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STRUCTURE AND MECHANICAL PROPERTIES OF Fe-Ni-Co-C STEELS 

Santosh Kumar Das 

Inorganic Materials Researcr_ Divis ion, Lawrence Radiation Laboratory, 
Department of Materials Science a~:d Engineering .of the 

College of Engineering, 
University of CalifoTnia)) Berkeley, California 

ABS'rnACT 

The structure and mechanical properties of tempered martensite and 

bainite were investigated in a series of steels with varying C, Ni and Co 

contents. At similar Ms temperatures, the martensite in the 0.24% carbon 

steels exhibited very small amounts of twinning compared to the 0.4% 

carbon steels. At equivalent y~eld and ultimate tensile strength levels 

the mainly untwinned martensite showed considerably higher toughness than 

the heavily twinned ones. The addition of cobalt promoted autotempering 

of martensite by raising the M temperature. But its addition in excess 
s 

of 4% had a deleterious effect on toughness. 

The structure of lower bainite ~howedlaths or plates of ferrite with 

internal carbides but no internal twins. The strength and toughness of 

isothermally transformed lower bainite was found to decrease with in-

creasing transformation temperature. This was associated with increased 

coarsening and grain boundary precipitation of the carbides at higher 

transformation temperatures. At similar strength levels the tOughness 

of lower bainite was found to be superior to the heavily twinned marten-

site, but inferior to that of the mainly untwinned martensite. Thus, the 

role of rilicrotwins in lowering the toughness has been demonstrated in 

two ways. Firstly by comparison between the heavily twinned and mainly 

untwinned martensite and secondll by comparing the martensite with bainite. 
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I. INTRODUCTION 

In recent years considerable interest has grown in the properties 

of bainitic structures in steels. High strength bainitic steels ob

tained both by isothermal transformationl and continuous cooling,2,3 

have been successfully developed. Nevertheless, considerable doubt exists 

as to whether at equivalent strength levels the bainitic structure is 

tougher than the tempered martensitic or not. 4 Davenport et a1. have 

shown that in a plain carbon steel (0.74% c) the toughness of bainite 

obtained by isothermal transformation at 580~F is higher than that of 

tempered martensite.. They attributed this brittleness in quenched and 

tempered steels to the presence of micro-cracks. Similar advantages of 

bainitic structures have been reported by Waterhouse. 5 The work on 

9Ni-4Co-0.45C high strength steel has also established the superior 

toughness of bainite over tempered martensite at equivalent strength 

1 
levels. KLinger et al.

6 
and also Hehemann et al. 7 in their investiga-

tions of AISI 4340 and other steels found the isothermally transformed 

bainitic structure to possess better toughness than tempered martensitic 

structures. On the other hand, opposite results have been reported by 

8-10 others. These latter workers found the toughness of bainitic struc-

tUres to be poorer than the conventional quenched and tempered ones. It 

8 
is interesting to note that they had either low carbon(~0.2% C) steels 

or their isothermal transformation temperatures were too high (above 

700°F).9,10 . Very little data are available for comparing tempered 

martensite with continuously cooled bainite, which are of great commercial 

value. To obtain a fully bainitic structure by continuous cooling, a high 

bai.nitic hardenability is essential to avoid other transformation pro-

ducts. Even then are are chances of some austenite transforming to 
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martensite, which severely impair tr~e toug:~mess. However, the present 

work is limited to only isothermally transformed bainites. 

From the previous work, as described. above, it seems that probably 

in certain cases tempered martensite may possess better toughness than 

bainite of similar strength levels, and in certain cases it may not. In 

the pres'ent work an attempt has been made to investigate whether such 

variations exist or not and if s6 why? Transmission electron microscopy 

has been used to determine the structural differences that may lead to 

such variations in notch toughness in steels. 

Th h b t . ll, 12 th t th f . t 1 ere ave een sugges lons ae presence 0 In erna, 

twins in martensite may reduce its ductility. So one of the aims of the 

present work was to see whether micro-twins have any infiuence on notch-

toughness or not. It has ,also been argued that the extent of internal 

twinning in martensite may partially depend on martensite start (M ) 
s 

temperature of steels, and the lower the Ms temperature" the greater is 

the tendency for martensite to twin rather than to slip. Since carbon 

and nickel are known to lower M temperatures and cobalt to raise it, , s ' 

alloys at two different carbon levels, 0.24% and 0.4%, were chosen with 

varying nickel and cobalt content::;. Thus by adjusting nickel and cobalt 

contents it was possible to have the sameM temperature in steels of 
s 

different carbon levels. This was necessary to assess the role of 

individual alloying elements on the occurrence of internal twinning in 

martensite apart from their influence on Ms temperature. The compo

sition of the alloys designed on the above basis are given in Table I 

along with their M temperatures. The steels will be referred to by 
s 

their heat numbers as given in Table I. 
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II. EXPERIMENTAL PR CCEDURE 

A. Heat Treatment and Mechanical Tests ... 

The specimens were austenitized at 1600°F for one hour in an 

argon atmosphere and then either water (for 0.24% C steels) or oil 

quenched (for 0.4% C steels). Then they were immediafel,y refrigerated 

in liquid nitrogen for 10 hours to ensure complete transformation to 

"-
martensite. The tempering was done in a neutral salt bath. All the 

specimens were double tempered for 4 hours at different temperatures, 

i.e. tempered for 2 hours, water quenched, then refrigerated, and 

finally tempered for another 2 hours. This completely eliminates the 

retained austenite. To obtain the bainitic structures the specimens 

were directly quenched into the salt bath at required temperature and 

then isothermally transformed. The heat given out by the specimen was. 

very small compared to the volume of the salt bath and so there was no 

appreciable rise in the temperature of the bath. After heat treatment 

all the specimens were carefull,y ground from both sides using excessive 

coolant, to remove the decarburized layer, if any_ The carbon analysis 

before and after the heat treatment showed no significant decarburization. 

The tensile specimens whose dimensions are shown in Fig. 1 (a) were 

0.060 in. thick •. Fatigue precracked" Single Edge Notch (SEN) specimens 

Fig.l (b) were used for measuring notch "toughness. All the specimens 

were precracked in t.ens:Lon-tension fatigue. These were tested at -196°c 

to obtain plane-strain conditions in these 0.060 in. thick specimens. 

Even then plane-strain conditions were not obtained in some cases. These 

non-standard SEN specimens are economicaJ ~."especiallywhen large number of 

tests have to be made in order to obtain some indication of notch toughness. 



-4-

All the tens ileand notch toughness tests were done on an Instron 

machine at a crOSB head speed of 0.1 cms/min. The room temperature 

notch toughness values were obtained on half-inch thick specimens 

shown in Fig 1 (c). These specimens were fatigue pre-cracked and 

te st edc}l"J. MrS. 

B. Electron Microscopy and Fractography 

The heat treated 0.060 in. thick specimens were first mechanically 

ground and then chemica:).ly thinl'led in a solution of 1:1 phosphoric acid 

and hydrogen peroxide (3~) to about 5 mils. These were electropolished 

first in perchloric-acetic acid (1: 10) solution which gave a rapid 

thinning. The final electropolishing was .done in chromic-acetic acid 

solution (75 gms Cr0
3 

+ 400 ml acetic acid + 20 ml H20) at 25 volts 

and at a temperature of 20°C. Thin foils were examined in a Siemens 

Elmiskop I microscope, operated at 100 KV. 

The fracture surface of notch specimens were replicatedwithcellu"; 

lose-acetate tape. It was shadowed with platinum-palladium (80:20) at 

a 45° angle and then carbon was evaporated onto it. The tape was 

subsequently dissolved in acetone and the carbon replica was examined 

in the electron microscope operated at 60KV. 
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III. RESULTS 

A. Mechanical Proverties of Te~ered Martensite and Bainite 
.' a . 

The mechanical properties of tempered. martensitic structures are 

tabulated in Table II and those of ba init ic structures in Table III. 

It is important to compare the toughness of various structures at the 

same yield and ultimate tensile strength levels. So each steel was 

tempered at various tempering temperatures for the same time. This gave 

a range of strength levels, so that the tougbness could be compared at 

any desired strength level. 

