays (EDAX) unit, attached to the microscope permitted serai-

quantitative analysis of inclusions and precipitates. 

IV. RESULTS 

A. Transformation Temperatures and Heat-Treatment 

The martensite transformation temperatures M and M f and the austenite 

formation temperatures obtained by dilatometry are tabulated in Table I. 

The somewhat lower M and M f temperatures in the base FelCr|C steel are 

attributed to the somewhat higher carbon content of the base alloy over 

the quaternary alloys. In general, both the M and M f temperatures 

decreased with the quaternary alloy additions although their difference 

remained approximately constant around 100 C. Mn and Ni both being strong 

fee stabilizers, from Table I one could notice a general trend of lowered 

A and Ac temperatures as well as narrower austenite formation region 

with additions of Mn and Ni. It wiJl be clear from the discussion 

presented in subsequent sections that while M temperatures measured by 

dilatometry are fairly precise, the M c temperatures represent only 

approximate martensite finish temperatures and they are not true indica­

tion of 100% martensite formation. 

It was proposed to characterize initially the influence of various 

alloy additions on the morphology and substructure of singly treated 

FeUcr!0.3C base steel. For this an austenitizing temperature of 1100°C 

and ice water quench were chosen (Fig. 1). This temperature is in the 
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single phase austenite region , Fie 1 anG i high enough to dissolve 

all the alloy carbides.* l R f 5 8 ) For the alloy modified with 5 Ni (alloy 

E), a conventional high temperature austenization followed by rapid quench 
f 32) resulted in quench cracking . Thus, it wds necessary to modify the 

heat-treatment for this alloy and based on earlier research on the 
f 32) phenomenon of intergranular quench cracking- , the modification consisted 

of isothermal holding below M at 200°C for 1-5 rnin before finally 

quenching into water at room temperature (Fig. 1). 

Crain refining double treatments designed with a view to combine 

the benefits of high temperature austenitization and fine grain size 

consisted of intermediate low temperature (200°C-1 hr) tempering between 

the initial high temperature austenitisation and final low temperature 

grain refining austenitizing treatment (Fig. 1) at 870°c. In the case 

of bas ; and Mn modified alloys, the intermediate tempering treatment 

was used to promote a fine dispersion of tempered carbides. This 

di^persinn was hoped to augment the preferential nucleation of austenite 

at carbide/matrix interfaces^ * ^ and thus, serve to bring about a 

nore uniform, fine distribution of austenite crystals during subsequent 

austenitization. Tn the ease of N'i modified alloys, the need for 

an intermediate tempering cycle is obviated by the interrupted quench 

during the initial high temperature austenitization. 

B. Microstruetural Characterization 

(i) Optical Metallography: 

Optical metallography was carried out with the intention 

of recording any variations in the gross features of micro-
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structure, for e.g., prior austenlte grain size, coarse undis­

solved carbides etc. with composition and heat-treatment. Fig. 4 

shows representative optical micrographs for steels D and E. 

There were no observable differences in the optical microstructurr 

between the base and niodified alloys. The structure represents 

typical lath martensite occurring in packets (Fig. 4a) although 

in the 5 Ni modi. - .,...,. --i.it-* a m m <>t Lransiii.. . L um 

loth to plate morphology is discernible (Fig. 4c). However, 

as will be shown in a later section, transmission electron 

microscopy revealed predominately lath martensitic structure 

even in the 5 Ni modified alloy. There were no undissolved 

coarse alloy carbides present "In any uf the single high 

temperature treated alloys [see for eg. Fig. 4(a) and (c)] 

nor could optical metallography resolve; any undissolved second 

phase particles in any of the .s<r:nn refined steels [Figs. 

4(h) and ('!)]. These structures also did not - eveal any 

proeutectoid or i i>otho rma! dvcompos i t i on pruduc t s. 

Fig. 5 shows the plot of measured average prior austenite 

grain sizes as a function of alloying for the single and 

grain refining double treatments. The grain sizes of 5 Ni 

modified alloy closely resembled those of base alloy, viz., 

170 urn for the single high temperature treated specimens and 

20 Um for the grain refined specimens. In every case, double 

treatments caused an approximate tpn fold refinement in the 

grain si^e compared to single treatments. For the same length 

of holding at 1100°C, there appears to be a significant austenite 

http://--i.it-*
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grain coarsening with increasing Mn contenL particularly above-

about 0.5 w/o Mn. The 2 wf- Mn alloy had about 60-70£ larger 

prior austenite grain size compared to the base ternary FejCrjC 

alloy. In contrast, the Ni modified alloy did not show any 

such grain coarsening. Both Mn and NJ act similarly in 

stabilizing austenite and since both of them lower A^ 

temperature, from Fig. 3, !100 C is certainly expected to 

fall within the single austenite phase field. However, Mn 

can form MnS with the residual sulphur in the alloy steels 

(<0.01 w/o in all steels) in preference to CrS -:3 tie 

stabilities of sulphides on r_he basis of free energies of 

formation can be represented in decreasing order as 

NnS>CrS>FeS>NiS. However, this can not pxplain the 

observed austenite grain growth as the solution temperature 

for MnS is higher than that for C r S J 6 3 , 6 4 ' Allen et a ] / 6 5 * 
(52) and Jo 1 "icy ' reported that Mn refined .grain boundary carbides 

whereas Ni did not have any such refining ability. However, 

it was pointed out earlier that no undissolved carbides could 

be resolved in any of the quaternary alloys after 1100°C 

austenitization. Thus, the exact reason for the observed grain 

coarsening with M;i remains unclear. 

(ii) Transmission Electron Microscopy: 

Structural characterization by transmission electron mi­

croscopy was performed on ail the single treated quenched 

as well as quenched and 200 C tempered conditions of all the 

alloys but a detailed characterization of evolution of the 



-2 1-

microstructure during tempering was United to the 0.52 Mn 

and 2% Mn modified alloys in the single treat t'd condition 

and for the 5% Ni modified alloy in the double treated condition 

as it was considered that conclusions from these representative 

compositions and heat-treatments can ho utilized to predict 

the behavior of other alloys. In this section only the martens it e 

substructure and the carbide prec i pi t at ion are cove red and 

a detailed treatment of retained austenite is postponed to 

a latter section. 

a. Structure of as-quenched alloys 

The parallel lath morphology of nartensite in all the 

alloys is evident (from Figs. 8, 9, 19-21, 55). Two points 

of significant variation in structure, viz., substructure 

of martensite and precipitation of carbides due to auto-tempering 

are worth noting. The substructure of Mn modified alloys 

Cup to 2 w/o Mn) remained essentially dislocated (Figs, h , 

7 and 19). However, a small percentage (^10% of the 

laths examined) of twinning was observed in the 5 Ni modified 

alloy as shown in Fig. 8 (c) through (f). These are the 

well known {112) microtwins*' and the SAD* pattern. 

Fig. 8 (e) obtained from the HF figure 8{d) is analysed 

in Fig. 8 (f). The amojnt of auto-tempering decreased with 

increasing Mn content consistent with decreasing M tempera­

ture (Tahle I). In alloys modified with Mn up to 1 w/o 

* The abbreviations BF - Bright Field, DF = Dark Field and SAD = Selected 
Area Diffraction will be used throughout the text. 
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both c e m e n t l t e and e - c a r M d e can be found but in 2 Mn 

modif ied a l l o y l i t t l e of any au to - t empered c a r b i d e s can 

be found ( F i g . 7 ) . C h a r a c t e r i s t i c " c r o s s - h a t c h e d " ^ 

appea rance of e - c a r b i d e was observed in the 0.5Z Mn modified 

a l l o y . <110> widmanstat ten r e n e n t f t e p r e c i p i t a t i o n was 

observed in some a r e a s of the It Mn modif ied a l l o y . In 

o t h e r a r e a s of the spec fmen, ns F i g . b shows, e x t e n s i v e 

e - c a r b i d e p r e c i p i t a t i o n was o b s e r v e d . Comparison of the 

mic rograph and the d i f f r a c t i o n p a t t e r n which i s a (101) zone , 

F i g s . 6 ( a ) and ( r ) , i n d i c a t e s t h a t the n e e d l e s a r e growing 

i n <2I l> d i r e c t i o n s . The d i f f r a c t i o n pat t f - rn from rhe 

c a r b i d e s i s weak due to the .•'.mall s i z e of the c a r b i d e 

p a r t i c l e s but i t i s c o n s i s t e n t with two [13A] zones with 

the e - c a r b i d e r e f l e c t i o n s s t r e a k e d perpend tcul -jr to the 

[Ol io ] d i r e c t i o n s . In s p i t e of the i so the rmal hold 

between M and M_ i n the case of Ni modif ied a l l o y , on ly s f 

e - c a r b i d e p r e c i p i t a t i o n was noted in t h e s e a l l o y s as shown 

in F i g . 9 . These c a r b i d e p a r t i c l e s a r e about 300 A wide 

and about 0 .5 \i l o n g . The c h a r a c t e r i s t i c "wavy" i n t e r f a c e ^ 

of t h e s e p a r t i c l e s can be c l e a r l y seen in Fig* 9 (b ) and t h e 

" c r o s s - h a t c h e d " appea rance of e - c a r b i d e i s a l s o e v i d e n t in the 

BF m i c r o g r a p h , F i g . 8 ( a ) . 

S t r u c t u r e of tempered a l l o y s 

200°C Tempering: Tempering a t 200°C r e s u l t e d in we l l 

e s t a b l i s h e d <110> w i d m a n s t a t t e n c e m e n t i t e p l a t e l e t s in a r 

a l l the Mn modif ied a l l o y s . F i n e , wavy e - c a r b i d e p r e c i p i t a t e s 
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continued to coexist with c cm-nt i t e at this trnpcnittirc. 

In the rase of Ni mod i f i ed aMoys, the dont nai\t car hi de 

is E carbide. Fig. 10 shows the widmanstatten carbides 

in the 2 Mn modified alloy. These cementite platelets 

are about 200 A wide and 0.5 u long. The Influence of 

Mn in promoting cementite coarsening ran be discerned from 

a comparison of 200 C tempered structures in the 0.5 Mn 

and 2 Mn mod ified a 11oys shown in Fig. 48. 

300 C Teroperi ng: In this section changes occurring 

within the martensitic laths will be considered. Structural 

changes occurring at the lath boundaries wi1L be dealt 

with in the next section in connection with retained austenite. 

Figs. 11, 12, and 13 illustrate the intralath carbide 

precipitation in 0.5 Mn, 2.0 Mn and 5 Ni modified alloys. 

The beginning of spheroidization of intralath cementite 

platelets is evident in Figs. 11 and 12 (c) and (d) of 

the Mn modified allovs. In other areas (110) widmanstatten 
a 

platelets of cenentite still exist as in Fig. 12 (a) and 

(b). Fig. 12 (d) clearly shows the ongoing process of 

spheroidization wherein one or more spheroids form on 

each cementite platelet. In the case of grain refined 5 Ni 

modified alloy, the intralath precipitation consisted of a fine 

distribution of cementite platelets wherein spheroidization can 

be considered as in very early stages (Fig. 13). As will be shown 

in the next section, the large stringers marked by arrows are 

retained austenlte (Fig. 13 (b)) and not carbides. However, a 
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very fine distribution of spheroidal particles,presumably 

M^C- , nucleated a I dislocations seems to be taking place, 

Fig. 13 (b). It was not possible to identify this fine 

carbide due to insufficient diffraction info mat ion. 

One significant crystallographic observation made 

with cementite preciptitation in these quaternary alloys 

is that the majority of diffraction patterns analyzed 

(including Figs. 11 (c) and 13 (c)) did not indicate 

the well established Ragaryatskii orientation relationship 

between ferrite and carbide * 

500oC Tempering: Figs. 14 through 18 illustrate the 

structural changes accompanying 5Of J C tempering in the 

quaternary alloys. Coarse spheroidized cemen^ite in 0.5 Mn 

modified alloy is shown in Fig. 14 (a) and (b) and Fig. 14 

(c) and (d) show the interlath precipitation of cementite. 

The diffraction patterns for this alloy also showed indication 

of M-jC, carbides although precipitation of M^C, carbides 

is more intense in the 2 Mn alloy as shown in 15 (a) and 

(b). The bright field picture Fig. 15 (a) shows a very fine, 

uniform distribution of M7C0 carbides. Interestingly enough, 

some (110) cementite platelets still exist at this tempera­

ture and the DF picture Fig. 15 (b) obtained from a superposed 

cementite and M7C3 reflection shows both these carbides in bright 

contrast. Fig. 16 also shows the continued presence of fine 

(110) widmanstatten ceraentite platelets in the 2 Mn modified 

alloy while Fig. 17 reveals the twin boundary cementite precipi-
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tation in the 5 Ni alloy* The Intra J a t h cenentite precipi­

tation in this alloy is shown in Fit*. 18 revealing a 

ragged appearance for the carbides indicating that they 

may be dissolving. The occurrence of the carbide M-7 3 
= (Cr, Fe)jCo in .-I'IOV steels has been the subject of 

a number of studies * * Particular Interest attaches 

to the question whether this carbide forms in a f e m t e 

natrix a]read v ronta ining cenen Lite by ir-situ nucleation 

or from completely separate mi- 1 ei . The present result s 

especially the evidence presented :n Fig. 15 suggest that a 

separate nuclenli^n u\ M^r.\ is the favored reaction in these 

alloys in agreement with the observat ions made by Dyson and 

Andrews' . Al sn , the SAD patterns obtained from the a 1loys 

showing appreciable a.™ouT:ts of M ? C precipitation show consider­

able streaking (Figs. i5 (<:), In (c)). Precipitate shape 

can not be held res ports ihk' tor pr-.jduc ing this di f fraction 

ef f ect f-,3 the morphol ogv of r-eripitate as judged from 

the BF and DF micrographs 'Fig. 15) is spherical. Dyson 

and Andrews also observed streaky diffraction patterns 

associated with M-C-, precipitation and they attributed 

this to the faulting of crystal structure rather than 

to the precipitate shape. 

C. Behavior of Retained Austenite 
(18 ̂  One of the significant structural observations made recently 

with the use of transmission electron microscopy is the identification 
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of small amounts of high temperature austenite phase retained at rn'/n 

temperature In al loy steels that we re supposed to undergo 1002! t ransf on•..-

tion to tnartensite at this temperature. Since this retained austenite 

is a metastable phase at this temperature its transform;! f ion charac­

teristics following the supply of thermal or mechani t,;i J energy and a 

detailed characterization of structural < han^es n-rurring at the austenite/ 

martensite interfaces become important.. Thi s sertinn t here;nre dfa 1 s 

wi th the Identification , morphological character i za t ion , trans ff, ma 11 nn 

behavior and analysis of volume f rac r i i,n of t h.: s a us ton i t e phase . A 

more fundamental study of the orientation relationships, hat.it plane 

and Interface coherency etc. are dealt with in (hf- sec t : "n on fnrnar ion 

of lath martensite. 

{ i) Electron Metallographic ') h s erva t i oris: 

Rao et al and Thomas '' have n 'cntlv dealt in 

considerable detail with the problems .--ncountiT' d ond tne 

care and sophistication necessary in l he ;mequ:vocal identifi­

cation of retained austenite, particularly when it is present 

in small quantities. Furthermore, i:V. erf erenre with the carbide 

reflections occurs in the selected area diffraction patterns. 

