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STRUCTURE AND MECHANICAL PROPERTIES OF 

Fe-Ni-Mh-C STEELS 

Der-Hung Huang 

Inorganic :Materials Research Division, Lawrence Radiation Laboratory, 
Department of :Materials Science and Engineering, College of Engineering, 

University of California, Berkeley, California 

ABSTRACT 

The structure and mechanical properties of tempered martensite 

and lower bainite were investigated in a series of high purity 0.25% 

carbon steels with varying amounts of Ni and Mh contents. The martensites 

in .25C-5Ni-Fe and .25C-3Mn-Fe alloys were mainly untwinned, while those 

in . 25C-5Ni-7Mn-Fe and .25C-7Mh-Fe alloys were heavily twinned. Also, 

it appeared that manganese has the effect of promoting the carbide pre-

cipitation along the lath boundaries in tempered martensite. At equiva-

lent yield and ultimate tensile strength levels, the tempered martensite 

of lower manganese steels showed better impact toughness than the 

tempered martensite of higher manganese steels. The impact toughness 

(compared at similar strength levels) of untwinned tempered martensite 

of 0.25% carbon steel with Widmanstatten precipitation of carbide was 

higher than that of lower bainite, which showed unidirectional carbides. 

The reasons for the difference in impact toughness between the 

alloys, and also between the structures were rationalized in terms of 

internal twinning, grain boundary precipitation and carbide morphology 

together with other microstructural features. 
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I. INTRODUCTION 

In recent years, it has been argued as to whether the bainitic or 

martensitic structure has better toughness, when compared at the same 

strength level. Griffiths et a1.,
1 

Holloman et a1.,
2 

and Sachs et a1., 3 

showed that the toughness of bainite obtained by isothermal transforma-

tion was lower than that of tempered martensite. Similar advantages of 

tempered martensite. Similar advantages of temper martensite have been 

reported by Banerjee, 4 Herris and Lorig,5 and others. 6 On the other 

7-14 hand, opposite results have been shown by other workers. 

It seems that probably in certain cases tempered martensite may 

possess better toughness than bainite of similar strength levels and in 

some cases the reverse may be true. It has long been suspected that 

this controversy is due to the difference in microstructure. 

It was suggestedl5,l6,17 that the presence of internal twinning in 

martensite may reduce its ductility. In a recent investigation
18 

it was 

found that at equivalent strength levels the toughness of lower bainite 

was higher than that of the heavily twinned tempered martensite and 

suggested that the untwinned martensite possessed better toughness than 

that of bainite. But fully bainitic structures were not obtained in 

their low carbon alloys. So it remained to be seen whether the dislocated 

martensite (i.e. without internal twinning), was tougher than bainite 

or not. This is one of the aims of the present work. Furthermore, it 

has also been argued that the extent of internal twinning in martensite 

may partially depend on martensite start (M ) temperature, the lower the 
s 

M temperature, the greater is the tendency for martensite to twin 
s 

rather than to slip.l9,20 

It is known that carbon lowers the M temperature drastically. 
s 
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Most of the alloying elements are also known to lower the Ms temperature. 

Manganese has t:he strongest effect fo~lowed by .pickel and chromium, 
I r 

while cobalt raises M . So by adjusting th~ composition,' it is possible 
s 

to vary the M temperature and perhaps the extent of internal twinning. 
. s 

Since the effect of manganese on internal tw.inning in martensite is not 

known, a series of high purity steels with varying manganese content >vere 

designed. The result of this investigation will add to the existing 

empirical results of the effect of carbon and nickel in increasing the 

extent of internal twinning in martensite. 

Also, manganese is an important component'of practically all steels 

and is, therefore, of fundamental interest. Manganese content is a 

significant factor in determining the degree of brittleness exhibited 

by steel.. It· is added to steel because it reacts with excess sulfur 

to prevent hot-shortness (high temperature brittleness). Manganese also 

acts as a deoxidizing agent to overcome oxygen-induced intergranular 

brittleness. 21 
It is also responsible for the solid-solution strengthen

ing of ferrite.
22 

All the investigators agree that manganese lowers 

transition temperature, but no universal agreement has been reached 

regarding the mechanism by which this is achieved. It has been reported 

that manganese additions improved the toughness of the steel. 23 -
26 

But 

it is interesting to note the structure of all these commercial steels 

consists of ferrite and pearlite and none of them contain more than 2% 

of manganese. The famous Hadfield's manganese steel (~10-14% Mn) is 

fairly tough and is austenitic. There are a few investigations con-

cerning the effect of manganese on martensitic steels. It has been 

reported by Decker et al. 27 that the toughness of 18% Ni maraging steel 

is lower by increasing .manganese from 0. 07 to 0. 23%. The ratio of notch 
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tensile strength to tensile strength drops from 1.32 to 0.62 when 