The variation of strength and toughness with temperingtemp"eratures 
.!,.' 

are plotted in Fig. 2 through Fig. 7. The high carbon steels 522, 523, 

524, (Figs. 2, 3 and 4) show similar tempering characteristics. As 

expected the yield ahd ultimate tensile strengths drop and elongation 

increases with increasing tempering temperature. But the notch tough-
. :f~, .. 

ness shows an embrittlement when tempered around800°F. Pascover and 

1 - -0 
Matas observed an embrittlement around 900 F in a steel with composition 

similar to that of 522 but with higher silicon content. The lower silicon 

alloy did not show any appreciable embrittlement in the room temperature 

tests. But the present results show that under severe testing conditions 

at liquid nitrogen temperatures small amount of embrittlement can be seen 

even in the lower silicon alloys. At the same tempering temperatures the 

strengths of steels 522 and 523 are nearly the same but those of 524 are al-

ways higher. The steel 523 has higher nickel and 524 has higher cobalt 

than 522. It seems that nickel does not increase the tempering resistance 

of martensite much, but cobalt has got a great influence in increas:ing the 

tempering resistance. 
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Figures 5, 6~ and 7 show the tempering behavior of steel.s 141J 142, 

and 145 respectively. Here again the ultimate tensile strength decreases 
I 

witt increasing tempering temperature but the yield strength remains more 

or less constant in the temperature range shmm. The elongation increases 

. continuously but the notch toughness first decreases up to 800°F and then 

increases on increasing the tempering temperature. This behavior is 

, 15 
different from those obtained by Pas~over and }~tas in CV1I room tempera-

tureimpact t'ests of a steel similar to 141. Their results show a small 

increase in the toughness up to 800°F after which it rises sharply. So in 

this case. also there is an appreciable embrittlement a.round 800°F when 

the notch toughness tests are carried out at _196°c. 

The notchtoughness vaJ,ues obtained at various yield and ultimate. 

tensile strength levels are shown in Figs. 8 and 9 respectively. The 

notch toughness values in the embrittled condition are poor and have not 

been included in these. There is a bit of scatter in the toughness values 

obtained for 0.24% carbon s:teelso However, they are wi thin the band sho-wn. 

Because of the low A temperatures the maximum tempering temperature vlaS 
S 

restricted to belovl 11000F except for steel 524' and S0 the yield strengths 

of 004% car~on steels could not be br0ught to exactly the same level as 'the 

0.24% ca.rbon steels. However, it is seen that at similar yield and ulti-

mate tensile strength levels the toughness of the steels 141, 142 and 145 

are higher than·those 0f 522, 523 and 524. It is to be seen that the 

toughness of steel 524 is lower than that of 522. They have nearly the 

same c0mposition except that steel 524 has 4% cobalt. So also, the steel 

145 has lower toughness values than 142, the former having 7% cobalt and 

the latter 4% cobalt, other alloying elements remaining same. But increas-

ing c0balt from zer0 to 4% betvleen steels 143 and 140 does n0t cause an 



'" 
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appreciable decrease in toughness. This shows that other ,factors re-

maining same, the increase in cobalt content beyond 4% or so reduces 

toughness at the same strength level. This embrittling effect of cobalt 

being more pronounced at higher carbon level. 

Steels 140 and lJ+3 with low nickel (510 ) contents showed much lower 

notch toughness compared to the steels 141, 142 and 145 (Table II). This 

is because the transition temperature of these, low nickel steels are 

much above the test temperature, (-196?c).. On the other hand the transi-

tion temperatures of the high nickel steels are very near the test 

temperature. 

The mechanical properties of the bainitic steels are given in Table 

III. It can be seen that for steels 522 find 524, increasing the isothermal 

transformation temperature results in lower yield and ultimate tensile 

strengths and also a lowering of the notch tOl1ghness. The best properties 

of bainite are obtained at the lowest possible transformation temperature 

above M. The yield strengths obtained in the as-transformed bainite 
s 

of steels 141, 143 and 145 are poor compared to the tempered martensites 

of the same steel. On tempering,the yield strength was found to rise 

but the ultimate tensile strength decreased slightly. The transmission 

electron microscopic observations (to be discussed later) showed the 

presence of martensite in these as-transformed bainite samples. This 

means that the austenite did not transform completely to bainite even 

after isothermal holding for 24 hours, and on cooling to room temperature 

this austenite transformed to martensite. The presence of this virgin 

martensite gave poor yield strength. On tempering this virgin marten-

site the yield strength increased. It can be seen that the increase 

in yield strength was greater for greater amount of martensite present. 

The steel 143 with 5% nickel had the least amount of martensite and so 



the hlcrement Wi-S minimum. The steel 145 with 12 Ni - 7 Co had maximum 

amount of martehsiteaftertransforming for 24 hours. This is expected 

recaus e increas ing nickel, increases the incubation period, where as 

increasing cobalt reduces the incubation period. The not chtoughness 

values also increased on tempering, d.epending on the amount of rnarten-

site present. For the steels 141 and 143 the notch toughness values of 

tempered' bainite are almost same as the transformed bainite within the 

limits of experimental scatter. Tempering of the bainite in steels 522 

and 524 showed no increase in yield strength and toughness, but rather a 
I . 

small drop in strength level, meaning thereby that the transformation. 

to bainite was complete in these two steels. The structural observations 

also verified thi's, as will be discussed later. 

To compare the notch toughness of bainite and tempered martensite 

at equal' strength levels, the interpolated values for notch tD ughness 

of tempered martensite at the same strength level as that of bainite 

were taken from the curves in Figs 2-7. They have been given in Table 

N. It can be seen that the notch toughness of the tempered bainite 

of steels 141 and 145 are much inferior compared to the tempered marten-

site. Although 100 percent bainite could not be obtained in these two 

steels, still it can be seen that as the amount of bainite increased from 

the steel 145 to 141 the toughness decreased markedly. This clearly 

shows that at equivalent strength levels the toughness of bainite in 

these 0.24% carbon steels is inferior to that of tempered martensite. 

In the steels 522 and 524, thebainitic structures show better notch 

toughness than tempered martensitic at similar strength levels. This 

toughness difference is greater at lower isothermal transformation tem-

perature of 500
Q

F for steel ! 5~2 than the steel 524, transformed at 550°F. 

\..;;;1 

,,,. 
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The superior toughness of the bainitic structure compared to the martensitic 

is well established
l 

for the (!ommerical 9 Ni - 4 Co - 0.45 C steel, which 

1 60 is steel 522 in this work. Also it has been observed that at -19 C the 

toughness of bainite is not so much greater than that of martenl3i te, but 

at room temperature the bainite has much higher toughness. In the pre-

sent cas e also the toughness of bainite. at liquid nitrogen temperature 

is not so much greaterothan the tempered martensite in steels 522 and 

524. But the robm temperature K
IC 

values obtained on half-inch thick 

specimens showed a large difference. 

Summarizing the above results we can say that at similar yield and 

ultimate tensile strength levels, among the tempered martensitic struc'';', 

tures the steels 141, 142 and 145 show. better toughness compared to the 

steels 522, 523, and 524. As will be seen later the structural obser

vations showed the steels 141, 142 and 145 with 0.24% carbon to contain 

much less twinning compared to the steels 522, 523, and 524 with 0.4% 

carbOh. The not'Ch toughness of the bainite in the steels 141 and 145 

are poor compared to the tempered martensite. On the other hand the 

toughness values of bainite in steels 522 and 524 are better than that 

of the tempered martensite. Increasing cobalt content of the alloys 

from 4 to 7 percent reduces their toughness, the effect being greater at 

higher carbon content. 