The discussion here ulll be limited to the presentation of 

actual results. 

Figs. 19 through 21 and Fig. 55 presented in connection 

with the analysis of the crystallography of retained austenite 

illustrate the typical interlath film morphology of the high 

temperature phase. The advantages of utilizing (200) 

reflection for DF imaging of retained austenite have been 

http://hat.it
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emphasized in the past * and whenever possible the foU 

is tilted such that (200) reflections are strongly excited 
1 

(Fig. 21 (f))- Of most significance from this study of the 

amount and morphology of retained austenite is the conclui^-.n 

that there is a monotonic increase in the amount of retained 

austenite with Mn addition (Figs. 19 and 2J) nnd highest 

amounts of retained austenite were found in the 5 Ni modified 

alloy interrupted quenched to room temperature following single 

high temperature austenitization, Fig. 20. Fig. 21 shows this 

monotonic increase in the volume fraction of retained austenite 

with quaternary alloying in the DF imaging mode. It is important 

to emphasize here that the above conclusion is based on examina­

tion of not just one or two micrographs hut several micrographs 

from several thin foils. 

The grain refined structures showed a similar behavior in 

the occurrence of retained austenite with quaternary alloying. 

Moreover, in every alloy there is an increase in the volume 

fraction of retained austenite in the grain refined structures 

compared to single treated coarse grained structures. Although 

the electron metallographic estimation of the volume fract ion 

of retained austenite has its limitations, an attempt was 

made here and it was estimated that the 2 Mn modified alloy 

had about 4 to 5% retained austenite while the 5 Ni modified 

alloy showed about 6 to V% in the single treated condition. 

Thermal Stability The stability of retained austenite was 

followed as a function of tempering temperature. At 200°C 
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tempering, the retained aust'.-nite wa •-; stahh- in all the alloys. 

Fig. 22 shows this in 1.0 Mn modified alloy and evidently 

there was no decrease in the nnount of austenite following 

this tempering. M O S T interesting behavior occurred following 

300°C tempering. While t hf ha:,< allov and the Mn modified 

quaternary al loys showed no i nc i rat i on of an v rot t i r.ed aus teni te 

(Figs. 23, 2 4 ) , the 5 Ni ,iilnv showed substantial anuunts 

of this phase stable fnKow.n.- this t enpt.r i nu treatment, Fig. 

25. As is clear fror; Mr 1-. ':''> and 24, the decrirnosi t i on 

of austenite result ed in the pr (-.-•.• \ nf r at ion ol c/ar.se interlath 

stringers of cementite and the t hi ;'kne«-:r nf t hr ••• inter^ath 

carbide stringers is a funr.:.jf., <d: i n i t:' a . r<-r. a i ned austenite 

content > viz . , the 2 Mn a 1 loy 'dirked coarser j nt eriat • carbides 

compared to the • .r) M:i alloy. 

In the N i mod i f i ed a] 1 oy . : *•'• rer a i. nee! a v. steni Li. present 

alter this treatment Is «;o!nevha[ ::,..:.< :;• i:. jous cf>ir, fared tc jr:-

cuenchrd moroho logy and at t endant '-. i t h r h i .s , t he re ;' s .-;ome ]«a teral 

thickening of the austenlte films, ,j«; revtaled in Fig. 25 which 

may be a result of an at tempt to decrease the total a | Y surface 

area. 

The continued presence of interlath ceinentite particles fol­

lowing 500 C tempering in the 2 Mn and 0,5 Mn modified alloys i<= 

shown in Figs. 26 and 14, respectively, although these carbides 

appear to be somewhat finer than those present following 300°C 

tempering (Figs. 23 and 2 4 ) , Tn contrast, in the 5 Ni alloy most 

significant structural changes seem to be taking place within the 
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martensite laths as already referred to in the earlier section 

(Figs. 17 and 18) and neither coarse boundary carbides nor 

evidence for significant amounts of retained austenite was 

obtained in these alloys following 500°C tempering, 

(ii) x-Ray Analysis 

Within the prior austenite grain obviously a single variant 

of retained austenite crystal orientation exists and therefore, 

depending on the prior austenite grain size, a monovariant 

austenite may be contributing to the x-ray diffraction, a 

situation similar to the cases wherein preferred orientation 

exists. This and the fact that only small volume fractions 

of highly deformed austenite phase are present in these alloy 

steels complicate the detection and accurate analysis of the 

volume fraction of this phase ' . Conventional x-ray 

analysis failed to resolve the austenite peaks in all the 

qua-ternary alloys. However, sophisticated methods of x-ray 

analysis wherein special precautions are taken to suppress 

the background to accentuate the austenite peaks ' did 

reveal retained austenite in these alloys. Figs. 27 through 

29 show the volume fraction of this phase as a function of 

composition and heat-treatment. While much confidence can not 

be laid on the absolute numbers, the trend and relative variations 

in the volume fraction of austenite are quite important. The 

following important conclusions can be drawn from these plots: 

the % retained austenite increases with amount of Mn addition 

(Figs. 27 and 28). Highest amounts of retained austenite were 
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found in the 5 Ni modified alloys (Fip.. 28) part icul arl v when 

held in the M ~M f region, during the quench from au.stenite 

phase field when a l.hX retained austenite wr,s found. 

Crain-refining increases the amount of retained austenite in 

the as-quenched structures ol all the alloys Onmpare Figs. 

27 and 28). Fig. 29 shows fhe thermal sL^MJit/ <,F '.his 

austenite from which it is cle^r that in thi- 7 "n modified 

alloy, the retained austenite undergoes m̂ ri.- or less complete 

transformation at 30C°C i fny^ r \ nyt ••ih^r^-i^. \v> Mu- 5 NL modified 

alloy, a major fraction of the oricinal anstenLte remains 

stable even after 400 r, tempering. Sig\ : r icant J v} these x-rav 

analysis results are in total ;i::r-vner;L vith 'hose of elei*r.ron 

metallographic observations and thus, rp..-h orn c-mfir^s the 

other. 

I). Mechanical Propert ies 

The mechanical properties of the base and .; u,i r. •: r :i.i ry ,,Hoy steels 

are summarize i in Tables II through IV. 

( i) Tens ile Properties : 

Fig. 30 shows the variation of ROCK w*.-* I hardness Re, 

as a function of tempering temperature. The remarkable temper 

resistance of all the alloys in the tempering range 3O0-500°C 

is evident which is also reflected in the strength vs. tem­

pering temperature plots of Figs. 3! and 32. The 2 Mn alloy in the 

single treated condition exhibits rapid loss of hardness and strength 

between as-quenched and 300°C tempered conditions. Fig. 33 shows 

the strength of quaternary alloys as function of Mn content. The 
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high strength levels for the base alloy are presumably due to 

somewhat higher carbon content in this alloy. The variation of 

tensile ductility with tempering temperature of the single trtMi"<! 

and grain refined structures is shown in Figs. 34 (a) and (b) re­

spectively. The initial retained v volume "'. from x-ray analysis 

is also indicated on the plots nt Fig. 34 (a), 

(ii) Fracture Properties: 

Plane strain fracture toughness tests were conducted only 

for the as-quenched and 200 C tempered treatments due to naterial 

limitations as well as lack of practical interest for tempering 

treatments at higher than 200°C. However, Charpy impact toughness 

tests were conducted for tempering temperatures up to 600 C. The 

data from the plane strain fracture toughness testing as well as 

impart testing is tabulated in Tables II through IV and plotted 

in Figs. 35 through 42. 

Significant improvement in the plane strain fracture tough­

ness at a given yield strength is obtained with quaternary al­

loying of either Ni or Mn, although 2 >'.n modified alloy showed 

better toughness values than the 5 Ni modified alloy, especially 

when compared in the quenched and tempered condition, Fig. 35. 

The higher Mn alloys are somewhat brittle in the as-quenched con­

dition (ice water quenching) due to the absence of any auto-tem­

pering but following 200 C tempering, these alloys exhibit ex­

cellent toughness properties (Tables II & III and Fig. 35). The 

substantial improvements in plane strain fracture toughness 
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achieved with quaternary alloying 1 r, also reflected in the plot 

of K-jr vs % Mn or t-U of the grain refined structures, Fig. 36. 

The improvement in this property shown by the quaternary alloys is 

particularly significant following the 200°C tempering. Again, 

the toughness properties of 5.0 *M modJfJr-H alloys are somewhat 

inferior although it should U* ivjti;d that :he r) Ni alloys have 

higher strengths, (Table /V and F;« . '32). 

The Charpy-V-Notch impact toughness properti rs of the 

modified alloys are depleted in vlg.s, 37 through 4 2. Pig. 37 

shows the superior irapact i<:.-i%hv\<-.-,h of rr̂:: nu#terndry alloys 

at a given strength level and '-l;_. ih li lust, r̂ t r?s the jrnprovpnen t 

In impact toughness with wt % >"n n/ N'j. .nirioo cc U"uj y,rain re­

fined structures. The behavior :i Ir̂ p-ict f outness is similar 

to the behavior of plane s train !'ro,;tut to-,i>: in *•*!•-• and the Im­

provement ii> ;;he impact toughm-ss it, pari. J cr lar 'y s-i gnif icant 

following 200'"X' tempering (Fig- 38J - The behavior of the impact 

toughness for rhe enti re tempering temperature r^nee, viz., up 

to 6Q0°C is illubtratea in Figs, 39, 40 and 4 1 as a -nction of 

composition and heat-treatcients. The points or significant im­

portance that emerg'. from these plots are: (i) while the base 

ternary alloy, the '.5 Mn modified alloy and the 5 Ni modified 

alloy show only tempered martensite embrirtiement, the 2 Mn 

modified alloy show;, two kinds of embritclemeut, vi::,, tempered 

martensite embrittlement as well as temper embrittlement (Figs. 

39, 41). (ii) The • mbrittlement phenomenon (in impact toughness) 

occurring in these nodifled alloys can not be avoided by grain 
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refining. However, the impact toughness values at all 

temperatures can be improved by grain refinement (Figs. 

40 and 41). (iii) The temperature of occurrence of tempered 

martensite embrittlement is a function of composition, Fig. 41. 

In the 2 Mn modified alloy, it seems to occur around 300°C 

(Fig. 34 (a)) whereas in the 5 Ni alloy, this temperature 

is around 400°C. 

In order to study the influence of quaternary alloying on 

the ductile brittle transition temperature (DBTT), the plot of 

impact energy vs. testing temperature is obtained for various 

alloys shown in Fig. 42. It is clear that there is no signifi­

cant variation in the ductile-brittle transition temperature as 

a result of Mn addition of up to 1 w/o although the 5 Ni addition 

showed a substantial lowering of the DBTT (50" Energy Criterion) 

from about -40°C for the ternary alloy to -70°C for the 5 Nl 

quaternary alloy. More significantly, however, all the ternary 

alloying resulted in a considerable upward shift in the upper 

shelf energies. Since there is no sharp drop off in impact 

energy at a particular temperature for any of these alloys, the 

DBTT will depend strongly on the criterion used to determine it. 

F Fractography and Particle Characterization 

Since the Charpy-V-Notch impact energy values showed the most 

interesting variations with alloying and heat-treatment particularly 

following various tempering treatments, fractography was concentrated 

on the broken Charpy bars to study the operative failure modes in these 



al loys and to try and corre! at*- the f.i'inrt- modes wj th the nicrof-trurtiirai 

changes. 

Fig, A3 shows brittle, quasi-c leavage frarture fn as-quenched Mn 

modified alloys sub jected to sint-> high LePperature tre;itnent» The 

2 Mn alloy does reveal a highly brittle fracture with mi-M-rous secondary 

cracks on the fracture surf.uc (Kip,. •'• 1 •,")). The extremely fast quench 

employed together with a hiiih ;il V;y <:-,,r.t e M which ;:i j- ;.r •."•>' ̂  *jd the )•*. 

temperature to very low values n-siiltfw .:. little aiu'j-tenper i •)•>>» in 

these a 1 loys and thus, the n-s idu;) i y-\: >• ••x. < result ir y. !:rorn high 

transformation strains ^an make the :VH rte-'-s L te r;ir'r'-t boundaries extremely 

(32 ) weak- . As a resrlr, decnh.^s ion e.rd • -:'-;'-v"'ri! i •/ • r, ondary cracks 

can be generated at these houndd r i es rh:: . :.. M:-.t : • * ••,(-•* in ^roer 

to relieve mounting stress conceritra t icr.r- . ,"hc >t:^.i: .-. f •-.eeondary 

c rocks in high s t renpth s tee 1 .c. h'is been u 1 , <:; n<" i.--d ... .'. documented i n 

t!ie li t e n ture . In < nrir. ran t, f-d Jf-wir^ •! ' o'.*p r i-rT'pern tu re ' enpnrin:7 

wl.iih insults in :. (. n: I *th precipitation e; . irMd--;-, h.-th the Mn 

-.ndified SI!,A-S regain duct i.l i tv and Figs.. -v'< (:> j j'r; (c ) show the 

f rac lure nnde a : "_ r ." s tempc r i-:r, ' e'npcr."1.Cure wh i <"h is Tin in 1 y hi ghly 

ductile dU-.pl.-'d rupture. Also evident from these : ractograpbs is that 

the average size of dimples in the 2 Mn alloy is smaller than that of 

the 0.5 Mn alloy and that most of these dimples in the former are 

associated with spherical precipitates the identifcat ion of which will 

be presented later. The most interesting changes in fracture mode took 

place following 300°C tempering as shown in Figs. UU (b) and (d). The 

ductile dimpled rupture at 200°C tempering is replaced by brittle quasi-

cleavage fracture with parallel ridges on the fracture surface. These 
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are indicative of severe interlath tearing or fracture which is particularly 

prominent in the 2 Mn alloy, Fig. 44 (d). The average distance between 

these parallel ridges measured on the fractograph is of the sane order 

as the average lath width (Table VII). 

Following 500°C tempering, brittle intergranular fracture dominated 

the failure mode in 2 Mn alloy (Fig. 45 (b)) whereas transgranular quasi-

cleavage fracture persisted in the 0.5 Mn alloy (Fig. 45 (a)). The kind 

of intergranular erabrittlement shown In Fig. 45 (b) is commonly associated 

with segregation of certain species to the prior austenite grain boundaries 

which lower the intergranular cohesion rather than with any grain 

boundary precipitation. In contrast, Fig. 46 shows the fractographs 

of grain refined 5 Ni modified alloy as a function of tempering temperature 

and the failure mode throughout the tempering process remains clearly 

ductile dimpled rupture. Regions similar in appearance to the intergranular 

microvoid colaescence on the fractograph of the as-quenched 5 Ni 

alloy, Fig. 46 (a), are replaced by 1007. ductile dimpled rupture following 

200°C tempering, Fig. 46 (b) and the gain in impact toughness is apparent 

from Fig. 41. 

An x-ray energy dispersive analysis unit attached to the scanning 

electron microscope was used to qualitatively characterize any inclusions 

in the experimental alloys and Fig. 47 presents some of the results 

in the 2 Mn alloys. The fractographs of this alloy revealed most 

inclusions situated at the dimples (Fig. 44 (c) and the analysis of 

nearly spherical, about 2v in dia. inclusions in the 200°C tempered 

alloy (Figs. 47 (a) and (b)) revealed that these are indeed (Mn, Fe) 

S particles. These inclusions were also observed near the grain boundaries 
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as reveal od by the 500 C tempe red i. per in^ n f r a r t o g r a p h > H ,,> . '* 7 ft") . 