manganese content is changed from 0.07 to 1.9%. ~nan effort to 

partially substitute manganese for nickel in 18% Ni maraging steel, 

28 
Patterson et al. found that manganese was deleterious to toughness when 

it exceeded 2.25%. They tentatively attributed this to some kind of 

interaction of manganese with other alloying elements, e.g. titanium 

and cobalt. The effect of manganese on the toughness of Fe-C martensitic 

steels without any titanium or cobalt is not understood. So, by using 

a series of high purity 0.25% carbon alloys with varying manganese con-

tents, an attempt has been made in the present work to investigate whe-

ther manganese is injurious to the toughness of tempered martensitic 

steels or not, and if so, why? 

The compositions of the alloys under investigation are given in 

Table I along with their M temperatures. The steels will be referred 
s 

to by their heat numbers as given in Table I. 
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II. EXPERIMENTAL PROCEDURE 

A., Specimen Size and Heat Treatment 

Tensile specimens whose dimensions are shovm in Fig. l(a) v1ere 

0.060 inch thick. Standard full size Charpy V-notch specimens, Fig. l(b), 

were used for measuring the impact toughness. All the specimens were cut 

parallel to the rolling direction. The specimens were austenitized at 

l650°F for one and half hour in an argon atmosphere and then either water 

(for low manganese steel) or oil quenched (for high manganese steel). 

Then they were immediately immersed in liquid nitrogen and refrigerated 

for 20 hours to ensure complete transformation to martensite. 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 eliminated the retained austenite. Bainite was obtained 

by quenching the specimens directly into the salt bath and isothermal 

transforming at the required temperature. Fully bainitic structures 

were checked as will be discussed in a later section. Carbon analysis 

before and after heat treatment showed no significant decarburization. 

Nevertheless, after heat treatment, tensile specimens were carefully ground 

with removal of 0.010 inch from both sides in order to eliminate any 

possible effects of surface decarburization from austenitizing. Flood 

cooling was employed to minimize specimen heating during grinding. 

B. Mechanical Tests 

Tensile tests were performed on an Instron machine at a cross head 

4 -2 I speed of XlO in min. A Sonntag Universal testing machine with a 

capacity of 240 ft-lbs was 'used to impact the Charpy V-notch specimens. 

All tests were conducted at room temperature, i.e. 77°F. 
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C. Electron Microscopy and Fractography 

Thin foils for transmission electron microscopy were prep~red by 

light mechanical grinding from 0.060 inch thick heat treated specimens 

to about 0.040 inch. Then chemically polished to about 0.005 inch in a 

5o% solution of phosphoric acid and hydrogen-perioxide. They were electro

polished by the window technique first in perchloric-acetic acid (1:10) 

solution which gave a rapid thinning. Final electropolishing was accom-

plished in the well-known chromic-acetic acid (75 _grams Cro
3

, 400 ml acetic 

acid and 21 ml ~0) at 25 de volts and 20°C. Foils were examined in a 

Siemens Elmiskop IA microscope, operated at 100 KV. 

The replicas for electron microscope examination of the freshly 

broken fracture surface of Charpy specimens were prepared by a two-stage 

plastic/carbon technique. 29 nle contrast was increased by shadowing with 

either platinum-palladium (80:20) or chromium at an angle of 45 degrees. 

The carbon replicas were examined in the electron microscope at 60 KV. 

D. Optical Microscopy 

Thin sections were cut from the broken Charpy impact specimens 

and conventional metallographic polishing techniques were used. Observa-

tion and photography were done with a Carl Zeiss Optical Microscope. 
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+II. RESULTS AND DISCUSSION 

A. Mechan~cal Properties 

The mechanical properties of tempered martensite and bainite are 

tabulated in Tables II and III, reEpectively. The results are the 

average of two to four tests, with very litte scatter in the data. The 

purpose of tempering at various temperatures is to obtain different 

strength levels, thus the toughness can be compared on the basis of 

equivalent yield strength or ultimate tensile strength, which is very 

important. 

Figures 2 through 7 show the variation of mechanical properties 

versus tempering temperature. Steels with 'Jfo nickel, i.e. 804, 805 and 

806 (Figs. 2, 3, and 4) show similar tempering characteristics. The 

yield and ultimate tensile strengths drop and elongation and Charpy V-

notch impact energy increases with tempering t~mperature, as expected. 