B. Structure of Martensites: 

The structure of martensite of steel 140 is shown in Fig. 10.' The 

structure as seen in Fig. 10(a) has been called needle-like martensite 

by Kelly and Nutting12,16 

massive martensite by Owen 

lath martensite by Speich and Warlimont, 17 and 

18 
et al., Here they will be referred to as 
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dislocated martensite laths. The selected area diffraction patterns 

(not shown here) from the areas near A and B show them to be in [lllJ and 

[lOOJ orientation respectively. So these parallel laths are separated 

merely by low angle boundaries. A trace analysis of the long direction of 

the laths indicated them to be in (111) direction as has been observed 

b f 
12 e ore. . In some other regions [Fig. 10(b) J multidirectional plates were 

also observed. Thus the martensite in this steel is a mixed structure of 

laths and plates. There are also some precipitates of carbide in this 

freshly quenched martensite, as can be seen in Figs .. lOeb) and (0). These 

platelets of carbide did not give a sufficiently satisfactory diffraction 

pattern to be identified, but the trace analysis of the habit plane of the 

precipitates showed them to be CIIO}. This indirectly proves that the 

precipitates that are formed in this steel as a result of autotempering 

are cementite which show C1IO} habit, in agreement with the results of 

19 Thi i . . 20 Page et ale s s d~fferent from the results of Banerjee, who 

found the autotempered precipitates in AIS!. 4340 steel to be €-carbide •. 

Probably the autotempered precipitates are e-carbide in high carbon steels 

but are Fe
3

C in low carbon steels. There was very little twinning found 

in this steel. 

The morphology of martensite in steel 142 is similar to that of 140 

and is shown in Fig. 11. Figure ll(a) shows martensite laths with no 

twinning at all. Isolated examples of internal twins were seen in some 

plates as in Fig. ll(b). This steel also has a mixture of lath and aci-

cular martensite with small amount of twinning. The martensite of steel 

143 shows a small amount of twinning (Fig. 12). The twins are rather un

evenly distributed a.s can be seen in Fig. l2( a) and (b). Sometimes twins 

were restricted to a very small region near the edge of the plate instead 

.' 
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of mid rib aS'in Fig. 12(c). This kind of morphology has also been ob

served by Warl~mont.21 Figures 13(a) and (d) show hrinning in martensite 

of steel 1~-5. The dark fiE'!ld of (Oll) tvlin re flection [Fig. 13 (c)] lighted 

up the hJins in lath A and also the adjacent lath B. vlhen dark field v,as 

taken of the (011) matrix reflection it reversed contrast for lath A only 

(not shown here). This shows that the laths A and B are twin related. 

It is to be noted that these two laths are 0.5 to 1.01-L wide) where as the 

laths that are merely separated by 1m·, angle boundaries are about 0.251-L 

wide [Figs. 10(a), n(a),,13(d)) etc.]. Figure 13(d) shows a packet 

of parallel laths of the same orientation formed within an original austenite 

grain. It was frequently found that a group of such parallel laths vlere 

separated by a high angle boundary from another group. An example of 

this is shown in Fig. 14(a). The selected area diffy-action pattern 

[Fig. l4(b) J of a group of laths shows two bce orientations as indexed_ 

in Fig. 14(b). The dark fields of spots A and B reverse contrast for the 

laths in [lllJ and [100] orientations respectively. 

An examination of a number of micrographs revealed the amount of 

lath martensite in steel 143 to be less than in steel 11~0. This 143 has 

the same composition as steel 140 but has no cobalt in it. Also bet,veen 

steels 11l-2 and 145 the latter showed comparatively more lath martensite 

than the -former. They also have identical compositions except that steel 

145 has higher cobalt than steel 142. - These comparisons ShO-V1 that the 

addition of more_cobalt increases the proportion of untwinned lath 

martensite. 

In all the 0.24% carbon steels the structure was predominantly lath 

martensite -vJith a small amount of internally tvlinned plates. In most 

cases t-wil'..ning I·las restricted to the mid rib. On the other hand many 

examples of completely internally tHinned martensite plates -Vlere found 



-12-

in the 0.4% carbon steels 522,523 and 524 (Figs. 15-18). Figures 15(a) 

ShOvlS an extensively tvlinned.martensite plate of steel 522. Some small 

martensite plates were also found to be completely twinned [Fig. 15(b)J. 

Very of teD the fine internal twins gave rise to streaks in thE;: (112) 

directions in the diffraction patterns as can be seen in Fig. 16. In 

addition to the twin spots there are other extra' spots. due to double 

diffraction [Fig. 16(c)J. The twins are not as cleariy resolved in the 

bright field, as in the dark field of the (ilO) twin spot,. [Fig. i6(li)].· 

This reflection also reverses the contrast for the adjacent plate showing 

that they are twin related. A very high density of bvins can be seen in 

.the mid rib in Fig. 17. The dark field of the streaks [shown by the 

position of the objective aperture offer the streak in the inset of 

Fig. 17(b)J reverses the contrast for twins. The martensite of steel 524 

also shoYled varying amounts of twinning in different regions as seen 

in Fig. 18. 

A-quantitative comparison of the volume fraction of twins among the 

various alloys is rather difficult. Because in most cases it is necessary 

to tilt 'the foil to bring the twins in good contrast and also it is essen-

tial to take a dark field of the twin reflection to verify whether they 

are really twins or not. However by examining a number of foils a relative 

comparison was made. It was found that the volume fraction of the hrins 

in all the three 0.4% carbon steels was much higher than the 0.24% carbon. 
I 

series, irrespective of their M temperatures. The steels 142 and 524 
s. 

have nearly the same N temperatures but the extent of internal twinning 
s 

is much less in 142 compared to 524. This means that although by adjust-

ing substitutional elements like nickel and cobalt, the M temperatures 
s 

of the steels having different carbon contents can be made the same, the 

extent of internal twinning can still be widely different. 
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c. Structure of Tempered Martensite 

The microstructures of ma:rtensite tempered at various temperatures 

were examined. The martensite 0:: the 0.4% carbon steels tempered at 

400°F showed mainly E-carbide with small amount of Fe
3

C which, has also 

begun to precipitate.. Figure 19 shows twinned and untvrinned regions of 

400°F tempered martensite of steel 522.. The twins can be very clearly 

seen in the dark field micrograph in Fig. 19(b). The fine precipitates 

ofE-carbide can be seen in between the twins, wherever the twin spacings 

are large and they dci not fOrm on the twin boundaries. In many cases 

these precipitates do not give a satisfactory diffraction pattern to be 

identified but the trace analysis of the habit plane shows a (lOO}ex habit. 

It isknown22 ,23 that the E-carbide has {100} habit and also grows in . ex 

(100)0: direction. Whenever suitable diffraction patterns were obtained, 

it was possible to take the dark field of the carbide spot [Fig. 19(d)J, 

which positively identified them tci be E-carbide. In some regions cemen-

tHe of {110} habit has also begun to form as can be seen clearly at A in 

the dark field micrograph in Fig. 19(f), in the martensite plate that 

is in [lOOJ orientation. The dark field was taken from a spot which had 

reflections from adjacent laths, frOm Fe
3

C and from E-carbide superimposed 

'on it and so it reversed contrast for all of them. This is because the 

interplanar spacings of (100) .::::< (022)F C::::< (101) b'd .. . ex e
3 

E-car 1 e 

On increasing the tempering temperature E-carbide was replaced by 

Fe
3

C. In, the presence of twins the cementite precipitated preferentially 

on the twin boundaries with {112} habit. In the absence of internal twin-

ning the cementite precipitated in Widmanstatten pattern with {110} habit. 
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Figure 20 shows the structure of martensite of steel 524 tempered at 

800°F. At this tempering temperature the precipitates were all found to 

be cementite. The precipitation of cementite. 01i' hlin boundaries and on 

the grain boundaries can be seen in Fig. 20(c). Figure 21 shows the 

twinning and untwinned regions obtained after tempering at 1100°F in 

steel 522. The ,carbides can be seen to be aligned up unidirectionally 

along the twin boundaries [Fig. 21(a)]. There are also precipitates 

along the grain boundary. Similar observations have been Inade by Baker 

24 
et al., but they did not observe carbides at the martensite plate 

boundaries in the presence of hrins. Figures20(c) and 2l(a), (b) and 

(c) clearly shov! that cementite does precipitate at the grain boundaries 

even in the presence of twins. Frequently the twins are not very clear 

due to the presence of carbides but by tilting they can be brought to 

better contrast as in Fig. 21(c)~ This shows that it is not easy to 

remove the twins." unless recrystallization'occurs, which will be at higher 

temperatures than 1100°F. Spherodization of carbides has also begun at 

this temperature of lIOO°F [Fig •. 21(d) ] in the twin free region. 
I 

The 

structure of tempered martensite in steel 523 is also similar to 522. 