The c o r r e s p o n d i n g KDAX ana 1ys i s aga i n ronf i rmed tha t t hese ar* j i ndeed 

(Mn , Fe) S p a r t ic l e s . Fig . 4 7 ft.) -\] ̂ -n r l e a r1y ^hows t v c Hecohes ion 

a t the p a r t i c l e / m a t r i x i n t e r f a c e . ffowe'/ur, at t h i s u- rTper in>; t e m p e r a t u r e , 

as di scussed e a r l i e r , t he pr I o r an*-* i. w i t<? gr.( i n bounda r i es a re thp veake s t 

and the p r e f e r r e d f r a c t u r e node i •; i nt e n ' m t n i l ;ir . In rnnt,--."-; t , the N't 

modif ied a l l o y s r evea l ed p r i n a r i ! ' . 1 'r'-' p a r r i r J e s . The ': Mn a l l o y showed 

the h i g h e s t amount of i n c l u s i o n s > • =: r. i b i 1 ;iJ ! ' / ; i s a l s o r ria rar. t e r i zed 

by a very high impact e n e r g y . T< ..:*• t l • .;if!ra-i t- of '•'. i •• promoting 

ma t r ix toughness due to f a v o r a b l e - :. ro-;' MH ' .ural r h a r s ^ s a p p e a l s ' o 

no re thau compensate the l o s s in t.oi:.,'i :•. ••;•, !UM t>\ ; ':. inere.-isf d ar-'-'Unt 

of J nr 1 us ions which promote easy vo id :.:.r . * • un. ard ;'•-:.•*'t b -is we' i 

as decohes inn at the i n t e r f a c e . 

v. ;jisa'ss!<;t. 

A. in; l u e n r e ui ^otnposi t i o n and HVaf. - T r e a t r.e: i .-.n Mi c ros Z rue t u rc 

• ""' ) •'''s~ f-11:" rJ_f; V'SA _- c i J i l J - s 

Ma r t K. [iEi te sf rue lure : The morpho logy and sub*, t rue ti:re of 

iierrous nartsnsit.es have been subjects oi a number of investi-

g a t l o n s n - M 0 , ; i > ! f l , 2 1 , 2 2 , 3 9 , 4 0 , 5 4 ) a [ U l therefore, a detailed 

discussion o» the factors affecting Lhese two important struc­

tural parameters will not be attempted here. In the present 

investigation all the quaternary alloys revealed predominantly 

"lath" martensitic structure (Figs. 4, 6-9) irrespective of 

their composition. This is to be expected since predominantly 

http://nartsnsit.es
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plate martens!tic structure is found on]y in high-carbon, 
{54 71 7 n ) high nickel and high nitrogen al loysv ' ' . What Is of 

more significance in these structural steels is their sub­

structure, as it is now well established4 »J"' that substructure 

plays a paramount role in controlling the toughness of steel. 

The substructure of martensite is a consequence of the invariant 

plane strain condition for the shear transformation^ as 

alluded to before. 

The lattice invariant shear can be either slip (dislocated 

martensite) or twinning (twinned martensite) and the factors 

affecting the transition from slip to twinning are points of 
(3 10 54) considerable debate and controversyv * * . Kelly and 

Nutting proposed that low stacking fault energy in austenite 

favors the formation of lath martensite. A problem with 

this hypothesis is that manganese lowers the stacking fault 

energy of austenite whereas nickel has the opposite effect and 

yet both of them favor twinned plate martensite formation when 
(73) present in sufficient quantities. Owen, et. al.v ' advanced 

a hypothesis according to which dislocated martensite in iron 

alloys is always associated with a cubic phase whereas twinned 

martensite is tetragonal. However, this again fails to explain 

cubic twinned martensite tnat forms in Fe-Ni, Fe-Pt and Fe-Mn 

alloys 4)_ Q t h e r i n v e s t i g a t 0 r s ( 3 ' * « 5 A ) pointed out the im­

portance of temperature of formation of martensite in dictating 

the substructure of martensite, viz., as the M temperature goes 

down, at a critical temperature the transition from dislocated 
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substructures to twinned structures occurs. A purely tempera­

ture explanation is also not satisfactory as Co is shown to 

raise M temperature but without having any significant effect 

on the amount of subs truetural twinning ' . Secondly, dis­

located martensite continued to exist in binary Fe-Ni alloys 

with M temeratures much lower than the critical M temperature s s ' 
in alloys containing cA ' » (for example, compare 5 Ni modified 

alloy with binary Fe-20Ni alloy studied in this investigation, 

Table VI). In order to get around this difficutly, it was first 
(75) suggested by Johari and Thomas that not only temperature 

but also alloy composition may significantly influence I he extent 

of twinning in the martensite and the important factor is the 

relative magnitudes of the critical resolved shear stresses for 

twinning and slip at a given temperature for a particular alloy 

composition-
(39) Das and Thonasv reported that .-iriditions of up to 12.o w/o 

Nl to n 0.24C steel did not result in any significant twinning. 

In the present study the base alloy cor.tains 4 w/o Cr and - 0.3 w/o 
(lfi) 

C and both Cr and C are shown^ to he potential promoters of 

twinning. Since Ni itself is not a strong promoter of twinning, 

it is concluded that the observed small amount of twinning in 

5 Ni modified alloys (Fig. 8) can be considered as a result of 

the indirect effect of Ni through lowering of M (Table I) which, 

in the presence of potential twin promoters, results in twinning. 
(22) In contrast to the behavior of Ni steels, Huang and Thomasv 

found that an upper limit to the addition of Mn to a 0.25 w/o C 
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steel in order to avoid excessive amounts of twinning was 

a mere 3 w/o. This implies that in the presence of C, Mn 

is just as much a promoter of twinning as Cr. ' In the 

present investigation by limiting the maximum Mn addition 

to 2 w/o, twinning is avoided. This is probably due to the 

overriding influence of the somewhat higher M temperature 

(Table I) in these alloys compared to Ni modified alloys 

in maintaining the critical resolved shear stress for slip 

lower than that for twinning. There were no significant 

variations in lath widths with either composition or 

heat-treatments designed to change the prior austenite grain 

size and the martensite packet size (see Table VII and the 

discussion in a later section). Roberts^ also found a 

similar behavior of lath width variation with martensite 

packet size and Mn content and an explanation for this is 

proposed in a Latter seen on. 

Retained Austenit^: High temperature fee austenite phase 

can be stabilized at room temperature by a variety of mechanisms, 

some of which are not fully understood. In general, one would 

expect that elements which are fee stabilizers should promote 

retained austenite. However, ab would be clear from the evidence 

presented in Part 2 in connection with lath raartensite for­

mation, in alloys whose bulk M and Mr temperatures are abovt± 

room temperature austenite can be stabilized at room tempera­

ture only in the presence of interstitial C (perhaps also 

N). This is in agreement with the observation made years 



ago by Yeo who reported that carbon is vital for the 

stabilization of the austenite to martensite transformation. 

Furthermore, Rao et al. were able to resolve snail quantities 

of retained austenite even in very low C unalloyed steels. 

The fact that presence of C alone is not a sufficient condition 

for stabilising austenite in the as-quenched structures is 

shown by the work of Clark and Thonas v t" ' who reported that 

no resolvable quantities of retained austenite could be found 

in a medium C t,teel nodified with Mn additions up to 4 w/o. 

Clearly, the substittional al1oying-intersLitinI C interactions 

must also be playing an in port ant m l o in s tabi I ;' ?. i nj> mist eni te. 

(23 J However, it was suggested thai the nhserv.. t : on of retained 

austeni te in FeJCr)C steels and the absence of this phase in 

Fe|Mo|C steels can be partly reconciled with the ;.;ct that 

Mo is a more potent alloying element compared to Cr in 

limiting the austenite phase field. Int <_• r^t i r i.i ] C r;m 

stabilize riustenite in several ways: ( i ) it can physically 

segregate from the lath martensite to the surrounding austenite 

and this partitioning can Lower the local M sufficiently below 

room temperature whereby austenite is stabilised at room temperature -
(74) 

i.e., chemical stabilization . This kind of stabilization 

should therefore be particularly effective during slow cooling 

from austenitizing temperature, for e.g., air cooling.' ' 

(ii) The second stabilization, known as thermal stabilization. " 

is caused again by diffusion of interstitials C & N but this time 

not to achieve partition but to form dislocation atmospheres to 
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inhibit their motion. These pinned dislocations can be in the 

martens!te/austenite interface in which case they would directly 

inhibit interface motion or they can he in either phase, thus, 

inhibiting stress relaxation in the martensite or austenito; 

(iii) The third stabilization, known as mechanical stabllization, 

is concerned with the plastic deformation in austenite accompanying 

the shear transformation, Edmondson and Ko v and Kelly and 

Knutting studied this phenomenon. Rao and Thomas have 

considered in detail the question of accommodation of strain 

resulting from lath nartensite formation and concluded that 

increasing C content increases the dilatation in the martensite 

lattice and the consequent accommodation in austenite. 

The direct influence of substitutional alloying elements 

alone is not sufficient in stabilizing austenite in the directly 

quenched structures although strong fee stabilizers such as Ni 

and Mn are primarily responsible in reverted austenite formation 

for e.g. in quenched and reheated specimens of ma raging 

steels. * This is particularly true in the light of 

the observations made in Part 2 with binary Fe-Ni alloys where 

no retained austenite could be resolved. 

Thus, it seems that in the structural steels of interest 

C is necessary for stabilizing austenite and the other substi­

tutional alloying elements may affect the amount of retained 

austenite through their interaction with C. In the present 

investigation not one but several of the above factors might 

have been responsible for the observed increase in volume 
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fraction with % Mn or Nl addition fFlf;s, 2 7 an'! I'M. Intrcr : -.>• 

Mn addition results In a drop In M tempera t >ir <• wh i' h t hi- re fo n-

discourages large scale migration of C during and .titer the 

martensitic trans fo rmat ion . 'Hi ore f o re , i-xi:cssivc pa r rit i on i n^ 

of C and the consequent r her, J ra 1 s tab! ] i za t f on :vt v not be 

the major factor. Similarly, thenr.a! s I. ah •' I i /a t i on n n also 

be discounted as the primary reason for the pn-Ff-n,- r ot i he 

high temperature phase part k:n ] ar1 y in I he. ''as t quenched ^ i r<-

water quench) s i ngle t reat.ed sp*c i mens cons i si (•:•.'" with the 

observation that liquid .V,, r ef r ij;oral i*. n -toes not v< ! ^ v î u. h 

t he vo lume f rac t Ion of austeni t <•- . Hove . «• i , ; V- ;.irt t h/:' 

most of the C in Mn modi fled a 13 oys :. t;i • cd J • <• •;! i o ri ' :>. s 

exempli fieri hy the lack of auto- i ••{'>>*• r • r.y .! i seussed car 1 "i <r) 

result s In an i ncreased acrnnmoda t i on •,: ••; t ; .i -;. wr : < h '-mild 

mechanic a J ly •.•!..ihi li?,e the austeni ( " . '!"!.,• -in d i " i'i>. , f ' v,'.. 

Ni in va r ioi:*- respect s result;; in the -,.;:̂  kin-', o! <•[ ,< .' i or 

with respect t:i retained austenite as I; he ;-::i -lodi f i i:d alloys 

and dm: to the Lowest M. temperatures L'I \'i r.odified -Jloys 

showed rhe highest amounts of retained austeni le. In the single 

treated interrupted quenched structures of Ni rcodiiiea a.1 ioys 

highest amount of retained austenite was found due lo the 

promotion of C partitioning and migration to dislocations 

during the M -M^ hold (i.e., chemical and thermal stabilization) 

in addition to the mechanical stabilization. In this connection, 

an important factor arising from the alloying element-C 

interaction which could significantly affect the mobility of 
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C has to be considered. Alloying elements such as Si, AJ 

and Ni promote graphitization and have carbide forning tendencies 

either less than iron (NI, Al) or negative (Si)/ v In addition 

Ni and Si also raise the activity of C in martensite^ ' and 

similar behavior is expected of Al whereas exactly the 

reverse behavior is expected with some of the carbide forming 

elements such as Mn, Cr, Mo, Ti, etc. which due to the attractive 

interaction with C (in the increasing order) lower the activity 

coefficient for C. The result is that Ni, Si and Al favor C 

partitioning to austenite and thereby increase its volume frac­

tion * whereas Mn,Cr, Mo, Ti etc. disfavor C partitioning 

and this sort of austenite stabilization. The situation with 

the present alloys is complicated due to the quaternary alloying 

but it appears that in the 5 Ni modified alloys increased amounts 

of stabilized austenite can also be expected due to the promotion 

of C partitioning. It is clear that a technique capable of 

analysing C concentrations in regions which are typically 
o 300-500 A wide is invaluable in pinning down the exact y 

stabilization mechanism. It is being attempted to solve this 

problem by the use of high resolution lattice Imaging at 

the y|a boundary. In general, the carbide-forming elements, 

while powerful in deep hardening influence, are not so effective 

in retaining austenite as are nickel and manganese^) Apart 

from composition, one of the important microstructural features 

that affects the stability of austenite is the prior austenite 

grain size. In the present investigation the amount of retained 
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( i i ) 7_2ClHiL-tl iil plLL 

St rue Ciira 3. Changes and Free ip i t a t i on _i n Ma rt er,s i t P : There 

a re t h r e e pr imary v a r i a i ions wi t h i n the n:a r t e n s i t ic phase of the 

tempered s t r u e t u r e s t h a t need d i s c u s si c n, v i 7.. , c o.-irsening of 

ce tnen t i t e with i n c r e a s i n g Mn a d d i t i o n s ( F i g s . i C - 1 2 ) , s t a b i l i z a t i o n 

of E - c a r b i d e in Ni. c o n t a i n i n g s t e e l s (Fie,?.. 8 ,9 ) and the o b s e r ­

v a t i o n of M-̂ C. c a r b i d e s in h igh Mn (2 w/o) and hip;ft Mi (5 w/o) 

a l l o y s even a t low temper ing t e m p e r a t u r e s ( F i g s . 12, 13 , 1 5 ) . 

Tempering of a l l o y s t e e l m a r t e n s i t e has been the s u b j e c t of 
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(' U 69 n S *>) numerous investigators ' ** * . It i s now fa i r 1 y wol ] 

documented that it Involves several stat.es, viz., clustering 

and preprec1 pitation of interstitial elements, preclpitation 

of c-carhide (St ape I tempering), decomposition of retained 

austenite (Stage II tempering), precipitation of cementite 

(Stage III tempering) and precipitation of alloy carbides 

(Stage IV tempering). The complex role of alloying elements 

in controlling the kinetics of tempering reactions, stability 

and occurrence of alloy carbides has been the subject of several 
• *u i•- . (25,30,74,88,89) L . F , „ , papers in the literature ' ' ' but unfortunately, 

most of them are concerned with either plain C steels or 

C steels modified primarily with one alloying element. The 

introduction of a quaternary alloying elcnent in the present 

study introduces a further degree of complexity which is absent 

in the several studies made using a ternary system. 