By comparing steel 8o4 (o% Mn), 805 (2ojo Mn), and 806 (4% Mn), it can be 

seen that the addition of first 2% Mn is very effective in increasing 

in tempering resistance. The Charpy V-notch toughness of 8o5 and 806 

show an embrittlement when tempered around 6o0°F. This is so-called 

500°F embrittlement of tempered martensite, which generally occurs through 

the range of 4oo ~ 700°F. It is interesting that this does not exist in 

steel 804 and the degree of embrittlement increases from steel 804 to 

steel 805, to steel 806, in that order. This increase in degree of 

500°F embrittlement of tempered martensite with increasing manganese 

content:is very similar to that observed by Payson30 in carbon steels, 

TN"here increasing carbon also enhances 500°F embrittlement. 500°F em-

brittlement has been associated with the resolution of epsilon carbide 

and simultaneous replacement be cementite. 31 But in the present case, 

' .. ,, 

. \,l 

' . 
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as will be discussed later, it is observed that the carbide is mainly 

cementite with a small amount of epsilon carbide when the tempering 

t t · 4o0°F. empera ure ls This indicates that epsilon carbide has started 

to dis solve at the temperature lower than 400°F. While at 600°F, the 

carbides are predomimntly cementite. So the emb:dttlement should have 

occurred somewhere closer to 4o0°F instead of at 600°F if the argument 

is valid. It is rather difficult to attribute the embrittlement to the 

.resolution of carbides. 

Figures 5, 6 and 7 show the tempering behavior of steel 807, 808 

and 809, respectively. Again the yield and ultimate tensile strength 

drop and elongation generally increases with tempering temperature. 

Similar to steel 806, steels 807 and 808 show embrit tlement when the 

tempering temperature is 600°F. Steel 807 possesses high toughness when 

the strength is low. However the CVN impact energy for steel 808 and 

809 are so low, that the toughness never exceeds 20 ft-lbs through tbe 

whole ranKe 9f st:rength levels •... The rrechanical properties will be 

correlated with structure later. 

In order to show the variation of toughness with manganese content 

at similar strength levels curves are drawn in Fig. 8(a) and (b) for 

steel 8o4, 805 and 806. All the points are interpolated from Fig. 2 

to Fig. 7 and listed in Table IV. It can be seen that the toughness of 

5Ni-.25C steel increases slightly up to addition of 2% manganese but drops 

at higher manganese contents. Figures 9(a) and (b) show the same relation 

of toughness with manganese content at different yield and ultimate 

strength levels for steels 807, 808 and 809. Here, it is clear that 

the toughness of 0.25% carbon martensitic steel drops with increasing 

manc;anese from 3 to 7 percent. Thus it is concluded that the rrr.mganese 
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addition in excess of 2 ~ 3% is deleterious to the toughness of plain 

Fe-Ni-0.25 carbon tempered martensitic steel. 

The Charpy V-notched toughness obtained at various yield and ultimate 

tensile strength for different heats are also shown in Fig. 10 and Fig. 

11. As usual, steels 804, 805 and 807 show that toughness decreases 

with increasing strength, while the steels with higher manganese, i.e. 

806, 808 and 809 are very brittle and tre toughness values are low even 

at low strength levels. At equivalent strength level the marked difference 

in toughness between lower and higher manganese steel indicates that 

increased manganese content above 3% tends to l0Wer the toughness of 

tempered martensite which is undesirable. 

The mechanical test data of the bainitic steels are given in Table 

III. The mechanical properties of as-transformed bainite are relatively 

poorer than that of tempered martensite of the same steel. The yield 

strength drops and the toughness incrmses with increasing isothermal 

transformation temperature. To compare the toughness of martensite with 

bainite, it is very important to ensure that a fully bainit ic structure 

is obtained, because alloys of mixed structure of rna rte ns i te and bainite 

possess very low toughness. The presence of almost 100)0 bainite in 

steels 804, 805 and 8o7 was verified by examining the microstructure of 

bainite after tempering at low temperatures. In this case the carbide 

morphology in bainite and in tempered martensite would be different and 

so the presence of any mrtensite in as-transformed bainite could be 

detected. Usually mechanical properties of a fully bainitic structure 

do not change much by tempering, a slight lowering of strength inay be 

l·b~wrved. On the other hand, a. mixed structure of bainite and martensite 

will :~how some1-1hat different mechanical properties after tempering. The 

v 



-9-

toughness data of any incompletely transformed bainite, i.e. mixture of 

bainite and martensite, should not be used in comparing the toughness 

of bainite with tempered martensite. The results in Table III further 

exclude the possibilities of any mixed structure in ste~ls 804, 805 

and 807. In steel 808 it was rather difficult to obtain a fully bainitic 

structure. Furthermore, not a single bainite plate or lath was observed 

in steels 806 and 809 when isothermally transformed at 510°F for 24 hours. 