It also shows precipitation at twin boundaries in the presence of tldns, 

Widmanstatten precipitation in the absence of twins and also precipitation 

of carbides at martensite plate boundaries. 

Unlike the high carbon steels, tempering of 0.24% carbon. steels 

at 400°F shovJed mostly cementite possibly with a small amount of E-carbide. 

At 600°F it sho'wed almost all cementite. Figures ~2(a) and (b) shOlv 

400°F and 600°F tempered martensite in steels 141 and 145 respectively, 

where the carbides are mostly Fe
3

C. Since .the martensite in these steels 

ShOH very little twinning, the cementite precipitated predominantly in 

... 

/, 
1'>' 
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the Widmanstatten pattern with {llO} habit wherever sma Ii amounts of 

twins were present cementite precipitated preferentially along the twin 

boundaries. At 60GoF the precipitation aloE€; the lath boundaries is not 

observed but on tempering at lOOOoF small carbide precipitates can be 

seen at the lath boundaries as in Fig. 23(a) and (b) and Fig. 24(c) far 

steels 142 and 143 respectively. But it is to be noted that in all 

these cases the carbides at the lath boundaries are not continuous all 
.,,,:/; 

along the boundary. In spite of these small boundary precipitates, the 

steel 142 showed very high toughness as has been seen before. The fracto-

graphic observations also did not show intergrannular failure as will be 

discussed later. 

D. Structure of Bainite 

25 26 
The structure of lower bainite is known' to consist of acicular 

ferrite with carbides at 55-65° to the long direction of ferrite. The 

transition from lower to upper bainite is known to occur ina relatively 

narrow temperature range around 650°F. As discussed before, the strength 

and toughness deteriorated with increasing isotherrml transformation 

temperature, even in the lower bainite range. Hence the structure of lower 

bainite with increasing isothermal transformation temperature were exam-

ined. Figures 25, 26 and 27 show the structures of bainite isothermally 

transformed at 500°F, 550°F and 600°F respect ively for st eel 522. Al-

though in some regions the classical lower bainite structure is not so 

obvious rFigs. 25(a) and 26(a) ] , it can be clearly seen in ather 

regions rFigs. 25(b),,26(b) and 27(a)J. The carbide particles were 

found to become coarser with incr.easing isothermal transformation 

temperature which is cons istent with the decrease in strength. Also 

on isothermal transforrration at 600°F the carbides start precipitating 
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at tne plate bcundaries as is clearly seen in Fig. 27. The dark field 

micrograph of the cementite spot reverses the contrast fer the carbides 

which positively shows that the bla.ck markings at the boundaries are 

cementite. The lower bainite formed at 550
9
F in steel 524 is similar to 

that of 522 (Fig. 28). In Fig .. 28(a) the carbide plates can be seen in 

an extensive mtrix, which is very similar to that of Fig. 25(a). These 

are ferrite plates with internal carbides rather than laths.. Sometimes 

very long carbides are also seen as in Fig. 28(c). This variation in 

carbide size is obviously a sectioning effect. By trace analysis the 

habit plane of thesecarbidesws.s shown to be (112} habit in all the cases .. 

At higher transformation temperatures, in the low carbon steels, 

bainite laths were observed instead of plates. These laths were found 

to be placed side by side with only a very slight misorientation be

tween them. This is seen very clearly in Figs. 29 and 30, which show 

the structure of the bainite of steels 141 arid 143 isothermlly trans

formed at 620°F and 670°F respectively. The selected areac'diffraction 

pattern [Fig. 29(c) J of a group. of laths shows a single bcc [lllJ 

orientation only with a very slight misorientation. The dark field 

of (110) reflection lights up alternate laths only. The dislocations 

in the o,ther laths ar~ also brought into contrast. This is also seen 

in Fig. 30 where 'dark field of (110) relfectiori brings out the alternate 

laths in contrast. Here the laths are nucleated on either side of the 

prior austenite grain boundary, which is very similar to the structure 

cr: martensite in Fig. 10(a) except tmt there are carbides inside 

these bainitic ferrite laths. It is also seen that the number of carbide 

particles are very few in these low carbon bainites, compared to the 

high carbon ones, which is expected. It is also interesting to note 

that there is no precipitation at the lath boundaries in the 0.24% 

\ 
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carbon bainite although they were formed above 600°F, while the 0.4% 

carbon bainite showed lath boundary precipitation. In no case was internal 

twinning observed in the bainitic ferrite. The precipitation of cementite 

on the twin boundaries does not remove internal twins in martensite even 

on tempering above 1000°F as has been seen before [Fig. 21(c), 23(c) and 

24( a) and (b) J. Thus, if there were internal twins in the bainitic 

ferrite laths they could not have been removed by precipitation of 

cementite on holding fer four heurs at 550°F [Fig. 26J. 

As has been mentioned before the bainite reaction in the steels 

141, 142, 143 and 145 did not go to completion even after isothermal 

holding for 24 hours. When examined the structures showed some areas of 

martensite, which formed from the untransformed austenite on cooling after. 

isothermal transformation. Sometimes it becomes very difficult to dis-

tinguish between the martensite and the bainite that contains a few or no 

internal carbides, because they appear to be very much alike. To verify 

that they were martensite and not bainite tempering was done again after 

isothermal transformation. After tempering Widmanstatten precipitates 

of carbides were observed in the martensitic areas that were formed from 

untransformed austenite. The steels 141 and 143 showed a small amount of 

martensite. Even after transforming for 24 hours, only a small amount of 

bainite was obtained in steel 142 and the steel 523 showed no bainite at 

all but only martensite. But almost 100 percent bainitic structure was 

obtained in steels 522 and· 524. These can be understood by the effect 

of the composition on the T-T-T-diagrams. 
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E. Ele~tr0n Fractographic Observations 
. . • ti a 

The fracture surface of Lotched specimens tested at liquid nitrogen 

temperature were examined for the fracture mode. The tempered martensite 

of the low carben steels with very higb toughness values showed dimpled 

rupture~ An example of this is shown in Fig. 31 which was taken from 

steel 142 tempered at 400°F. The dimples are slightly elongated and 

are typical of trans granular fracture by microvoid coalescence. Figures 

32(a), (b) and (c) show the fracture surface of martensite of steel 522 

tempered at 400°F, 800°F' and 1000°F, respectively.': In all cases the 

fracture appears to be quasi cleavage. There appears to be no inter-

granular failure. The fracture surface of bainite of steel 522 trans-

formed at 500 0 p also showed predominantly quasi-cleavage facets with 

groups of dimples [Fig. 33(a)J. Very near the surface of the specimen 

elongated dimples in the small shear lip region were observed [see Fig. 

33(b)J. In some regions equiaxed dimples also occurred [Fig. 33(c)J. 

Thus it seems that although there are some fine discontinuous precipitates 

of carbides at the grain boundaries, they do not give rise to inter-

granular failure either in the low or high carbon tempered martensitic 

structures. 

~i' 
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IV. DISCUSSION 

A. Morphology of Martensite 

Although considerable work has been done on the morphology of mar-

tensite in Fe-Ni, Fe-C and Fe-Ni-C steels; many features are not very 

clearly understood. A few points that are relevant to this work will 

be discussed here. 

It - k' 17,18,27,28 th t -th - - - I' b t t lS nown a Wl lncreas lng nlcke or car on can en s 

the morphology of martensite changes from lath [or the so-called massive 

martensite] to the twinned acicular martensite plates. This transition 

does not take place at any particular composition but over a composition 

range. Marder and Krauss
28 

reported that in plain iron-carbon alloys only 

lath or massive martensite forms below o.fIfo carbon. But in the present 

case even at 0.24% carbon isolated examples of twinning were observed. 

Speich and Warlimont17 also observed some internally twinned martensite 

plates at 0014% carbon ,in plain iron-carbon alloys. Thus if the massive 

martensite described by Marder and Krauss is taken to be identical with 

the lath martensite the demarkation at O.ff'/o carbon level- does not appear 

tobe c'orrect because twinned martensite plates can form much below o.fIfo 

carbon. 