The kinetics of coarsening and spheroidization of cementite 

in the nartensite matrix are variously related to the diffusivity 
(2 ">5) of substitutional solute * , alloy content, the disribution 

coefficient for the alloying element between cementite and 
(2) ferrite , the interstitial C activity as influenced by the 

substitutional solute , variations in the interfacial energy 

between the cementite and ferrite matrix as a result of alloying^' 

and in this regard, the degree of lattice coherency^0) etc-

Mn and Ni have important differences as regards their 

influence on cementite stability. Both Cr and Mn stabilize 

cementite by overcoming the metastability of Fe^C existing 

http://stat.es


- 4 6 -

i n t h e p l a f n c r b o n .•. r * • r • I.-. v - b e n - ^ . i : r - i ; .Mi i H n y .-• I .-••--i: t <, ' - . / n 

a s S i , Al and * I d e s t a b i l i z e t h e a l r e a d y ni-t n s t . - i h l f c p m e n t i t e 

a 1 t h o u g h t h e f r m e r I s no re- pur e;;t M a n t h e I a 11 r r l.wi i n 

doinj> s o . w h i l e f'.r c a n r e p l a c e F<- up f o i-, v / o i n c e m e n t i t . ' 

Mn c a n t o t a l Iv s u b s t i L u t e } f-r K e ' ' i n r h e '..•me phaM<. J a c k 

a n d N u t t i n g *" ' o n s i d e r < - d t h e lucri ! - e q u i i i hr ; urr. v . i v ; ] d e v e l o p e d 

( 9 ' ) 
h ' ' rt n . . n l n l n > \ r> - . f <-, , _f " ' • • • ' - ' ' S ' T, ] 7 f' ' ) i C e P C 71 L ! L £-

showed ;J r a t e r o n s t t i n f 

by H i J l e r t ' o e x p l a i n M e r a t e 

i n q u e n c h e d ar t e m p e r e d a l l ^ y --:ief. 

d e p e n d e n t on 1, ' 1 - K ) * 1 v h - - ; e K 

f o r t h e a l l o y i > e 1 e m m r h r t v .* n 

p r e s e n t r e s u l t s u r e s t Mu,i r.-~. 

d i s s o l v e i t , c t - n t i t e ' ' i t " ; 

: i ; i •• i e i, t 

. e . The 

Mn 

M i c i e n t 

.':•,! ) a r l y , 

" i ••ic* wh i - h I'otjJ 

: e : n tt ' i" j ' a c i a 1 

-n --ven a t 1 ow 

: rr t. he p r e s e n t 

il . ' V . L T - ; o f 

may be t h e r v a - -r. f o r t h e oh<;.' r <»> • i - L* i <•;,•••: i\" . 

l a r ^ e s ^ a l e rv i at e m e u t <M' Ke :"•; • • ; ' :' ' •• r v : 

r e s u L t i n t h.ii; s i n l a L t m 1 •' • ir * > r:. i t ' ,. 

a! I L T L f ho !a t ' . r e . <>]:u r e n r v an-: , • . •; a-c • . t . v , 

e n e r g y . ""<•.'--• ]": • i-'\-ised ' e n d e u e y f o r . ' . • - • . i a • z , 

t empf r i rn? ! e r p ,. i a r - " - ( Vli"" ;;) v i c h i :u "<•-'•• •• '. •'•. 

,sr r;i v C . v i ir, - ! ? P" i n t s r . , t h e ine: r e a s t r i n* <• M a 

t h e ' . - a rb ide /v i i i -1x i n t e r f a c e . 

I n t h e ca • of N'l m o d i f i e d q tu - i - t e rr.a ry a l l o y n , t h e b e h a v i o r 

a p p e a r s t o be ie r e s u l t of a c o m p r o n i •-'•< b t ' v i - i n t h e o p p o s i n g 
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d i s c u s s e d b e f o r e , both of them r a i s e the C a c t i v i t y and both of 
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them destabilize cenentite by promoting graphitization. The ex­

panded occurrence of ^-carbide (Stage I tempering) in Si modified 

steels is well documented^ ' * * Several models were 
(84 92) porposedv ' ' to explain the £-carbide stabilization and t'. • ;c-

hibiton of cementite growth in the presence of Si or Ni. Wha is 

not clear is whether E-carbide is directly stabilized by Si or 

indirectly stabilized due to the postponement of the onset of 

cementite nucleation. While the proposed models fail to solve 

this problem, they, nevertheless, present a convincing argument, 
(QT ) 

especially the one by Owen *" , in explaining the inhibition 
(92) of cementite growth. According to Owen- , as cementite 

grows, increasing amounts of Si are rejected into the matrix 

which creates a Si concentration spike discouraging any C 

nigration to the carbide due to the repellent interaction between 

C and Si^ J '. For further growth of the carbide, this Si concen­

tration spike has to be dissipated which is rather slow at low 

temperatures. A similar explanation may be advanced for carbide 

growth in the presence of appreciable amounts of Ni in the alloy. 

King and Clover^ report that the kinetics of e-carbide 

precipitation (Stage I tempering) are also slowed down by the 

presence of graphitizing elements such as Ni and Si due to in­

creased activitation energy for this process. 

In the present study, e-carbide is the predominant rarbide 

at 200°C tempering in the 5 Ni modified alloy (Figs. 8, 9) although 

cementite precipitation occurred as early as 300°C tempering (Fig. 

13). Since Ni is not a very strong graphitizer, it is suggested 
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that the overwhelming influence of Cr in stabilizing cement, i te 

caused it to occur at 300 C tempering. 

Regarding the observation of the alloy carbide M^C-, 

unfortunately, there is very little information available in 

the literature on the influence of various alloying elements 

on the formation and growth of this carbide. Seal and 

Honeycombed y and Rao et al.^ ' discussed its formation 

in the ternary Fe-Cr-C allo>s. It has been shown^ 8 f i» 2 5^ that 

addition of strong carbide firming elements such as Mo, Nb f 

Ti to the ternary Fe|Cr|C st -els can retard softening and 

this effect is suggested to be the result of these elements 

in restricting the diffusion of Cr in ferrlte 3nd thus the 

rate at which Cr̂ C-i coarsen;^ . Therefore, it is not clear 

how and why higher Mn and Ni additions to the ternary alloy 

promote the formation of MyC- (Figs. 12, 13, 15). The absence of 

any secondary hardening peak ir the hardness vs. tempering 

temperature curves (Fig. 30) for all the curves can be ox-

plained by the fact that Mn is only a very mild carbide former 

and Ni is not a carbide former a all. 

B. Thermal Stability of Retained Austenite 

Whereas identifcation of retained austtnite and studies on its 

stabilization in medium C, low alloy steels are in the very beginning 

str.ges, its decomposition following tempering is even much less studied. 

Most of the earlier studies on retained austenite decomposition were 

conducted with high C steels (>0.55 w/o C) wherein large quantities 
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(8) 

of austenite are retained.^ Even here very little careful metallog­

raphy was carried out. The austenite decomposition reaction was 

variously characterized as lower bainitic, upper balnitic or even 

pearlitic. More recently, however, Speich and Leslie*- ' charac­

terized the decomposition reaction as bainitic. There is practically 

no work done in the past on the mechanism of decomposition of the 

specific type of retained austenite during tempering, viz., the inter-

lath film morphology occurring in the structural steels of interest. 

Thomas^ has pointed out that some of the factors which promote 

austenite stabilization in the first place, viz., segregation of C 

and accommodation of transformation by plastic deformation in austenite, 

will also contribute to its instability during tempering. This is 

because the increased supersaturation of C in austenite promotes its 

decomposition to a+M,C due to higher driving force available. So also, 

the dislocation substructure generated in austenite can promote hetero­

geneous nucleation of M-X and thereby the decomposition reaction 

In the present studies, the retained austenite is stable to 200°C 

tempering in all the alloys (Figs. 20, 22, 29) but in the Mn modified 

alloys the austenitt undergoes decomposition following 300 C tempering 

(Figs 23, 24, 29). This is a temperature which is above the bulk M 

temperatures for 1 Mn and 2 Mn alloys and about the same as the bulk 

M s temperature for 0.5 n̂ modified alloy (Table I). If we invoke the 

possibility of some segregation and solute enrichment during tempering 

in austenite, then the decomposition temperature could lie in the upper 

bainitic transformation region for all the alloys. What is even more 
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significant is that the decomposition occurs at a temperature where 

significant matrix cementite coarsening is also observed (Section A 

(ii), Figs. 11, 12). The elongated carbide stringers occurring at 

the lath boundaries following the decomposition, Figs. 23, 24, are quite 

typical of upper bainitic transformation.^ * ' Also, the analysed 

selected area diffraction patterns or Ftps, i 1 , 23 and ?h reveal an 

orientation relationship between the interlath cementite and matrix 

which does not conform to the well established Bagaryatskii orientation 

relationship, ' between the ferrite and cenentite. instead a 

new orientation relationship, viz., 

f 1 2 5 lcementite |! ^ L 1 1^ferrite 

^ c e m e n t i t e I! ( l l 0 )ferrite 

(•* ^cementite |i * '•''ferrite 

is obtained from Figs. 23 (c) and (d). Previous crysta I 1 nj; raphi c 

studies * of the orientation relationships between b-iin.;tic carbide 

and ferritt- have suggested that these carbides precipitate directly 

froin austenite in upper bainite and therefore, the orientation relationship 

need not conform to the Bagaryatskii relation which is established for 

carbide precipitation from ferrite (for e.g., tempered martensite)* 

Another observation of significance to the present discussion is that 

cementite is generally accepted to be the carbide phase in the upper 

bainitic product. ' ' In view of these observations, the present 

results on the differences in the transformation characteristics of 

retained austenite in 5 Ni modified and 2 Mn modified alloys can be 

explained as follows. The difficulties involved in the formation and 
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growth of cementite in the presence of graphitizing elements such 

as Si, Ni, Al has already been dealt with in the previous section. 

If the retained austenite were to transform by upper bainitJc 

transformation, cementiLe formation and growth are important. The 

reason why retained austenite would prefer to transform by an upper 

bainitic transformation appears to be the much lowered accommodation 

necessary for this type of transformation due to the fact that carbidr 

can be precipitated directly from y. Thus, higher temperatures are 

necessary in the presence of Ni to transform retained austenite to 

isothermal decomposition products. In the present study, untrans formed 

retained austenite was observed in 5 Nl alloys at as high temperatures 

as 400°C, Fig. 29. With the limited metallography carried out with 

500 C tempered structures, no retained austenite could be observed in 

the 5 Ni alloy (Fig. 18). Further work to characterize the decomposition 

products of austenite in specimens tempered between 400°C and 500°C 

is necessary in order to understand fully the mechanism of retained 

austenite decomposition in this alloy. 

C- Tempered Martensite Embrittlement 

The occurrence of tempered martensite embrittlement in the quaternary 

alloys has already been referred to in the results section and Figs. 

48 and 49 summarize the microstructural evolution, the rnicromechanisms 

of fracture and the correpsonding mechanical properties, of this phenomenon 

in two Mn modified alloys. Tempered martensite embrittlement (TME) or, 

500°F embrittlement has been recognized for a long tiraê  ' * 

but the factors contributing to this phenomenon are not clearly 
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(97 -99 ) r e s o l v e d . A sudden drop in a high s t r a i n r a t e toughness parair r t .nr , 

for example Charpy-V-Notrh impact energy t e s t e d a t room t empera tu re 

fol lowi ng temper ing in the rangu 2 50-4 *50 C i s g e n e r a l l y regarded as 

the m a n i f e s t a t i o n of the e m b r i t t l e m e n t ; a l t h o u g h , depending on the s e v e r i t y 

of t h i s e m h r i t t l e m e n t , i t i s a l s o shuun to manifes t i t s e l f ir o t h ^ r 

low s t r a i n r a t e toughness pa ramete r s such as t e n s i l e d u c t i l i t y *' 

( 99) ( 9K 99 ') 

and p l ane s t r a i n f r a c t u r e t o u g h n e s s / ' Both the o r i g i n of TMEV * J 

as wel l as the f r a c t u r e p a t h v ,-ind f a i l u r e mode » ' a r e p o i n t s 

of d e b a t e . There i s widespread con. 'us ion ;n the l i t e r a t u r e r e g a r d i n g 

t h e s e two a s p e c t s p r i m a r i l y because.1 a wfde ?:pei t: rum of -i J J.. v roi:;posi t ions 

and C c o n t e n t s a r e employed wi th vavv!nf s t r u c t u r e s vM'~h ran in a 

s i g n i f i c a n t way a f f e c t the f r a c t u r e pa r n '.r, ; TI;. ; i f t , ••<] . ; ; i . o y . ' 

Second'.v, a s y s t e m a t i c u n i f i e d approacl vb-_-reir: c a r e f u l ui c r o s t rue t u r a l 

i n v e s t i g a t i o n i s coupled wi th mechanica l : ir-iU-rTv :-vi ' ' rac tography a n a l y s e s 
(99"* 

i s ' a rk i ng . Bot. h t r ansg ranu i a r '' a nd ; n l<- r£ rani; .< a r f a i l ure ;iiodes 
( U H i<'H l ' t ' ' ' ) havf- ..e-'n ri^s-»r ; -it .'C wi th t h i <: emnri t t l etnei>t. ' ' " ' ' ' r ^ v i u u s work 

• n "."•'? .-;I.I t<e broadly <ii v i o e r1 l . i to two grou; - - , .= i •> . , u"*e '-roup h o l d i n g 

the view r_ ^ • -i c ^ey rega t i.:n oi ir^-:r i t i e s , rega rd i t ^ s oi t h e i r o r i g i n , 

to b o u n d a r i e s / i n l e r i a t t ^ i s the primary cause ' J ' ui TM's and the 

o t h e r group s t r o n g l y s u p p o r t i n g the view t h a t p r e c i p i t a t i o n oi b r i t t l e 

c a r b i d e phases a t b o u n d a r i e s / i n t e r f a c e s / d i s l o c a r i o n s i s the p r i n c i p a l 

(96 97 99) cause * ' of TME. At t h i s moment i t i s a l s o impor tan t to r e c o g -

u i ze a n o t n e r wel l e s t a b l i s h e d e m b r i t t l e m e n t * ' observed in c u r t a i n 

quencned and tempered a l l o y s t e e l s and in s c e e l s doped i n t e n t i o n a l l y 

wi th i m p u r i t i e s such as Sb, P , As and Sn, i . e . , temper e m b r i t t l e m e n t . 
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generally accepted to result from segregation of impurities to the 

prior austenite grain boundaries resulting in a loss of cohesion at 

these boundaries and the consequent intergranular fracture. In the 

foregoing discussion, it will be shown that depending on alloy compos;i 

it is possible to observe both TME and temper embrittlement in the 

same alloy and that the latter is more severe than the former. ' 

It appears that some of the confusion and debate over the mechanism 

of TME in the past investigations also stems from the overlapping 

influence of temper embrittlement in those steels which were used to 

investigate TME. 

Concerning the association between microstructure and TME, Lement 

et al^ attributed the toughness degradations to the precipitation 

of cementite at the martensite packet boundaries whereas Klinger et al^ 

suggested that the formation of cementite at prior austenite grain 

boundaries and the consequent intergranular fracture caused the era-

brittlement. Support for the assocation of TME with carbide precipitation 

can also be derived from the work of Delisle and Calibois who 

concluded that the aligned carbides that result following embrittling 

tempering reduce the mobility of dislocations. The general drawback 

of all the above studies is the absence of high resolution electron 

metallographic characteriziation of microstructure over a range of 

tempering temperatures. 

It is interesting that the influence of retained austenite in TME 

has been suggested as early as back in 1924 by Grossman J who, from 

thermal contraction-tempering temperature studies, envisaged the 

possibility of the preservation of austenite during quenching and 
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its subsequent transformation during tempering causing the deleterious 

effect on toughness. More recently, Mr Marion and Thomas ' observed 

a loss in toughness which they showed was correlated wi th the decom­

position of austenite with the formation of interlath carbide films. 

The results obtained in this investigation show a more definitive 

indication of the clear association between the ret a 1 neci nustenite 

instability leading to interlath oementlte and the TMF. A monotonic 

increase was found tn the volume fraction of retained austenite in 

the as-quenched structures as a result of quaternary ft liny additions 

of Mn up to 2 w/o to the ternary Fe-4Cr-0.3C alloy (Fiy.s. 19, 21, 

27, 28). Similarly, the 5 Ni alloy also showed subst^nt. i .ii 1 y increased 

quantities of retained austenlte (Fiy^. 20, 2d] a? r-orpared to the base 

alloy. In the Mn modified alloys as w 1 1 as the h-ise ternary allov, 

this retained austenlte is unstable to 300°C tempi-ring and all of it 

is practically decomposed (Figs. 23, 24, 29) leading i.o the precipitation 

of inter lath strikers of carbide (cementire), the thickness of whirh 

increased wi th initial amount of retained austeui to (F'i ̂;s . 2 3, 24 ) . 

The accompanying variations in toughness are presented in Figs. 39, 

34, 60. It is cl^ar that the % reduction in ares, a measure of tensile 

ductility, shows two minima, viz. , one at 300°C (transgranular fracture), 

for the 2 w/o Mn modified alloy whereas no indication of a minimum 

in this property is discernible for the 0.5 Mn modified alloy, Fig. 

34 (a). However, the Charpy impact toughness, Figs. 39 and 40, clearly 

reveals toughness minima at 300°C tempering for the base and 0.5 Mn 

alloys while for the 2 w/o Mn alloy the minimum occurs only at 500°C: 

although severe toughness degradation occurs In this alloy following 
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300°C tempering. Fractography (Fig. 44) revealed that the predominantly 

dimpled rupture at 200°C, Figs. 44 (a) and (c), In all the Mn modified 

alloys is replaced by quasi-cl^avage at 300°C tempering, Figs. 44 {•-,; 

and (d), which indeed reveal parallel ridges indicative of a fracti. 

path along interlath boundaries which are weakened by the precipita­

tion of coarse carbides. Interestingly, the inter^ridge spacing Miednurec 

from the fractographs is of the same order as the lath width (Table VI i 

measured from transmission electron micrographs, Figs. 23 and 24. The 

2 Mn modified alloy showed increasingly brittle fracture for tempering 

above 300°C and at 500°C, the fracture was completely intergranular 

(Figs. 45 (b) and 49) typical of emper embrittled structures. Trans­

mission electron microscopy did not reveal any grain boundary precipi­

tation that could be linked to this embrittlement at 500°C tempering 

although some interlath cementite still persisted at this temperature, 

Fig. 26. The Charpy impact behavior of the 2 Mn alloy appears to 

be the result of an overlapping influence of both TMK (transgranular 

cleavage fracture) and temper embrittlenent (intergranular fracture). 

In contrast, in the 5 Ni alloy, with only very little retained austenite 

having undergone decomposition even at tempering temperatures as high 

as 400°C (Figs. 25 and 29), the interlath precipitation of cementite 

is minimal, Fig. 25. Concomitant with this, the impact toughness 

of the 5 N'i alloy showed only a mild embrittlement and the tensile 

ductility vs. tempering temperature did not reveal any embrittlenient 

at all, Figs. 41, 34 (b). The degree of embrittlement in the 2 Mn 

and 5 Ni alloys is compared in Fig. 41. Fractography, Fig. 46, of 5 

Ni alloys revealed no significant changes in failure mode as a function 
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of tempering temperature and the predominantly durtile d i ::i r led rupture 

failure mode ts evident at all temper!ng 

temperatures. 

The present results show that, the nature of toughness measurements 

in terms of grain rate and local stress conditions nan he important to 

be able to detect any embrittlement minimum in that property. The 2 Mn 

alloy had a higher percentage of retained austenite and, therefore, would 

produce a higher volume fraction of i nteria th carbides (i.e., coarser) 

following its decomposition. Thu.s a m'-r^ severe enbr i i 11 «ment is e/pect-'d 

in the 2 Mn alloy compared to 0,5 'Av\ ;il!ny whi'h Is substantiated by the 

occurrence of toughness minima in huth the redinti^r in area as well as 

the Impact toughness for the former. The strain rate i :i a tensile or 

K,- test is about a million times smaller Lhan that in -in impact test 

and a higher st rain rate is known to iiic ri-.-i-; *•• [itil T. '•: very Jnw strai n 

rates (such as in a tensile test), a touphnoss vi i -i ir^n r.ay :.nt be 

cef(.;*::ed unlese: the embrittlement is very :-i v^re, .-onpare l^gs. 3-J 

(a) ;ind ( b}. The mechanisms whereby the br i 111 r-., coarse pa rr ic les 

re:] reduce duct i J i ty and toughness a re already d1' =; cussed in connect ion 

( Q9) with design guide- H nes« The failure stress, o, > r;:>n be di recti y related 

to the width of carbide assuming carbide cracking occurs and treating 

the propagation of this cracked nucleus as that of a Griffith crack, 

(!) 
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where the terns have their usual meaning and 'a' in this case is the 

half width of the carbide. It is apparent from the above equation that 

the failure stress and consequently the toughness^ ' are inversely 

related to the square root of the carbide thickness. Furthermore, the 

ease of cracking in the carbide itself is related inversely to the size 

of the carbide . In addition,Cochrane and others ha/e found 

that the impact transition temperature increases directly with carbide 

thickness. TME has been observed^ > in several experimental steels but 
(21) not in Fe|Mo|C steels in which no retained austenite was detected1 . 

This is consistent with earlier observations made by Irvine et al ( 

who reported strikingly few carbide films at martensite lath boundaries 

in tempered steels containing Mo compared to several other alloy steels. 

Thus, TME appears to be a more general phenomenon in alloys having 

appreciable amounts of retained austenite while temper embrittlement is 

specific to a few alloy compositions. Whatever the benefits of retained 

austenite to toughenss, following its decomposition, the toughness 

properties could be worse than not having it in the first place. 

A major point of debate concerning TME is the fracture path* ' 

in the embrittled steels. The present investigation has shown that the 

fracture is transgranular with respect to prior austenite but is clearly 

intergranular with respect to the individual martensite laths (Figs. 44 

and 49). The importance of a proper choice of composition (and hence 

microtructures) in arriving at the above conclusions can be understood 
(99) from a critical analysis of the recent work by King et al. on the 

occurrence of TME in a plain C steel. In the investigation under 

discussion, the authors chose a 0.6 w/o C alloy. Although King et al. 
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did not report any transmission electron microscopy, others l;r-<- '-;ĥ -- '' 

that the martens!te morphology is mixed in the above sire] with about 

25 percent plate martensite, close to 8 percent retained aw,tenl te and 

the rest lath martensite. The evidence r̂ i subst an ( i a ] amounts of plate 

martensite in the structure can also be derived from the above authors' 

observation of microcracks. The morphnl oyv of ret a i ned aust en i t v occ.i rr •' r;s' 

in plate martensite is quite unlike that. In the lath ma rt ens j t >-r found 

in the quaternary alloys. The expected differences are illustrated in 

the schema tic diagram of Fig . 50. The i s! and morpho I r.yy r, f reta i aed 

austenite, Fig. 50 (a), in plate martensite is expected • o ir,,ve rise 

to a carbide morphology ^nd dist ribut. i oe shown in :•" i,; , '.<0 (bj upon 

tempering. This is quite different from thn nc'urri.'v, in lath mar tensite, 

rig. 50 (d) following austenite decomposition. !n the ir.rner, the islands 

containing coarse carbides should provide easy crack path*-- and thu^, 

the fra.ture surface should contain facets i.f ch'iiv.-ivc frati^re wl ir!1 

indeed appears to be the case from the published \ rac i. y i .i ph , Fig. ••'. , <.>: 

t he above pa pe r . Tn is led the authors to t r mnenusl y t;enera 1 i ze a 

fracture path that is transverse to individual marten si t c rrysta1s in 

a steel subject to IMF. Tt is clear from the above discussion that a 

detailed microstructurat characterization is vital for pinning down 

the origin of TME. 

Crain refining is expected to lower the ductile to '-ri . tie tran­

sition temperature. * Grain re fining also increased the amounts 

f retained austenite in the quaternary alloys (Figs. 27 and 28) which 

is shown in the above discussion to cause severe embrittlement following 

its decomposit ion. The results of these two mutually opposing tendencies 
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.--.u;v;i r»j.-1 i!j" ! iwiiini ng and an i nr n-ase i n the VOJ urc f rac : i .;n of r e -

t a i nod a^stt-n i tc . <"\ ,-. rk et a! of fe red an a] t •• rna t e explana r ion 

for t h i s improvement ba.^ijd un the proposal that a higher aos t f n i t izing 

temperature coupled with a fast quenching r a t e to suppress any segre­

gat ion of e m b r i t t l i n g c o n s t i t u t e n t s leads to a decrease or e l imina t ion 
(32) 

of quench c r acks . However, Rao and Thomas showed that quench 

cracking in these a l l o y s has a d i f f e r e n t o r i g i n and in any case the 

above explanat ion f a i l s to account for the absence of continued im­

provement in toughness p rope r t i e s ' in these a l loys above a 
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certain temperature which coincides will, a sharp decrease in the volume 

fractions of undi ssn 1 veil a 1 1 oy ra rbides. More rerciit i y , Ritchie et 

al . advanced a model according to which the notch root radius 

has an important hearing on the toughness paranrti'r evaluated. The>.e 

investigators were able to sti.-w that in UjUii steel the increased charac­

teristic distance availahle with coarser prior austenite grain sizes 

with higher aust.enitizim* temperatures would result in superior K r f 

values (sharp crack) hut poor impact energy values (blunt crack). 

However, the generality of this mode 3 tan be ques t inr.ed particula r ly 

in the case of the quaternary alloy steels under investigation since 

these alloys contain a large amount (4 w/o) of the carbide forming 

el erne nt Cr. Fur t he m o re , seve ral recent i nves t ieat in tip1, l ' ^ showed 

that fracture toughness (K,-) increases with a decrease in prior austenite 

grain size. An important observation made by Da,hi and Kretzschmann 

is that at small plastic zone sizes at the crack tip as are common with 

tht- ultra-high st rengt h structural steels, t he fracture toughnr ss is in­

dependent of grain size. In contrast it is wel1 establi shed v ' 

that the Charpy impact toughness is very sensitive to the prior austenite 

grain size. The lowering of ductile to brittle transition temperature 

with grain refinement and the consequent improvement in impac t toughness 

is quite we 11 known for some time. Thus, from the above discussion, 

it appears that the generalLy attractive combinations of properties 

achieved with the non-conventional austenitizing in the experimental 

alloys (Figs. n5 and 37) could be the results of an overwhelming beneficial 

influence of the elimination of undissolved alloy carbides on fracture 

toughness and in the case of impact energy (Fig. 37), the behavior 
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appears to be a compromise uetwpen the hencficial effect of lowering 

of undissolved carbide content and the unfavorable influence of coarse 

Y grain size. 

Since the quaternary and the base alloys are heat-t r<-a ted so as 

to dissolve all the alloy carbides (i.e., homogeneous austr ;ii te phase 

before quenching) it will be easier to correlate the nerh.'inin] propertv 

variations to the microstruetural changes. The Mn modifi><! ;\ 1 1 'JV.S vi ] 1 

be discussed first and later on the effect of S Ni addition to the 

ternary alloy will be considered. As shown in Figs, n and 7 there are 

no differences in either the martensite rv-rphol <;vy or substructure ("whirl: 

is essentially dislocated) as a resulj of Mn addition up to 7 w/o. The 

most significant structural change as a rr^ult <<i i nr -ens i rig anoiott. s 

of Mn addition is the increase in the retained anstenitc vo iune frafti on 

(Figs. 21, 27 and 28) and the startling iriprcv- :".-n;_ iw i ;:**• impair toughness 

and plane st rain f rac ture toughness wi i h -' 7 MM -.. •_- vi .;t-nt t" roc; the 

VI r,s. i J , 3h and 3h. An added advantage of b-.>.i\L.ui\ ui t. h a ned i uri C 

matrix (0.3 w/o) is that substantial enrichror-t ' i . e . , '.:r, to "30/') 

in austenite of C is possible before signif i( an': arconn f s of twinned 

mart.ensi te can form. Previous work showed t h;;t. twi rjning is very 

pronounced if C is > 0.4 w/o. In a previous section, it vas also shown 

chat in the Mn modified alloys substantial C segregation to ausrenite 

is not probable and that the stabilization of austenite is related 

to the increased chemical stabilization due to the presence of fee 

stabilizer, Mn, and to the increased accommodation in austenite. As 
( 1 fi ? 3 3fl IS— 1R^ pointed out earlier, several investigators^ ' ' , J J J J associated 

improved mechanical properties to the presence of retained austenite 
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(30 3^ 37) although in most instances, ' ' the improvement can not he si np ; v 

attributed to the presence of retained austenite. The continuous 

interlath film morphology of retained austenite in the alloys under 

investigation would prevent propagation of a crack nucleated in the 

relatively brittle martensite to the adjacent martensite lath, i.e., 

the networks of retained austenite would help to break the continuity 

of the brittle phase martensite. Since fracture properties are of -• • ,• 

' oncern in the present investigation, attention wil1 he focussed on 

the mechanisms whereby retained austenite could provide resistance to 

the initiation and propagation of cracks. Suggested mechanisms of 

increased crack propagation resistance in the presence of retained 

austenite include: (i) crack branching, *" resulting in a more tortuous 

crack propagation and the consequent increased energy expended, (ii) 

crack blunting, as a result of plastic flow in austenite resulting 

in a decrease in stress concent rat ion requiring higher applied stresses 

for unstable fracture and (iii) transformatinn induced plasticity 

f TRIP) in which case, as the name suggests, the transformation 

of retained austenite to nartnesite under stress/strain in the plastic 

zone ahead of a crack relieves the stress concentration. In all the 

three cases, the effectiveness of retained austenite in providing for 

improved toughness properties increases with its stability to trans­

formation under mechanical stress/strain. 

Besides the above direct effects of austenite on toughness, 

there are indirect benefits. detention of austenite at lath boundaries 

prevents brittle lath boundary carbide formation ' i n the as-quenched 

as well as quenched and tempered structures if the tempering temperature 
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is below instability temperature for austenite. Another significant 

benefit arising from retention of austenite is that, as will be shown 

in the next part, the y/a boundary is highly coherent. In contrast, 

in the absence of v, two adjacent laths impinge laterally to forn 

rotation boundary thus creating high encr.'y interfaces for crack 

propagation and/or segregation and precipitation. 

Gerberich^ proposed a fracture concept based n\-\ critical 

displacement for treating two phase structures wherein a tough uni­

directional phase is dispersed in a relatively brittle matrix, Fi?,* 31. 