There seems to be some doubt as to whether the adjacent martensite 

laths are twin related with respect to each other or noto Speich and 

Swann27 observed twin related martensite laths in iron-nickel alloys, 

,whereas Owen et al.
18 

did not observe any_ In low carbon steels Kelly 

and Nutting
16 

observed twin related laths. only in one case but Marder 

28 
and Krauss could not observe any. In the present investigation it 

was found that very frequently a group of martensite laths were separated 

by a high angle boundary from another group and were not twin-related, 
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and the individual laths in one group were separated from each other by 

low angle boundaries (Fig" 14). All these non-twin related laths were 

about 0.251J. in width. But when the cell width became about llJ. or bigger 

the adjacent laths became twin related (Fig. 13). The laths that Speich 

and Swann27 observed to be twin related were also about llJ. in width. Thus 

it seems that when the cell width becomes larger the adjacent laths try 

to minimize their strain energy by becoming twin related. On the other 

hand when narrow laths form side by side they can acconunodate their 

strain only with a slight misorientation. So it is most likely that 

whether adjacent laths will be twin related or not depends on their 

cell width" 

When austenite transforms to martensite, strain energy associated 

with the transformation must be minimized. Ba,sed on this, Wechsler 

et al. 29 have shown that the interface plane (habit plane) separating 

the two phases must be one' of zero average distortion and for this to be 

true, the transformation as a whole must in gener,al be inhomogeneous. 

This pattern of inhomogeniety, sometimes referred to as "lattice invariant 

shear" can be either slip or twinning. The plate .. like martensite formed 

at lower temperatures in more concentrated alloys are either partially 

or completely twinned whereas the martensite obtained in lower carbon or 

nickel alloys with {225}cx habit are partially twinned. The phenomenologi

cal theories of martensitic transformation have successfully accounted 
. . 

for these observed habits in the plate-like martensite, but the theories 

have not been adequately developed for lath martensite which is usually 

not twinned. From optical and electron microscopic ob servations in Fe-Ni 

alloys Patterson and Wayman30 concluded that the plate-like martensite 

is associated with internal twins and if no twins are observed, the 

. \ '. 
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martensite is not plate .. like. In the present investigation many examples 

of internal twinning were found in the marterulite which appeared more 

like narrow laths rather than plates. Also many multidirectional plates 

did not exhibit twinning.. However the distinction between the laths and 

plates needs careful observation. 

12 .. -14 31 
As mentioned before there have been many suggestions 'that 

whether the martensite will be twinned or not depends on the temperature 

at which it forms. But it is know~2 that mahy alloys with very low M . . s 

temperatures do not show much internally twinned martensite plates, where 

as others with a comparatively higher M temperature show considerable 
s 

twinning. In the present case it has been shown that atsimilar Ms 

temperatures the martensite in a steel with a higher carbon (524) shows. 

much more internal twinning than a steel with a lower carbon (142). The 

martensite formed in iron-nickel alloys with very low carbon exhibit a 

littl~ or no internal tWirining although at the same M temperature carbon 
'.\ s 

containing steels .show considerable internal twins. Thus it appears 

that increasing carbon promotes internal twinning in the martensite, 

apart from its effect in lowering the Ms and Mf temperature. This is in 

disagreement with the observations by Kelly and Nutting16 who reported 

that the carbon content of the steel has only an indirect effect on the 

morphology'of the martensite through its control of Ms and M
f 

temperatures. 

In simple binary alloys of Fe--Ni or Fe-c decreasing M temperature gives 
s 

increasing internal twinning but at the same Ms temperature all of them 

will not have the same extent of twinning. The situation is further 

complicated when several other alloying elements such as Co, Cr are also 

present, in which case their influence on the occurrence of microtwins in 

the martensite cannot be predicted from their simple effect on M temperatureo s 
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The st'rain induced, martensite that forms at room temperature in a 

Fe-23Ni-4Mo-O.28c alloy has been found to contain no internal tWins,32 

although the martensite in the same steel obtained by quenching shoYls 

twinning. 33 During deformation the Ms temperature is raised to Md and 

the A decreased to Ad and so the transformation hysteres'is gap decreases. s . 

The area of the hysteresis loop of the ,martensitic transformation gives 

an indication of the driving force for the reaction which in turn may be 

related to the strain energy ,of the transformation. Intuitively, one 

can deduce that when there is a large strain energy or driving force 

(which is roughly indicated by the large hysteresis loop), the tendency 

of the martensite plate may be,to be twinned rather than slipped. Thus 

the absence of internal twinning in the stress induced martensite could 

be a result of decreased driving force which can be roughly'measured by 

the area of the hysteresis loop. Thus the influence of the various 

alloying elements on twinning in martensite can probably be understood 

by their effect on the area of the hysteresis loop. This includes the 

effect of the alloying elements both on M , M~and A , A~ temperatures. , s ~ s. 

Thus we can' see why an iron-nic,kel alloy with the same M temperature as 
s 

an iron-carbon alloy shows comparatively less twinning. It is because 

the area of the hysteresis loop for iron-carbon 'alloy is expected to be 

larger. At this stage it is not possible to say this definitely without 

experimental verification but we can. expect it to be so. Because if 

M temperature is kept constant, increasing carbon content decreases only s 

Af and not As' whereas increasing the nickel content decreases both 
. 

As and Af • Hence if we increase the carbon and the nickel contents pro-

portionately such that M temperature remains same in both cases, the s . 
areas of the hysteresis loop for Fe-Ni alloys will be strAller' than the 

Fe-C alloys, assuming the slopes to remair. roughly the same ill both alloys. 



The fact that in the lower bainite the carbides precipitate uni-

directionally on {112} planes, instead of the {llO} planes in the Widman-

statten morphology has led various investigators to believe that it must 

26 
be precipitating on some kind of planar defect. Shackelton and Kelly 

suggested that the bainitic ferrite that forms martensitically from aus-

tenite may be twinned and the cementite may subsequently precipitate 

on these twins. But they failed to detect the presence of any internal 

twins. They argued that by tempering the twins are removed and so during 

the isothermal holding they could also have been removed. Here it has 

been shown ealier that the internal twins in the martensite are not easily 

removed by tempering even at higher temperatures than the isothermal 

holdings temperature for bainite. So it is established. that the inhomo-

geneous shear in the bainitic ferrite is not internal twinning. This is 

. ,. t' ith th fi d" f th' k 34-36 ln agreemen .w e n J.ngs 0 0 er wor ers • Shimizu et al. 

suggested that the ferrite that forms martensitically in the lower bainite 

may be accampanied by stacking faults and the cementite may form along the 

fault planes. But in view of the fact that stacking faults in bec metals 

are rarely seen, '. this eXplanation seems to be very unlikely. The crystallo-

graphic observations on lower bainite in a Fe-8oja Cr-l.lojaC alloy by Srinivasan 

and Wayman37 shows that the observed habit plane of bainite in. ,this 

alloy is different from that of the ms.rtensi tf> in the same alloy. Also 

they found that the internal twinning eannot'explain the observed habit 

plane and the austenite-ferrite orientation relationship. Since the 

absence of internal twins in bainitic ferrite is established, the reason 

why the cementite preCipitates on only {112} planes still remains to be 

answered. 
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It has been shovm earlier that at lower'transformation temperatures 

(in 0.4% carbon steels) the. bainite form predominantly as plates, where 

as at higher transformation temperature (in 0.24% .carbon steels), laths 

form side by side with a slight misorientation (Figs. 29 and 30). 
". J . 

Ob;Lak and Hehemann36 observed such laths in the upper bainite but not 

in lower bainite •. But there is no reason why such laths should not 

form in the lower baini,te if they are being formed at sufficiently higher 

temperatur.es. - This is again analogous to the formation of martensite 

la ths at high M temperatures as has been discussed in the previous s 

section. This frequently ooserved side by side nucleated laths in the 

bainite of the various steels investigated suggests that the rate at 

which such substructural units nucleate may be important in controlling 

the growth rate of bainite, as has been proposed by Obl&k and Hehemann36. 