The situation is very similar to the one under discussion since within 

a martensite packet, the retained austt-nite filir.s can be considered 

unidirectional (Figs. 19, 22 and 55). In the nbr.ve treatment, the 

Hahn and Rosenfield fracture criterion ^jewing iht* equiv.i lent- e of the 

critical displacement v* to frac ture toui-hiiê . •-, .\ ., T, i VI.-M L>y 

i x - - (2«*o y sK) | /' ;• 

w,i- M-ji-d u;;;^..' the o t h e r terms have t h e i r use.i 1 -".j-in i ng . liihe r 
f 1 ! 3 ) Hfj t:.-. r ii,n.s J r • ava i lab l e v l r.o de t e rmine the 6 \ --pi .(.cement a t the c rack 

t i p , v,. a n d s t any - i i c t a r c e , v.., in f ron t of the < rvck t i p as shown in 

F i e . 5 i . As the m a t e r i a l i s l oaded , when v > v,,, the cra..k moves 
° ' c Mi 

f rom posi T ; or: 1 to posi tion 2 where it em • nters the tough second 

phase. If v,-, < v M9 (Fig 51) then the crack wi L1 be arrested 

provided the width of the M^ phase (tough phase) is sufficiently large. 

Thi s is so because, if M 7 L s very thin, then the displacement at the 

distance x, (representing the dimension of the second phase) in front 

of the crack may be larger than the critical displacement for failure 
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in the brittle material. If v > v„,, then failure will proceed in 
x Ml ' 

the brittle material. This model brings out two very important points: 

(i) the thicker the austenite films (hence higher the volume fraction-!, 

higher will be its crack blunting ability and (ii) some degree of 

ductility in martensite is needed in order to prevent brittle failure 

in martensite even in the presence of austenite. 

This model very nicely explains the observed improvement in frart re 

toughness and impact toughness values with increasing Mn (Figs. 35, 

37) particularly after 200°C tempering (Figs. 36, 38 and Tables II 

and III). This is so, because in the higher Mn alloys, auto-tenpering 

did not take place (Figs. 7 and 55) due to low M, temperature and a low 

temperature tempering is necessary in order to induce some plasticity. 

It has been also reported^ * that such low temperature tempering 

augments the mechanical stability of austenite. 

The advantages of grain refining are discussed in the beginning. 

In order to combine the *" i*nef its of high temperature austeni t i zat ion, 

i.e., reduce coarse undissolved alloy carbide volume fraction and maintain 

a fine y grain size, double treatments (Fig. 1) a re necessary. The 

increased volume fraction of y as a result of grain refining is evident 

from a comparison of Figs. 27 and 28 and the corresponding improvement 

in fracture and impact properties can be seen from a comparison of 

Figs. 36 and 38 and Tables II through IV. However, the strength 

properties are somewhat lower probably due to the increased amount 

of retained austenite. 

In the 5 Ni modified alloy, there are two variations in the 

microstructure compared to the base alloy, viz., some substructural 
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twinnlng (Fig. 8) and increased amount of retained austen i t e, 

(Figs. 28 and 21). The detrimental effects of twinning on toughness 

have already been discussed and the somewhat poorer toughness proper­

ties in this alloy compared to some of the Mn modified alloys (Figs 

35 - 38) is attributed to the presence of substructural twinning. 

Although the toughness of 5 Ni alloys are somewhat lower than that 

of the Mn steels, their toughness and strength combinations are quite 

attractive as shown in Figs. 35 and 37. 

The desirable microstructural features for good strength and 

toughness combinations as concluded from this investigation are 

schematically illustrated in Fig. 52. Bv adhering to the design 

guidelines, niicrostructures are developed m quaternary .liloys which 

h-r.'e toughness to strength combinations much superior to the enuivalent 

commercial alloys, shown in Figs. 53 (a) and (b). 
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PART 2. 

MORPHOLOGY, CRYSTALLOGRAPHY AND FORMATION OF 

DISLOCATED (LATH) MARTF.NSITES IN STEELS 

I. INTRODUCTION 

It is now known that there are two basic morphologies of bulk 

raartensite in ferrous alloys. * dislocated lath tnartensite and 

twinned plate martensite. Although the morphology and crystallograpVy 

of plate martensites are well understood, the same is not true for 

the dislocated lath roartensites occurring in the technologically more 

important medium and low carbon steels. » » » This part of the 

investigation is concerned with a detailed electron diffraction and 

microscopy examination of dislocated lath nartensites in an effort 

to characterize the morphology and crystallogrpahy in greater detail 

than has been done previously and to better understandi ng of the 

austenite^martensite transformation mechanism. This work has been 

partly stimulated by the fact that small amounts of retained austenite 

have been detected (Part 1) ii many lath martensites during an extensive 

alloy design program on dislocated martensitic steels.^14' ' Conse­

quently, the unique orientation relationships can be obtained directly 

by utilizing selected area diffraction ar 'lyses of the lath bundles 

and their surrounding austenite. Such analysis is more precise at 

high voltages due to the reduction of spherical aberration. This 

method serves to eliminate controversies that must arise if indirect 

methods of habit plane analysis were to be used.^ " These 
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usually involve the determination of the habit plane in martensite 

and converting it back to austenite using either the known traces 

of austenite or the presupposed orientation relationships. There 

is a wide scatter in the existing data as can be seen from Table V. 

Another important aspect of the debate surrounding the lath 

martensite is the mechanism of its formation. Some of the earlier 

investigators considered that the packet is a fundamental nucleation 

and growth unit and the laths and eel1 boundaries form after trans­

formation as accommodation relaxation in the martensite. * 

Others concluded that the laths are fundamental nucleation events and 

growth units and some cell structure originates in the austenite 

ahead of a growing martensite lath/plate ?ind is inherited by the 

subsequently formed martensite. The present study aims to 

resolve this conflict. 

II. EXPERIMENTAL 

The steels used for this part of the investigation are given 

in Table VI. Iron-nickel binary alloys in the form of 5 mil thick 

sheets encapsulated in evacuated quartz tube.", were austenitized 1 hr. 

at 1100°C and quenched into iced water. The carbon steels were aus-

tenltized in bulk for 1 hr. followed by quenching into iced water. 

•Jifferent austenitizing temperatures were used to change grain sizes. 

Details about the heat-treatment and specimen preparation are described 

in Part 1. Thin foils were examined in the Philips EM 301 (100 KV) and 

Hitachi HU 650 electron microscopes (500 KV). 
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III. RESULTS 

A. Morphology and Cell Structure of Martensite 

The martensite packet size was found by optical microscopy to 

increase with austenitizng temperature and prior austenite grain si/.e 

(Table VII) but did not show the same rate of increase as the prior 

austenite grain size when the austenitizing temperature was increased 

from 870 to 1200°C. There was no noticeable variation in the average 

lath width as a function of prior austenite grain size. 

Transmission electron micrographs taken at 100 KV and 500 KV 

revealed that the laths are parallel with reasonably straight boun­

daries and a high dislocation density (Figs. 54 and 55). Although there 

were no significant differences in lath morphology or substructure as 

a function of carbon content, retained austenite could only be detected 

in the carbon containing alloys (cf. Figs. 54 and 55)., in agreement 
(77) with Yeo. Fig- 55 gives evidence of retained austenite in the 

ternary Fe-4Cr-0.3C alloy (Figs. 55 (a) through (c)) and quaternary 

Fe-4Cr-2Mn-f).3C alloy (Figs. 55 (d) through (f)). Indexed diffraction 

patterns clearly reveal the austenite zones (HO) (Fig. 55 (c)) and 

(211) (Fig. 55 (f)). A detailed discussion of the occurrences of 

retained austenite has already been dealt with in part 1. 

B. Crystallography of the Transformation 

1, Relative Orientations of Adjacent Laths 

Fig. 54 is an example of a detailed analysis of parallel 

laths. The SAD patterns and regions from where the patterns 

are obtained in the bright-field image are identified by 1, 2, 3 
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etc. The [110]Q crystal direction remains parallel in all the 
laths in this packet, indicating that these laths are separated 
by fllOj rotation boundaries. Using sterographic analysis, 
Fig. 56 , it is found that the lath 5 is rotated 180°C with re­
spect to lath 1 indicating that the shear components are opposite 
and accommodative. Thus, within the packet, the relative orien­
tations of laths is such as to minimize the overall shape defor­

ce 
mation. It is possible that adjacent laths can be twin related 

in which case a 180 rotation of shear vector is obtained in a 

single step at adjacent laths. Hut twin related laths were found 

to occur infrequently in the carbonless alloys. However, in car­

bon containing alloys twin related or near twin related adjacent 

laths is a common occurrence. In addition, the presence of carbon 

appears to bring about the 180 rotation of the she.ir vector with 

less number of laths than without carbon. Moreover, the rotation 

axis for producing adjacent lath orientations is not uniquely 

'110,' , since [100] is also occasionally observed. 

'* Austenite/Martensite Orientation Relationships 

The ternary Fe-4Cr-0.3C alloys showed mostly the K-S 

(Kurdjutaov-Sachs) relation (Fig. 55(c)) while alloys modified with 

27, Mn and 5% Ni (alloys 5 and b) frequently revealed the N-W 

(Nishiyama-Wasserman) relation (Fig. 55(f)). In Fig. 55(c) there 

are two nartnesite zones, [100]^ a n d [m] ( a n d y e t a s i n g i e 

[110] zone. Out of the four possible orientation relationships 
(72) between fee austenite and bec martensite, viz., Rain, 

Pitsch, K-S and N-W, only K-S and N-W relations are widely 
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(74 l 83 117) recognized ' ' * to occur in the ferrous systt-.Tis unclev 

investigation. The K-S and N'-W relations are related simply 

by a 5.26 rotation around the normal of a close packed plar.i-

in either crystal structure/ * ' Fig. 57. In the light 

of these comments, the results presented in the SAD pattern 

of Fig. 55 (c) need to be re-examined. Considering only one 

raarCensite crvstal variant at a time, the [111] and i1101 

combination results in K-S relation, but if f]00J and [110] 
a y 

are considered, the result is the N-W relation, Fig. 5R. It is 

clear, therefore, that this is an ambiguous pattern for orien­

tation relationship analysis although this is not apparently well 
(35 124 '29) recognized by other workers. ' ' The particular combi-

nation of orientations {<10Q> , <111> and <110> )} vas fre-
a a r 

quently observed in the present investigation as well as several 
(19H 1 ?9) 

past investigations, ' *" ' The inability of the previous 

investigators to identify retained austunite led them to mis­

interpret the two matrix orientaions as the result of adaptation 

of two different variants of K-S relation in ad jacent laths of a 

packet. In the absence of retained austenite reflections, the 

resulting diffraction pattern corresponding to Fig. 55 (c), would' 

be as depicted in Fig. 58 consisting of only nartensite reflections. 

Quite obviously, these two matrix orientations do not exactly fit 

into two variants of the K-S relation and in an effort to find an 

unique, single orientation relationship, some Russian investiga-

torsv *- ' concluded on the basis of elaborate matrix computations 

that the orientation relationship is exactly intermediate between 
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K-S and N-W. This conclusion can not be disproved as long as 

only matrix martensite reflections are recorded, Fig. 58. However, 

the present investigation using direct evidence of retained 

austenite reflections, Fig. 55 (c), has shown that what is in 

fact happening is that both K-S and N-W orientation relationships 

are alternating within the same packet and that the orientation 

relationship between a particular martensite crystal (lath) and 

parent austenite is either K-S or N-W but not intermediate. In 

the present study, evidence for the K-S relation as the dominant 

orientation relat ionship is obtained from seve ral other unambiguous 

diffraction patterns. Similarly, rhe dominant orientation re-

la', ion in the quaternary alloys (alloys 5 and *S in Table VI) is 

the N-W, Fig. 55 ff). In this figure, although, there are attain 

two martensite orientations, v'z., [M*')]a aid [31 "1 } r[ and a single 

nustenilu orientation, [211] , it can bo shuwrt that neither of the 

matrix orientations belongs to a K-S variant. The fll'"1^ and [ 311 ] ,-j 

crystal directions in this figure are rot exactly twin related but 

rotated ~b° about [110] direction.- It was pointed out' ' 

'hat the appearance of twin orientations of mart ensite crystals is 

evidence that the orientation relationship during Y*a transformation 

is very close to precise K-S. Twin orientations of marten-

site crystals corresponding to the different variants of an 

orientation relationship are analytically impossible fur N-W. 

3. Trace Analysis 

Fig, 59 (c) shows the trace analysis directly in austenite 

from which it can be seen that the habit plane in austenite is 
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very close to the (111) within the limits of the accuracy of 

the electron metallographic trace analysis (2°). This habit 

plane in the parent phase agrees with several earlier investi­

gators (Table V). A determination of the habit direction of 

the laths in austenite indicates that it falls closely along 

[110] . Fig. 59 (a) shows the scatter when trace analysis is 

done only in martensite and emphasizes ' he advantages of de­

tecting and utilizing the retained austenite. Fig. 59 (b) shows 

the trace analysis of the long axes of laths; these are always 

in < 11i> within experimental error, 

C, High Resolution Lattice Imaging 

The advantages of employing high resolution lattice imaging to the 

study of phase transformation^ is beginning to gain recogniti 

An attempt is made here to apply this powerful technique to stur various 

interfaces such as, lath, packet boundaries in martensite as al >o the 

most important austenite/martensite interface. The difficulties in­

volved in lattice imaging ferrous martensites are already de t with in 

the literature and very preliminary results are shown n Fig. 60(a) 

and (b) which is a {110)a lattice image in a martensite region of fine 

grained Fe-4Cr-5Vi -0.3C alloy (alloy 5). It is seen tha' the martensite 

packet boundary extends over a region larger than could be measured from 

a conventional bright field micrograph. Fig. 60(a). Tl • dark contrast 

observed at the boundary which can be resolved in th conventional bright 

field image is not a true indication of the actual ocation or extent 

of the boundary as {110) a fringes can be seen beyond this contrast. 



-74-

Also, from the visibility of the fringes, it can be seen that the 

boundary is not straight, but wavy. In Fig. 60(b) several end-on 

dislocations can be seen within the martensite region and the con­

siderable bending of lattice plane around dislocations is evident. 

As a next step in this analysis, lattice imaging of the austenltf>/ 

martensite interface is attempted. The main difficulty in simultaneou.-.ly 

Imaging lattice fringes in austenite and martensite across the interface 

(as is required to study the interface depicted in Fig. 62) is that 

the austenite is non-magnetic and the martensite is magnetic. Thus, 

the objective lens astigmatism correction for optimum resolution is 

different for lattice Imaging austenite and martenss te. However, viLh 

appropriate objective lens defocus and astigmatism corrections, .< 

compromise conditon can be obtained whereby lattice fringes in both 

phases can bo formed. Initial success indicates that the lattice 

fringes on either side of the boundary undergo considerable bending 

and some interfacial dislocations were also detected. 

IV. DISCUSSION 

Because packet size increases at constant lath width (Table VII), 

the aspect ratio of the laths increases with prior austenite grtin size. 

A constant aspect ratio with increasing packet sise would result in a 

higher volume dependent strain energy. 