The transition from lower to upper bainit.e is known
38 

to take place 

around 650°F. But the structure observed in Fig. 30 for steel 143 trans-

formed at 670° showed almost all lower bainite, as eviden.ce by the characte

risitc carbide morphology. Pickering3has shown that the maximum temperature 

above which no lower bainite forms depends on the carbon content of the 

alloy. According to his results this temperature is above 800°F for 

0.24% carbon alloys. Thus it is not suprising that the transformation 

at 670°F gives almost all lower bainite in 0.24% carbon alloy. 

C. Toughness of Tempered Martensite and Bainite. 

The comparison of toughness between different structures such as 

tempered martensite and bainite are frequ61 tly at the same strength levels, 

as was done in the present case. Various strength levels in martensite 

were achieved by tempering at different temperatures. But the toughness 
I ' 

of tempered martensite does not always increase continuously with increasing 
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tempering temperature.. In many high st!'ength steels the so-called 500°F 

ernbrittlement is observed when telLpering in the 400-700°F range. This 

has been associated w'ith the resolution of €-carbideand simultaneous 

precipitation of cementite arid the following explanation has been given. 20 

The formation of cementite f!'orn €-carbide does not take place in situ, 

which is clear from the simple observation that €-carbide did not pre-

cipitate preferentially on the twin boundaries whereas the cementite 

did. When this more stable carbide precipitates, it is precipitated 

at dislocation intersections and jogs. Thus, precipitate locked dislo-

cation intersections and jogs, along with high dislocation densities 
( 

give rise to a lower notch toughness. But in the present case the em-

brittlement was observed in almost all the cases around 800°F which is 

above the range of 400 oF-700or; Moreover) it was observed that tempering 

at 400°F gives mainly €-carbide i~ 0.4% carbon steels and at 800°F mainly 

Fe
3

C. But, in 0.2% carbon steels €-carbide started to dissolve at still 

lower temperature than 400°F. This means that the resolution of €-carbide 

and the precipitation of Fe
3

C has occurred in between this range. So it 

is rather difficult to say if the observed embrittlement can be associated 

with the 500°F embrittlement., During the comparisons between various 

structures at the same strength levels, this ernbrittled range was 

avoided as far as possible.' The observed toughness difference between 

the various structures can now be related with the observed structural 

differences. The following factors appear to be important in controlling 

the toughness of the various structures. 

1. Twinning 

The mechanical test 'results have established that at equivalent 

strength levels the toughness of lower bainite structure is not always 



superior to the tempe~ed martensitic enes. Only in the 0.4% carbon 

steels which exhibited. considerable h'inni:ng did the martensite show' pOOr 

toughness compared to the:tainitic structures, which did not exhibit any 

twinning. The martensite of 0.24~ carbon steels which showed a small 

amount of twinning possessed a very high toughness, compared to both the 

internally twinned. :martensite and bainite with no twins. Thus, the role 

of internal twins in lowering toughness has been demonstrated .in two 

ways. Firstly the comparison between heavily twinned and the mainly 

untwinned martensite shows superior toughness of the latter. Secondly; 

when the martensite is twinned the corresponding twin free bainite shows 1 

a higher toughness, but when the martensite does not show' any twinning, 

it has better toughness than the bainite. In this second case the differ-

ence in the toughness between bainite and tempered martensite lies in 

the distribution of the carbides and the arrangement of the plates, 

which will be discussed in the next section. 

As we have seen before, in the presence of twins the cementite 

precipitates preferentially all along the twin bounda;r ies. Thus the 

carbides are much longer than if they had precipitated in a twin free 

matrix. These long precipitates of carbides allow a tW'in boundary to 

act as a strong barrier for dislocatioris to pile up rapidly and nucleate 

cleavage cracks. Also in the presence of internal twins in tIE martensite, 

the slip is very much restricted and the deformation mode is mechanical 

twinning. Krauss and Pitsch39 have shown that the deformation twins can 

occur in the martensite plate having fine transformation tW'ins. Also 

40 
Richman has shown that slip occurs in the martensite up to about 0.4% 

carbon; beyond which mechanical twinning becomes effectively the only 

plastic deformation. mode. This is consistent with the present observations 

that at and above 0.4% C the martensite will show considerable transformation 
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twins in which case the deformation mode is likely to be mecha.nical 

twinning. 
41 . ' 

It is well known that twin intersections are very favor-

able sites for the nueleat ions of cleavage cracks .. , Thus it is seen that 

the presence of internal twins in the martensite plates is the major 

factor responsible for its lower notch toughness .. 

2. Size and Distribution of Ferrite and Carbide 

The fer:r~ite grain size is very important in controlling the tough-
.. . 

ness. The smaller the ferrite grain size the greater is the energy 

absorbed during cleavage. In the present case the ferrite lath size 

in the martensite and bainite was found to be very nearly the same. So 

their contribution to the toughness is nearly the same in bothcases~ 

In the 0.24% steels, the martensite consists of a mixture of laths 

and multidirectional plates, whereas the bainite in the same steels shows 

predominantly laths. As mentio.ned before these laths are separated by 

low angle boundaries. So the fractUre path will be eas ier in these 

laths compared to multidirectionally arranged plates, inside an austenite 

grain. Because in the latter case the fracture path has to change direc-

tions frequently in going from one grain to the other and so it will 

be tortured and this will absorb more energy. This can. be one of the 

factors responsible for the lower toughness of the higher temperature 

bainites in low carbon steels compared to the martensite. . So the bainite 

or the martensite formed at higher temperatures, which show higher 

proportion of laths should have poor toughness compared to the ones that 

have multidirectional plates. This is very true for the case of bainite 

as has been shown but not for martensite. In this martensite the presence 

of internal twins in the plates over-rides this effect and lowers their 

toughness. "This further emphasizes the importance of internal twins in 
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the martensite plates inlow'ering the toughness. 

The size and distribution of carbides is also important in con .. 

trolling the toughness. In the twin free regions of martensite fine 

carbides are precipitated in the Widmanstatten pattern. Here the crack 

propagating through a particular ferrite grain cannot avoid the carbide 

particles [Fig. 24(d)J.. This is the predominant structure of the 0 .. 24% 

carbon martensites, which show very high toughness valueso The structure 

ofbainites in the , same steels (e.g. Fig. 29), shows very few, relatively 

coarse carbides here and there in one direction only. So the fracture 

path may not meet any carbides.. Thus the latter structure will offer a 

relatively lower resistance' to fracture than the formere This explains 

why the lower bainite in these 0.24% carbon steels have lower toughness 

than the corresponding tempered martensites" 

It is commonly observed that a decrease in volume fraction of the 

hard second phase helps in increasing the toughness. Obviously the volume 

fraction of the carb ide is higher for the higher carbon contents, which 

contributes to the low'er toughness. Although the detailed ,estimate of 

volume fractions of the carbides have not been made for the bainitic and 

tempered martensitic structures, they do not appear to be greatly different. 

However, in the lower bainite isothermally transformed at higher tempera

tures the volume fraction of carbides maybe slightly higher which may 

contribute to their 19wer toughness .. 

3. Grain Boundary Carbides" 

The presence of precipitate at the grain boundaries is one of the 

well known reasons for lowering of toughness and causing intergranular 

fEd.lure~ It is very difficult to avoid such grain boundary precipitation 

of carbides. If the precipitates are continuous all along the grain 
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boundary they help in nucleation of cracks by actin~as strong barriers 

to dislocation motion and transfer of plastic strain from grain to grain •. 

The grain boundary carbides were prominant1n martensite only on tempering 

at higher temperatures and i:n bainite transformed at higher temperatures. 

Since intergranular failure was apparently not observed, the fine 

discontinuous carbides at the lath or plate boundaries were not very 

effective to cause intergranular failure, although some weakening of the 

boundary is always there. This weakening effect can be taken to be mote 

or less the same while comparing the different martensites tempered at 

" 
relatively lower, temperatures. The grain boundary carbides in the 

bainites formed at 600°F in higher than, 0.4% carbon steels may also be 

somewhat responsible for their lower toughness compared to the 500°F 

bainite, in addition to the previously mentioned factors. 

D. Design of,Alloys' 

The majority of commercially used allOys have been designed by trial 

and error. With abetter and better understanding of the microstructure, 

it is becoming increasingly possible to redesign the alloys from more 

fundamental considerations. Usually one aims to achieve a high toughness 

at a gi:ven strength level. The addition of carbon is helpful in achieving 

high strength levels in the quenched and tempered steels, but their 

excessive use is prohibitive because of the increased twinning in marten-

site which severely impairs ,the toughness. In such high carbon steels, 

the trend should be to go for a fully lower bainitic structure to get 

better toughness. Again it is important to see w'hether a fully bainitic 

structure can be obtained or not. The presence of virgin martensite, 

which severely impairs the strength and toughness s'hould be completely 

avoided, becam~e the martensitic areas are neither suff~ciently fine nor 
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sufficiently dispersed to act as efficient barriers to the propagation 

of cleavage crac~s. On the other hand at lower carbon levels the quenched 

and tempered structures are the most desiredohes rather than the bainitic 

structures. One of the aims of this work was to see if it is po~sible to 

find some design parameter such as M temperature of the alloy which can s 

control the extent of internal tw·ins in the martensite and hence its 

toughness. As seen earlier in the simple binary alloys like Fe-C or 

Fe-Ni etc. this may be possible. But in the presence of several alloying 

elements, which is most often the case, this is not possible. If some 

suitable parameters could be found that give a good indication of the 

extent of internal twinning in martensite, it may be possible to design 

alloys on that basis.' The area of the hysteresis drop during the martensitic 

transformation may be one such parameter. 

1'.. 

I:: 
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v. CONCLUSIONS 

1. . At similar M temperatures the structure of lJ1..artensite in a steel 
s 

containing higher carbon exhibits greater amount of internal twinning 

than the low carbon ones. Thus carbon content has an influence in pro-

moting internal twinning in the martensite, in addition to its effect 

on M temperature. s . 

2. Although in simple binary Fe-C or Fe~Ni alloys M temperature can s 

give some indication of the extent of internal tvlinning in martensit e J 

it fails when there are two or more alloying elements. It is suggested 

tmt the area of the hysteresis loop of the transforinatiort may give a 

better indication of occurenceof tvrinning. The larger the area, the 

greater is the tendency for the martensite to tvrin. 

3. The narrow martensite laths of about 0.25fl width which form vlithin 

a group, are separated from each other by low angl'e boundaries. The 

relatively vrider ones of about 111 or greater tend to be twin related 

with respect to each other. 

4. The ferrite ih lower bainite shows no internal twinning at all. 

At lower transformat ion temperature ferrite is predominantly plate-
'1'1 

shaped, but the proportion of laths increas e with increas ing transfor-

mation temperature. 

-",--- - ...,... - - ---.-- - - ------ - --
5. At similar yield and ultimate tensile strength levels all the 0.24% 

carbon steels shO,fed higher touglmess than the 0.4% carbon steels. The 

toughness difference is primarily due to the difference in the extent of, 

internal tw:i.nning in the two structures. Increased amount of t-vTinning 
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in the high carbon steels reduces its toughness. 

6. On increasing the :j..sothermal transformat ion temperature, the strength 

and toughness of the bainite decrease. The decrease in toughness is 

mainly due to the carbide particle coarsening and its precipitation at 

the grain boundaries. 

7. The toughness of lower bainite transformed at low temperatures is ' . 

higher than the tempered'martensite, that shows excessive twinning, 

when compared at equivalent yield and tensile strength levels . 

,8. The toughness of lower bainite is not higher than the tempered 

martensite that shOW's very little internal twinning. This difference 

is mostly due to the fact that in these ti'lirifree martensites the fine. 

carbides precipitate in a Widmanstatten pattern, where' as in lower 

bainite small, slightly coarser carbides precipitate in only one direc-

tion. 

9. The mechanical properties of incompletely transformed bainite are 

very poor because of the presence of virgin martensite. 
" 

10. The addition of cobalt promotes autoternpering by raising M tempera-' 
s 

ture. The autotempered precipitates is Fe
3

C in 0.24,% carbon steels. 

11. The addition of cobalt in excess of 4% decreases the toughness. 

~, 

,~ 
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TABLEr. 

Chemical Composition of the Alloys With Their M Temperatures 
s 

C Mn Si Cr Mo V Ni Co M TeTI!p. s 

.24 .32 .11 .50 .51 .084 4.9 4.0 700 

.24 .33 .086 .48 .49 .083 8.4 3·9 590 

.24 .31 .053 .44 .48 .. 086 12.5 3.8 498 

.24 .34 .13 .57 .49 .084 5.2 0.52 640 

.24 .31 .094 .44 .44 .075 11.3 7.5 584 

.43 .40 .14 .52 ~54 .087 8.6 3.97 436 

.39 .38 .10 .50 .54 .087 11.95 4.0 286 

.40 .40 .15 0·52 0.57 0.09 8.3 7.2 486 

of 
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TABLE II 

* Mechanical Properties of Tempered Martensitic Structures 

Heat No. 
Tempering Y.S. UTS % . K, KSI_IN1!2 

Temperat ure x103 psi x103 psi E-1ongation at -196°c 
of (0.'40 off set) 

140 10()O 166 176 13.3 51.05 

141 400 176.7 207 9.8 135.0 
600 175.5 195.6 9.0 118.7 
800 172.2 183 10.17 . 97.75 

1000 175 182 11.85 . 115.4 

142 400 173 203 9.35 158.2 
600. 175.4 194.6 10.3 139.7 
800 173.5 186.3 11.91 126.5 

1000 175.2 180.7 12.7 139 

143 400 175.3 205.2 9.26 60.9 
600 172.3 191.6 8.78 65.1 
800 163 173·9 8.53 70.98 

1000 161.2 170.5 12.1 52.6 

145 400 172.0 204.0 9.5 139.3 
600 172.5 194.9 9.62 123.7 
800 174.3 187 10.77 47.5 

1000 176.2 181.9 12':.13 101.35 

522 400 226.0 266.4 8.48 40.1 
600 216.7 243.2 T~25 46.4 
800 192.5 224.3 9.28 38.05 

1000 191.3 215.5 10.0 64.8 
1100 194.3 211.8 9.76 74.6 

523 400 229 266 8.08 43.5 
600 208.6 242.2 8.88 43.85' 
800 '. 194 230 10.4 36.58 

1000 190 214 11.42 63.8 
1100 ,185.4 211.3 11.80 68.15 

524 400 251 288 6.78 35.6 
600 237.5 267 6.84 33.9 
800 214.5 240.2 7.64 29·3 

1000 200.1 224.3 8.13 39·2 
1200 184.3 195.1 8.91 

*Double Tempered at each temperature for 2 + 2 hours. 
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TABLE III 

Mechanical Properties of Bainitic Structures 

* Kat ..:196°c Heat Isothermal Transformation Tempering Y.S. U.T)S. Elongation 
No. Trans format ibn· Time in hours Temperature. Xl03 psi xI0 psi Ksi - in 1/2 

° of (0.2!fo off set) Temperature F 

141 620 24 146.4 188.2 11.35 54.6 

620 24 1000 173 .56 186 12.95 56 .8 

143 680 24 138.4 164.8 10.32 46.2 

680 24 1000 152.3 163.9 14.6 44.25 

145 620 24 135.2 200.3 12.32 54.1 

620 24 1000 176.8 191.9 13.6 73.1 I 
\>J 
\6 

522 500 24 188 232.3 10.6 50.5 I 

620 28 169.0 212.0 11 .. 3 32.6 

500 24 1000 183.0 198.5 12.1 49.2 

524 550 24 205.4 237.8 7.88 35.7 

550 24 1000 202.0 219.5 8.72 32.6, 

600 24 181.5 229.0 6.9 34.1 
-.--~~~--'--~-

* Double tempered at each temperature for 2 + 2 hoUrs 
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TABLE IV 

Comparative Toughness Values of Tempered Martensitic and Bainitic t~ 

structures at Similar Strength Levels 

Heat Strepgth K at 25°C K .. l2 Sl-ln K at -196°c K .. 1 2 Sl-ln 
No. Level 

Ksi Tempered Bainite Tempered Bainite 
Martensite Martensite 

141 Y.S. ... 173 102 56.8 

UTS ... 186 98 56.8 

145 y.s. ... 177 , 111 73.1 

UTS .... 192 93 73.1 

522 y. S. ... 190 44 50,,5 

UTS ~ 230 66.5 90.2 41.5 50.5 

524 y.s" ... 205 ! ! 
33.5 35.7 

54.2 82 
UTS .... 238 30 35.7 

.. ' 
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FIGURE. CAPUONS 

Figure L The dimensions of mechanical test specimens. 