Regarding relative orientation of adjacent laths, Kelly(l32) 

showed that those variants that are exactly twin related have shears 

which are equal and opposite. The present observations suggest that 

the orientatons of the laths are those which result from minimization 
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of the overall shape deformation and its accommodation over a group 

of laths. Analysis of several adjacent laths in a packet was necessary 

to reach this conclusion, see for example Fig, 54. It is also shown 

that, in general, a gradual change in oiientation to minimize shape 

deformation is preferred to a twin orientation of the adjacent laths. 

Fig. 61 depicts schematically three possible cases of accommodation 

within a raartensite packet and their corresponding displacement profile. 

The situation where a single shear is operative throughout the width 

of packet is shown in case I (Fig. 61 "* when the large accommodation 

necessary is evident from the displacement profile. This is an ener­

getically very unfavorable situation and the shape deformation can be 

minimized considerably by breaking the original packet into sub-units, 

or laths, such that several shear vectors operate within a given packet. 

In addition, instead of being random, if these shear vectors are arranged 

such that over a group of laths, the shear vector completes a 2TT rotation 

case II, then the corresponding accommodation is considerably reduced. 

This is what is happening in Fig. 54. Instead of a multi-step orientation 

process, this minimizaton of shape deformation can also be obtained in a 

two step twinning process wherein, the adjacent laths are twin related, 

case III. Twinning in this case does not imply physical twinning but 

describes a situation where the relative orientaton of adjacent laths 

corresponds to a twin relation. The occurrence of twin related adjacent 

laths is a point of considerable debate and in the present in­

vestigation twin related adjacent laths were observed occasionally in 

ail the specimens but their occurrence increased with the presence of 

inter&titital C. As discussed before, the SAD pattern of Fig. 55 (f) 
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reveals two diffraction zones, viz., <1J0> and t")l}*' rn r res pondl ny 

to a near twin related orientation of adjacent 1 tahs shown in the brighr--

field micrograph, Fig. 55 (d). The presence of carbon also appea s to 

redncp the number of laths required to achieve a 180 rotation of the 

.shear vector, for example, in Fig, 55 Cc), the 180° rotation achieved 

In a group of three ad ja cent laths. It thus appears t Via t the increasing 

( VI ) dilatation component of the strain energy with increasing C requires 

coin pi ete accommodtat 1 on over fewer nunner of laths «i tb a tendency for 

adjacent twin relation. There are a few e/imples in the literature of 

t he c • ">erat I ve accommodation in the formation n f maf tenslle In some 

non-ferrous sys teres . The presence of multiple shear r win- r<_' i n f ric 

<J 12-* shear uirection alternates among the throe variants in the 

close packed plane during the fec+hep mart ens!tic transformation in 

Co and Co-Ni a 11oys is t hought to be repposible for the much reduced 

net shape st ra i n and the consequent strain f-ner^v. 

The habit plane by di rec t trace analysis is shown to be '. 1 J 1) . 

Some of the sran t-r in the habi t plane ana lysis bv i nd i rec r me t hods 

nay be due to the presence of ledges in the austenite-martensite inter­

face as shown in Fig. 62(a). From this figure, the microscopic habi*. 

plane remains fill) but the macroscopic habit plane of any {hk?.l 

can be generated by varying ledge density, ledge morphology, or both 

as shown in Figs. 62 (b) and (c). The martensite laths would thicken 

by propagation of these ledges into the surrounding austenite. 

The identification of retained austenite around the lath 

boundaries supports the view that these laths are indeed individual 

nucleation events. The proponents of the idea that a packet is a 
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fundanental growth unit ' derive their support largely from tht-

observation that surface relief experiments rev en 1 upheavals ovt-r 

distances which are often 5 to 6 lath widths. However, as shown 

by the present study, adjacent laths may be rotated with respect to 

a common axis. Therefore, although all the individual laths undergo 

shear, they contribute to surface relief only over distances which are 

5 to 6 laths in width. From t!=se arguments, it appears that the 

.so-called laths are really small platelets as shown in Fig. 63 with 

b > a > c where 'b' is the long axis, Fig. !>!> (d). In the case of car!- ̂ n 

steels, the laths are separated by thin films of austenite which may 

be stabilized to some extent due to the segregation of carbon from 

tht: adjoining laths as indicated In the diagram. For the first tine, 

it is identified in this study that austenite/martnesite phases ĉ n 

obey both K-S and N'-W orientation relations within the same packet. 

There Is no a priori reason why this cannot happen. On the other hand, 

a hypothesis can hr> advanced to explain this on the basis that the 

two orientation relations give better flexibility in terns of increased 

variants avaliable during martensite nucleation. 
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(d) Frun a study of the ret ;i i ned aust i-nt i«-, U <• ft! I ! r.wi* ,-

cone hi si (ins were made : 

(i) There is a monotnnic inrrt-ase It; the vnlurc : r., :.'••. 

of retained austenfte with Mn as shown by both trn:>.; ; - -;, 

e lect ron metal Inp.ranhy as we 11 as rnref u 1 x-ray d i i ) r,i<• t i in 

ana lys i s. The stabilizini' nechan f sms for austen i t c arc A i ••-

cussed and it is concluded that clH>mi<-;i! stabilisation a--, 

a result of excessive C seg regat i on can not be the- domi r.ani 

stabilizing mechanism in Mn nodi Mod alloys. 

(i i) The 5 w/o Ni addition resul ted in the highest anoi.n t 

of retained austenite particularly following M -M c bold. 1 - s r 
This is attributed to enhanced roles of thermal and chemical 

(C segregation) stabilizations in this treatment. 

Ciii) The morphology nf retained austenite in all th', alloys 

is of the continuous interlath film type, the thickness of 

which increased with its volume f rac t ion. 

3. Non-convent iona i double treatments we re designed in order to take 

advantage of high temperature austenitization and fine grain size and 

the following conclusions on structure are arrived at: 

(a) There is roughly a ten-fold refinement in grain size following 

the double treatments and the substructure of martensite essentially 

remained the same as single treated alloys. 

(b) The volume fraction of retained austenite increased in all the 

alloys compared to their single treatments. 

4. The following conclusions were made from the mechanical property 

measurements: 
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APPLIED 
STRESS 
cr (ksi) 

ULTRAHIGH STRENGTH STEELS 

CRITICAL FLAW SIZE, Qc,(m.) 

K I C = 40ksi- in'^i K,c = 80ks i - in^ 

HIGH STRENGTH 
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Ktc=IOOksi-in^' i 
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cr (ksi) 

ULTRAHIGH STRENGTH STEELS 
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K I C = 40ksi- in'^i K,c = 80ks i - in^ 
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i CRITICAL FLAW 

Ktc=IOOksi-in^' i < IC=200ksi-in'^ 
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i I - r 
K I C = 200 ks. ~ ^ 

120 160 
Service Stress (ksi) 

200 
XBL 761-6271 

Al. Critical flaw size -as. service stress for two ultra-high 
strength and two high strength steels. 



-88-

v a r i e s as the r a t i o of minor a x i s to major a x i s . For a c i r c u l a r 

f l aw, Q % 2 .5 • As sum! rig Q = 1 ( c o n s e r v a t ' v e ) and neg1ect i r g 

p l a s t i c zone c o r r e c t i o n , 

: r 1.21TT 

v \2 

f'Al) 

I t i s c l e a r from t h e above e q u a t i o n , a t a p;iven a p p l i e d s t r ^ K s , a , a 

i s dependent only on the K T r va lue of the s t e e l . The improvement in 

a p p l i e d s t r e s s t h a t can be t o l e r a t e d by a s t e e 1 by an increat-.- of 

i t s K T r i s a p p a r e n t from F i g . AJ . Assur ing the d e t e c t i o n l i m i t to be 

i!. i" for a c r i t i c a l c r a c k , the u t i l i z a t i o n i i r n t or the- y i e l d s t r e n g t h 

fur thn u l t r a - h i g h s t r e n g t h s t e e l can be i n c r e a s e . ' f ro r •; ne re 20£ 

to about 5t>% by doub l ing i t s K - r from 4(» to Hr>- K s i - i n l / 2 . On the o t h e r 

hand, i'jv the nigh s t r e n g t h s t e e ] , as nuci: ;s 8«'.'V ;t i t s y i e l d s t r e n g t h 

. a n be used a t a K,,, of ] OP R s i - i n l / 2 and !00?. y i e l d s t : --r ;^th u t i l i z a t i o n 

fan be achieved in ty [<•_; s t e e l by a smal l i ru r e a s c in K., . 
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Appendlx 2. 

Method for Obtaining Calculated K.„ Values 

From Apparent Toughness (K,,) 

The ASTM validity criteria for determining fracture toughness 

yield stress oy. When the crack length C and the specimen thickness R 

both exceed 2.5 (K„/ay)", K~ is said to be a valid estimate of the plane 

strain fracture toughness, KI(-,. K Q is calculated from the equation, 

K = *r f (C/W) (A2) 
B/W 

where f(C/W) is the specinen compliance function for the testing geometry 

and W the specimen width and the method to arrive at P~ from the load-
(57) displacement curve is dealt in detail in the ASTM standards. In the 

present investigation, equivalent-energy method described by Che11 et al 

was used to calculate K^r from K 0 wherein the invalidity is due to smaller 

specimen thicknesses. Fig. A2 reproduced from Ref. 133 shows the normalized 

load-displacement curve wherein the displacement can be considered to be 

the external cr?•- <-. opening displacement 6 for a compact tension specimen 

(see Fig. 2 of main body). Large specimens fail on the linear part of 

the normalized load-displacenent curve, say at A in Fig. A2, where linear 

elastic fracture mechanics is applicable. Smaller specimens fail well 

into the non-li ear part of the curve, at say, B. Considering a fracture 

test on a specimen that fails at the point B, according to the equivalent-
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XBL782-4553 

Fig. A2. Normalized load-displacement curve 
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energy method the toughness, K,_ is obtained from 

PA / UB K (calculated) = —7=. f (C/W)-i /-p (A3) 
1 0 B/W V U

A 

where P, i s any load which l i es on the l inear part of the load-displacenent 

curve, Fig. A2, P„, the maximum load recorded up to fa i lure and U„ and U. 

are the areas under the load-displacement curve up to the points B anrl A, 

respect ively. 

Sample Calculation: 2 Mn modified quaternary a l loy , single 

t r ea ted , quenched and 200°C tempered 

condition with K = 126 KSI-inl /2, 

Table II 

Specimen Thi-kness B = 0.846"; W = 2.000"; C/W = 0.500; f (C/W) = 9.6 

from Ref. 57. Maximum load, P R = 17.64 x 10 l b s . Load chosen in the 

e l a s t i c region, P, = 9.6 x 10 l b s . 

Area under A, U. = 318 u n i t s . 

Area under B, U„ = 1797 u n i t s . 

Using eqn. (A3) above, the plane s t ra in fracture toughness i s calculated 

to be 183 KSI-in 1/2. 
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TABLE I. 

ALLOY COMPOSITIONS AND TRANSFORMATION TEMPERATURES 

Composition /ut%) 
Alloy 

Designation 0 Cr Mn 

A 0.29 4.0 

B 0.24 A.(i 0.54 

C 0.24 4.1 1.0 

D 0.25 U.u 1 .sn 

E 0.27 1.8 — 5.0 

Fi­ M M £ A s A f 

l ial . 2 711 170 726 8 0 8 

" B a l . 3 0 5 1 9 0 7 28 7 6 2 

B « l . 274 167 700 735 

B,-i 1 . 2 5 3 164 6 5 5 6 8 5 

B a l . 2 1 0 110 641 6 5 6 



TABLE II. 

MECHANICAL PROPERTIES OF SINGLE TREATED, COARSE GRAINED STEELS 

Charpy-
Tempering % % K I C V-Notch 

Tempera ture YR L'TS Reduc t ion Elong ; a t i o n Energy 
Allay (°C> (KSI) (KSI) i n Area T o t a l (L'niform) KSI- in 1/2 f t - l b s 

Fe-4Cr-0 .3C as-quenched 19 5 240 35.4 8.0 ( 3 . 0 ) 71 18 
200 189 230 4 5 . 5 11 .0 ( 4 . 0 ) 7 6 . 5 30 
300 173 208 45.2 10.0 ( 3 . 3 ) 15 
400 169 20 2 4 8 . 3 11 .0 ( 3 . 3 ) 1 5 . 5 
500 155 17 5 52.4 13.5 ( 4 . 4 ) 19.5 
600 110 129 78 .6 17 .0 ( 5 . 2 ) 36 .5 

+ 0 . 5 Mn as-quenched 192 233 3 4 . " 9.0 ( 3 . 5 ) 92 .5 14.0 
200 175 214 47 .0 11 .0 ( 3 . 5 ) 117 (150 )* 35 .0 
300 170 204 50.0 10.8 ( 3 . 3 ) 14.0 
400 163 195 51 .0 11 .3 ( 3 . 6 ) 15 .5 
500 150 172 60 .0 13.5 ( 4 . 2 ) 19.5 
600 104 125 71.0 16 .2 ( 5 . 4 ) 3 6 . 5 

+ 1.0 Mn as-quenched 198 240 28 .5 6.4 ( 3 . 0 ) 85 .5 11.5 
200 185 224 45 .7 10.0 ( 2 . 7 ) 4 8 . 0 

+ 2 .0 Mn as-quenched 207 26 5 33.0 8.5 ( 3 . 5 ) 59 3.4 
200 195 235 36 .0 6 . 5 ( 2 . 5 ) 126 ( 180 )* 4 0 . 0 
300 177 212 19.0 — 18.5 
400 160 195 45 .0 11 .5 ( 4 . 0 ) 14 .5 
500 150 17 5 24 .0 12.5 ( 4 . 0 ) 4 .0 
600 105 125 b 4 . 0 17.0 ( 6 . 0 ) 10.2 

*K(, values ' If i n t-r.-ickets 



TABLE I I I . 

••FTIANICAL PROPERTIKS OF GRAIN REFINED (DOUBLE TREATED) STEELS 

Charpy-
Tempering 7. Z KIC V-Notch 
Temperature YS UTS Reduction Elongation Energy 

Alloy <°C) (KSl) (KSL) in Area Total KSl-ln 1/2 ft-lbs 

Fe-4Cr-0.3C as~quenched 160 230 24 ,V 9.4 66.0 20.0 
200 187 227 32.0 y.o 20.5 

+0.5 Hn as-quenched 185 . 210 48.2 13.1 74.5 23.5 
200 186 222 49. 1 13.7 82.5 32.5 

+ 1.0 Mn as-*quenched 177 22H 47.4 13.7 85.0 29.1 
200 185 221 50.0 13.9 110.0 40.0 

+ 2.0 Mil as-quenched 189 242 38.7 ! 1.0 84.0 30.5 
200 184 230 50.8 15.1 126.0* 4y.5 
300 182 215 58.5 14 .6 29.5 
400 177 204 59.1 15.4 24.5 
500 161 lhO 60.3 21.0 17.0 
600 108 127 72.6 23.3 ~ 28.0 

*K o n l y 



TABLE IV. 

MECHANICAL PROPERTIES OF 5 Ni MODIFIED ALLOYS 

CVN 
Tempering % % KIC Impact 
Temperature YS UTS Reduction Elongation Energy 

Treatment (°C) (KSI) (KSI) in Area Total (Uniform) KSI-in 1/2 ft-lbs 

Single as-quenched 195 275 25.0 9.0 (5.5) 89.5 19.5 
Treatment 
Mg-Mf holding 200 187 234 - 12.0 (5.0) 123.0 43.5 
Coarse grained 

Structure 

Double as-quenched 200 280 44.5 11.1 75.0 27.0 
Treatment 200 193 242 57.5 15.8 102.0 41.9 

Fine grained 300 183 218 58.7 15.3 41.0 
Structure 400 181 215 59.5 16.0 39.0 

500 172 195 64.0 18.1 48.5 
600 114 137 7 5.0 24.0 117.0 
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TABLE V. 

SUMHARY OF CRYSTALt.OGRAPHIC STUDIES IN LATH MARTENSITE 

I n v e s t i g a t o r ( s ) Hab i t P lane Hab i t P lane Ref. 
in M a r t e n s i t e i n A u s t e n i t e 

Mehl e t a l . ( n n Y 118 

C r e n i n g e r 4 T r o i a n o f l l l ) Y 116 

Schoen e t a l . m i ) Y 119 

Marder 4 Krauss ( 5 5 7 ) Y 120 

K e l l y 4 Nu t t i ng <111> * <110> * 
1 

121 

B e l l 4 Owen moi 
a 

122 

Bolton 4 P e t t y U 1 0 ! a 123 

C h i l t o n et a l . i 2 1 3 ) a 124 

Sarma et a l . (213) 117 

*long direction of the needle/lath 
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TAM,F. V! . 

CHEMISTRY OF THE ALLOYS ANH THEIR Ms TEMPF.RATURF.S 

Alloy it Al loy Comp. ( w t 2 ) , Nominal Ms (°C) 

1) Fe-12 Nl 300* 
2) Fe-15 m 250* 

3) Fe-20 Nl 165* 
4) Fe-4Cr-n.3C 320 
5) Fe-4Cr-5Ni-0.3C 210 
6) Fe-4Cr-2Mn-0.3C 253 

Calculated 



-105-

TAELE VII. 

VARIATION OF MARTENSITE SIZE PARAMETERS WjTH AUSTENITIZING TREATMENT 

IN Fe/ACr/0.3C Alloy 

Austenltlzlng Prior austenite Martenslte Martensite 

Temperature (°C) grain size, vm packet size, \m lath width, w 

870 29 26 0.37 

1000 111 31 0.35 

1100 202 42 0.39 

1200 254 47 0.39 
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Fi gu re Cipt J mi<, 

1. Schematic Illustration of heat-1 re;i t wnt s er.pl oyer] in this sti:!v. 

2. Sketches of round tensile (A), fracrure tnunhness (B), and lnpar' 
toughness (C) specimens. 

3 . Equi 11 bri urn pseudn-bi na ry phase d i a gram nf r'e-5Cr-C system. 

4. Optical micrographs of as-quenched steels: (a) and (b) are for 
2 Mn modified alloy and (c) and (d) are for 'j Ni modified alloy, 
(a) and (c) are from single high temperature treated specimens 
whereas (b) and (d) are from grain-refined specimens. 

">. Prior austenite grain size as a function of alloying and heat-
treatment . 

6. Bright field (a), dark-field (b) revealing auf.o-tenpered e-carbide 
in the single treated as-quenched 1 Mn modified alloy. The SAD 
pattern (c) containing streaked reflect!*ns from e-carbide is 
indexed in (d). 

7. Rright-field micrographs (a) and fb) show the dislocated lath 
martens!ft? structure devoid of r.ny auto-tempered carbides in 
the as-quenched coarse grained structure of 2 Hn modified 
alloy. 

R. Bright-field micrographs (a) and (b) reveal the dislocated lath 
martensite while (c) and (d) show the presence of some substruc­
ture 1 twinning in the 5 Ni modified alloy single treated and 
interrupted quenched to room temperature. Twinning reflections 
from (d) are shown in the SAD of (e) and suitably indexed 
in (f). 

9. Tempered ^-carbide observed in single treated 5 Ni modified 
alloy is shown in the BF micrographs (a) and (b). 

10. Bright-field (a), dark-field (b), selected area diffraction 
pattern (c) and the corresponding indexed pattern (d) re­
vealing Widmanstatten cementite in the 200 C tempered specimens 
of 2 Mn modified alloy* 

11. Bright-field (a), dark-field (b), selected area diffraction (c) 
and the corresponding indexed pattern (d) revealing cementite 
precipitation in 0.5 Mn modified alloy tempeied at 300°C. 

12. Morphology of cementite precipitation in 300°C tempered structures 
of 2 Mn modified alloy: bright-field (a) and dark-field (b) 
micrographs reveal typical widmanstatten platelets while 
bright-field (c) and dark-field (d) micrographs reveal on-going 
process of spheroidization of this carbide. 

http://er.pl
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Fig. 13. Bright-field (a), dark-field (b), selected area diffraction 
pattern (c) and the correspond!ng indexed pattern (d) showing 
carbide precipitation in 3CJ C tempered, fine grained 5 M 
modified alloy. Retained austenite is identified by arrows 
in the DF micrograph (b). 

Fig. 14. Bright-field (a), dark-field (b) revealing spheroidized renen;It 
in 0.3 Mn modified alloy tempered at biili°C. (c) diid (d) an-
the bright-field and dark-field micrographs showing interlath 
cementite in the same alloy. 

Fig. 15. Bright-field (a), dark-field (h) showing presence of widmanstatten 
cementite and M̂ C-, precipitation in 2 Mn modified alloy tempered 
at 500°C. (d) is the analysis of the selected area diffraction 
pattern (c), which contains streaking presumably from MyC, carbide. 

Fig. 16. (a) BF, (b) DF, (c) SAD and (d) analysis revealing continued 
presence of fine widmanstatten cementite platelets in the 
2 Mn alloy tempered at 500°C. 

Fig. 17. (a) BF showing twinning, (b) DF showing twin boundary carbide 
precipitation and (c) DF revealing twins in bright contrast in 
5 Si alloy tempered at 500°C. 

Fig. 18. (a) BF, (b) DF revealing both M^C, and cementite in 5 Nl modified 
alloy tempered at 500 C. The SAD pattern shown in (c) is analysed 
in (d). 

Fig. 19. Retained austenite in the as-quenched 1 Mn single treated alloy, 
(a) BF and (b) DF micrographs revealing austenite in bright con­
trast. Fj^tensive retained austenite in this alloy is also shown 
in the BF (c) and DF (d) micrographs from a different area. 

Fig. 20. Extensive retained eu:tenite in the 5 »i alio* C_oar»e grained) 
is revealed in the BF (a) and DF (b) micrographs, (c) is the 
DF micrograph of retained austenite from a different area of 
the specimen. 

Fig. 21. DF comparison of the amount of retained austenite in the 
quaternary alloys, (a) base alloy, (b) 0.5 Mn alloy, (c) 
1 Mn alloy, (d) 2 Mn alloy, (e) 5 Ki alloy, all coarse grained 
structures. The strong austenite reflections observed in 
the quaternary alloys can be seen from the indexed SAD pattern 
shown in (f). 

Fig. 22. DF composite revealing continuous interlath films of retained 
austenite in the 1 Mn alloy (coarse grained) tempered at 200°C. 

Fig. 23. Decomposition of retained austenite into interlath stringers of 
cementite in 300°C tempered 0.5 Mn alloy, (a) BF, (b) DF, 
(c) SAD and (d) analysis of this carbide. 
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Fig. 24. Decomposition of retained austenitc Into interlath stringer1- : 
cementite In 300°C tempered 2 Mn alloy, (a) BF, (h) 111', (r) ̂ Af) 
and (d) analysis of this carbide. 

Fig. 2"). (a) RF, (b) DF of y, (c) SAD showing austenite reflections analy..-: 
in (d) In 300°C tempered "> Nl alloy (fine grained). 

Fig. 26. (a) BF and (h) IJF revealing intorlath rensntite In coarse grained 
2 Mn alloy tempered at VJU c. 

Fig. 27. Variation in the volune fraction of retained austeiiite with Mn in 
single treated alloys. 

Fig. 28. Volume fraction of retained y .-s. alloying In gr.-»fn-re fined steel H . 
Also shows retained y in "i Ni alloy interrupted quenched (M ~M f) 
following single higV. temperature au.strni .'. iza tion. 

Fig. 29. % Retained y vs. tempering temperature in 2 Mn and 5 Ni modified 
alloys.. 

Fig. 30. R c hardness vs. tempering temperature. 

Fig. 31. Strength vs. tempering temperature of smrle tr.'.-ited alloys. 

Fig. 32. Strength vs. tampering temperature for grain-refined alloys. 

Fig. 33. Strength vs. /' Mn of the single ..reared, a.s-'ii'--ijched alloys. 

Fig. 34. X reduction in area vs. tempering t-v^^erature of the (a) ^ i np 1 e 
treated Mn modified alloys and (b) nPiiii refined Mn and Si 
modified quaternary alloys. 

Fig. 3!i. Plane strain fracture toughness vs. yieV. strength. 

Fig. 36. K, v s. w/o quaternary alloying for the grain refined structures. 

Fig* 37, Impact energy vs. yield strength of single treated Mn modified 
al loys and grain refined Nl modified alley. 

Fig. 38. Impact energy vs. quaternary alloying for the grain-refined 
structures. 

Fig. 39. Impact energy vs. tempering temperature for the single treated, 
coarse grained alloys. 

Fig. 40. Comparison of impact energy as a function of tempering temperature 
for the coarse and fine grained structures of the 2 Mn alloy. 

Ftg. 41. Impact energy vs. tempering temperature for the grain refined 
2 Mn and 5 Ni alloys. 
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Flg. 42. Ductile-brittle transition temperature curves foi the base 
and quaternary steels. 

Fig. 43. As-quenched CVN fractographs of coarse grained (a) 0.5 Mn (b) 
2 Mn alloys. 

Fig. 44. Fractographs of Fe-4Cr-0.3C + Mn alloys, (a) and (b) are from 
0.5 Mn alloy at 200 and 300 c tempering respectively and (c) and 
(d) are from 2 Mn alloy at 200 and 300 C tempering respectively. 

Fig. 45. CVN fractographs of coarse grained, 500°C tempered (a) 0.5 Mn 
and (b) 2 Mn alloys. 

Fig. 46. CVN fractographs of grain refined 5 Ni modified alloy: (a) 
as-quenched, (b) 200 C tempered, (c) 400°C tempered and (d) 
600 C tempered. 

Fig. 47. Inclusion Identification in coarse grained 2 Mn alloy: (a) 
Fractograph and (b) corresponding EDAX analysis of rounded 
inclusion (arrowed in (a)) in 200°C tempered structure and 
(c) fractograph and (d) EDAX analysis of rounded (arrowed in 
(c)) inclusion in 500°C tempered structure. 

Fig. 48. Evolution of microsctructure and embrittlement during tempering 
of modified ultra-high strenght Fe-4Cr-0.3C steels. 

Fig. 49. Fractography of the evolution of embrittlement during tempering 
of modified Fe-4Cr-0.3C steels. 

Fig. 50. Schematic illustration of the morphology of retained austenite 
and martensite in high carbon, high alloy steels (a) and low 
carbon, low alloy steels (c). Morphology of fracture due to 
decomposition of retained austenite to carbide on tempering 
[(b) and (d)J depends on the initial microstructure (see text). 

Fig. 51. Schematic of crack, displacements, and plastic zone in a 
two-phase material. 

Fig. 52. Schematic showing desired duplex microstructure consisting of 
major phase martensite contributing to strength and minor phase 
retained austenite providing improved toughness. 

Fig. 53. Comparison of toughness to strength relations in experimental 
quaternary alloys and equivalent commercial alloys, (a) Charpy 
impact energy vs. tensile strength and (b) plane strain fracture 
toughness vs. tensile strength. 

Fig. 54. (a) Parallel laths in a packet martensite of binary Fe-12 Ni alloy. 
The [110] remains the same in all the laths of the region. BF 
micrograph, (b) Corresponding indexed SAD patterns with the 
electron zone axes shown in the top left circles. 
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55. (a), (b) and (c) : BF, DF and SAD pattern, respectively, revealing 
retained austenite in alloy 4 (Table VI). DF (b) is obtained 
using (002) reflection in (c). (d), (e), (f): BF, DF and SA'i 
pattern showing retained austentte in alloy 6 (Table VI). DF 
(e) is obtained using (022) reflection of the [211] zone. 
N-W orientation relationship is shown in (f). 

56. Stereographic analysis of relative rotations amongst the laths 
in a packet corresponding to Fig. 54. The axis of rotation, 
[110], is also the standard projection of the stereogram, 

57. Plotted composite austenite-martensite diffraction patterns 
revealing the relatively simple correspondence between the 
K-S and N~W orientation relationships between fee austenite 
and bec martensite. 

58. Detailed analysis of ihe diffraction pattern corresponding 
to Fig. 55 (c). 

59. Trace analysis of habit plane/direction for the martensite 
transformation, (a) analysis of plane in martensite showing 
(011) and (133) habits, (b) analysis of direction in 
martensite showing near [ill] habit, (c) direct analysis 
of plane in parent austenite revealing near (111) habit. 

60. Lattice image micrographs (a) and (b) are obtained from 
Fe-4Cr-0.3C-5Ni alley (grain refined): (a) shows (101) 
lattice fringes near a martensite packet boundary. The 
location of packet boundary as judged from contrast variation 
in conventional bright-field is indicated by arrows, (b) shows 
(101)a lattice fringes within the martensite region. Several 
end-on dislocations can be seen and one of them is marked 
on the micrograph. 

61. Schematic representation of accommodation within a martensite 
packet: Case I represents no accommodation, Case II represents 
accommodation over a group of laths and Case III shows accommo­
dation in adjacent twin related laths. 

62. (a) Suggested ledge model of the austenite/martensite inter­
face, (b) and (c) show different ledge configurations leading 
to either different macroscopic and microscopic habit planes 
(b) or a single habit plane (c). 

63. Proposed morphology of lath martensite, b > a » c. Arrows 
indicate carbon segregation into austenite (A) from adjoining 
martensite (M). 
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XBB 768-7131 

Fig. 7 
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Fig. 8 (a-d) 



- 1 1 9 -

O T».n 
A Ooubie Dilffacl'on 

XBB 782-1179 

F ig . 8 ( e - f ) 



- 1 2 0 -

; ? • ' 

XBli 782-1182 

F i g . 9 



- 1 2 1 -

mm, 
• > 

».' 5~ ! 

23M 

<f3l2 ' ' 

0 1 1 >1H 

?z5 3tZ* 

'•A*2 - \ * ' ' 
a»s* m v ' 

- • — [ z i l ] MotUr 

- * - - IS3S] Cim.f 

XBB 782-1175 

F i g . 10 



- 1 2 2 -

XBB 782-1177 

F i g . 11 



-123-

c~*«£ 
XBB 782-1186 

Fig. 12 



-124-

XBB 782-1173 

Fig. 13 



- 1 2 5 -

XBB 782-1056 

F i g . 14 



-126-

-O [110] Mancnirrt 
- • - - lf.il] Umnl.li 

XBB 782-1171 

F i g . 15 

http://lf.il
http://Umnl.li


- 1 2 7 -

fry.', //^M,7^$fc 

XBB 782-1176 

F i g . 16 



XEB 782-1187 

F i g . 17 



-V.9-

[00<1. t 'ttl MoTi»miU 

XI5B 782-1172 

F i g . 18 



-130-

XBB 782-1055 

Fig. 19 
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Fig. 21 (a-d) 
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Fig. 24 
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