Figure 2. The effect of tempering temperature of the strength and to ugh-

ness of steel 522. 

Figure 3. The effect of tempering temperature an the strength and tough-

ness of steel 523. 

Figure 40 The effect of tempering temperat ure on the strength and tough-

ness of steel 524. 

Figure 5. The effect of tempering temperature on the strength and tough-

ness of, steel 141. 

Figure 6. The effect of tempering temperature on the strength and tough

.ness of steel 142. 

Figure 7. The effect of tempering temperature on strength and toughness 

of steel 145. 

Figure 8. Comparison of notch toughness (K) of various steels at diffe-

rent yield strength levels. 

Figure 9. Comparison of notch toughness (K) of various steels atdiffe-

rent ultimate tnesile strength levels. 

Figure 10 Transmission electron micrograph of martensite of steel 140. 

(a) the martensite laths nucleated on either side of the prior 

austenite grain boundary. The laths near A and B are in [Ill] 

and [lOOJ orientations respectively. (b) and (c) show auto

tempered precipitates of Fe
3

C with {110} habit • 

Figure 11 Structure of martensite in steel 142 showing (a) martensite 

lath Cb) small amount of internal twins ina plate. 

Figure 12 Twinned and untwinned regions of martensite of steel 143. 

(a) Uneven distribution of twins which reverse contrast in 
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the dark field micrograph in (b). (c) small twins restricted 

tb the area near the edge of the plate (d) another region show

ing very little internal twins. 

Figure 13 Martensite in steel 145 (a) Internal twins in the midrib at A. 

(b) Dark field of the (Oil)T reflection from the selected 

area diffraction pattern in (c) shaws.reversal of contrast for 

the twins and the lath B. This proves that lat h A and Bare 

twin related. (d) Another region showing some possible fine 

internal twins in some of the narrow laths. 

Figure 14 Structure of martensiite is steel 145. (a) Groups of parallel 

laths (b) SeiLected area diffraction pattern of the circled 

area in (8.), showing two b.c.c. orientations [lOOJ and [Ill]. 

(c) Dark.field of spot A reverses the contrast for the group 

of laths in [Ill], (d) Dark field of spot Bshows only the 

laths in [lOOJ orientation. 

Figure 15 Martensite of ste.el 522 showing in (a) an extensively twinned 

region and in (b) twinned plates of various sizes. 

Figure 16 (a) Bright field micrograph of martensite in steel 523 showing 

internal twinning (b) Dark field of spot A shows the twins 

clearly and also reverses the contrast for the adjacent plate, 

which are twin relaxed. (c) Selected area diffraction pattern 

showing extra spots due to double diffract ion, and streaks in 

the (112) direction. (d) Indexed diffraction diffraction 

patte,rn. 

Figure 17 (a) High density of twins in the midrib of martensite plate 

in steel 523. (b) Dark field of' the streak (see inset) re

verses contrast for the twins. (c) Another region showing slightly 

thicker twins o 
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Figure 18 Martensite of steel 524. (a) A high magnification micrograph 

showing high dislocation density and the internal twins Figs. 

(b) and (c) show varying amounts of twins in different regions. 

Figure 19 Martensite of steel 522 double tempered at 400°F for 2+2 hours 

(a) Bright field micrograph showing internal twinning and fine 

precipitates of E-carbide (b) Dark field reveals the internal 

twins clearly. (c) PreCipitates of E-carbide in a twin free 

region (d) Dark· fie ld of the same area as in (c) showing 

E-carbides of one. family. (e) Bright field of another region 

showing E-carbides of two families (f) Dark field shows clearly 

that sane Fe
3

C of ClIO} habit has also begUn to form at A. 

Figure 20 Temperedma:irtensite of steel 524 (800°F for 2 + 2 hours). (a) 

Precipitates of Fe
3

C in a twin free region (b) Dark field of 

the same area as in (a). (c) Cementite precipitates at the 

twin boundaries and also along the grain boundary. (d) Dark 

field of same area as in (c) showing the reversal of contrast 

for Fe
3

C precipitates at the twin boundaries. 

Figure 21 Martensite of steel 522 tempered at 1100°F for 2 + 2 hours. (a) 

Precipitation of cemerrtite at the twin boundaries and also at 

the grain boUndaries. (b) Another region showing clearly the 

presence of twins which are brought to better contrast by tilt-

ingas in (c). Cd) A twin free region showing spherodization 

of cementite precipitates. 

Figure 22 (a) Martensite of steel 141 tempered at 400°F for 4 hours show

ing mainJ.y precipttates. of Fe
3

C. (b) Martensite of steel 145 

tempered at 600°F for 4 hours showing Widman-statten precipitates 
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Figure 23 Structure of temp:! red martensite of steel 142 after tempering 

for 4 hours at lOOOoF.(a) The cementite has precipitated 

at the plate boundaries which can be clearly seen in the dark 

field micrograph in (b) (c) A twinned region with cementite 

precipitated at the twin boundaries. 

Figure,24 Martensite of steel 143 tempered at lOOOoF for 4 hours (a) 

A twinned region showing fine precipitates of Fe
3

C (b) Dark 

field taken from the twin reflection showing reversal of con

trast for the . twins (c) Discontinuous precipitates of carbides 

at the lath boundaries. (d) Another twin free region showing 

Widman-stattenprecipitation of cementite. 

Figure 25 Lower bainite in steel 522 after isothermal transformation at 

500°F for 24 hours. (a) An extensive bainite plate with cementite 

in it. (b) Dark field taken from the cementite reflection. 

(c) Ahbther region showing side by side nucleated ferrile laths. 

Figure 26 Lower bainite in steel 522 obtained by isothermal transformation 

at 550°F for 4 hours. (a) Carbides of varying sizes are .seen 

due to sectioning effect. (b) Another region showing the 

typical lower .bainite structure with carbides at an angle to 

the long direct ion of ferrite laths. Notice that carbides are 

coarser as compared to Fig. 25. 

Figure 27 Lower bainite in steel 522 formed at 600°F after transforming 

for 24 hours. (a) Small carbide.s have precipitated at the 

boundaries, an addition. to the ones inside the laths. These 

carbides reverse contrast in the dark field as in (b). (c) 

Another region showing coarse carbides at the plate boundaries. 

(d) Dark field of the same area as in (c). 
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Figure 28 Structure of lower bainite in steel 524 after isothermal trans

formation at 550°F for 24 hours. (a) Precipitates of carbides n 

an extensive ferrite matrix (b) Another region showing the 

classical lower bainite structure. (c) Same lower bainite 

structure showing rather long carbides. 

Figure 29 Lower bainite in steel 141 obtained by isothermal transformation 

at 620°F for 24 hours (a) Bright field micrograph showing ferr:ile 

laths with small internal carbides (b) Dark field of (110) reflec

tion showing reversal of contrast for the alternate laths.(c) 

Selected area diffraction pattern of the circled area in (a) 

showing the group of laths to in [Ill] or,ientation. 

Figure 30 Lower bainite in steel 143 after isothermal transformation at 

670°F for 24 hours. (a) Bright field micrograph showing ferrite 

laths nucleated on either side of the prior austenite grain 

boundary.. [If Fig. 10(a)] (b) Dark field of (r10) reflection 

in the SAD as in (c), showingalternate laths to be in the 

same orientation. 

Figure 31 Electron fractograph of martensite of steel 142 tempered at 

400°F for 4 hours, showing typical ductile failure. 

Figure 32 Electron fractographs of martens ite of steels 522 tempered 

for 4 hours at (a) 400°F (b) 800°F (c) 1000°F. 

Figure 33 Electron fractograph of lower bainite of steel 522 after iso

thermal transformation at 500°F for 24 hours showing (a) quasi

cleavage facets (b) elongated dimples and (c) equiaxed dimpleso 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa
tion contained in this report, or that the llse of any information, 
apparatus, method, or process disclosed in this report may not in
fringe private.ly owned rights; or 

B. Assumes any Liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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