The comparison of toughness between lower bainite and tempered mar

tensite is shown in Fig. 12 by ·plotting CVN impact value against strength 

for the two structures. All the data have been given in Table II and 

IV and Eummarized in Table V to facilitate the comparison. Only the 

results of steel 8o4, 805 and 807 are used, because fully bainitic 

structure of higher manganese steel, i.e. 8o6, 808 and 809 were not 

obtained. It can be seen that at similar strength level, the toughness 

of bainite of steel 8o4, 805 and 807 are much inferior compared to that 

of tempered martensite. The strength levels of bainite are limited due 

to the restriction on the isothermal transfnrmation temperature, i.e. 

higher isothennal transformation temperature gives upper bainite which 

is not desired. 

Surnrm,rizing the above results we can say that at similar yield 

and ultimate strength levels, the tempered martensi tic structure of steel 

of lower manganese (i.e. 8o4, 805 and 807) shows better toughness compared 

to that of the steels of high manganese (i.e. 806, 808 and 809). In 

other words, the toughness of martensitic steel decreases with increasing 

manganese content. As will be seen later, the structural observations 

show that the steels 806, 808 and 809 contain relatively more internal 

twinning compared to steels 8o4, 805 and 807. The tempered martensite of 
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steels 804, 805 and 807 has better toughness than the bainite of the 

same steel. 

In manganese steels, epsilon rrartensite forms at relatively high 

manganese contents. In the presence of carbon and nickel, the minimum 

amount of manganese required to form epsilon martensite is not known. 

Thus, it was necessary to ascertain the martensite phase of the ·present 

alloys. It was found that the alloys under inves tjgation, , formed alpha 

martensite instead of epsilon phase. This was verified in two ways. 

Firstly, all the selected area diffraction patterns of electron micro-

scopy of martensite were identified to be body centered structure corre-

s·ponding to alpha martensite. Secondly, by using x-ray metallogra ]:hie 

technique, no epsilon martensite or retain austenite but only alpha 

martensite was detected in steel 804 through 809. However, in steel 953 

with M temperature of 148°F about 5 ~ lCP/a of retained austenite was 
s 

detected after quenching and storing in liquid nitro§en for 372 hourso 

The microstructure of martensite in dilute alloys of Fe-Ni system 

has been described as massive martensite by Owen et a1., 32 self~accornruo

dating martensite by Christian, 33 needle-like or lath martensite by Kelly 

and Nutting.3
4 

The high carbon martensite structure was characterized 

by Lucas35 as an "acicular crystal-like substance." To avoid the con-

fusion in terminology, martensite will be described by its substructure, 

i.e. twinned rrartensite or dislocated (untwinned) rrartensite. 

The structure of martensite of steel 804 is shewn in Fig. 13. Dense 

d.L1llw::t.tions can be seen i.nside the mrrow laths similar to the observa
-~:) 

Lin11 l'r 1\elJy and_ Nuttinr, • .:.> 
1 

1:'his steel :is almost completely free of 

irrl;crnal h-r:inn:ing and is typical of dislocation martensite. The lath size 
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varies from area to area but always falls into the range of 0.25J.l in Fig • 

13(a.) to lJ.l in Fig. 13(b), whieh is another area of the structure. The 

structure of martensite of steel 805 is shown in Fig. 14, which is also 

mainly untwinned. Several families of martensite laths with no twinning 

at all is shown in Fig. l4(a). Sometimes, very fine microtwins are ob-

served in sane narrowmartensite laths as in Fig. 14(b). The existence 

of microtwins have been reported recentl?
6

, 37 and will be discussed 

later. Another region, Fig. 14( c), shows the martensite laths nucleated 

and grew from the prior austenite grain boundary. Dislocation network 

can also be seen in the martensite ·plate at the right hand region of the 

micrograph. A fair amount of twinning was observed in the martensite of 

steel 806 as shown in Fig. 15. Many examples of completely internally 

twinned martensite are seen in steel 953 as observed in Fig. 16(a). 

Analysis of selected area diffraction ·pattern indicates that the orienta-

tion of the matrix. are twin are [110] and [ffo] respectively. 'The. twin 

plane is (ll2). In addition to the twin spots there _are other spots due 

to double diffraction [Fig. 16(c)]. Dark field of (002) twin spots 

reverses the contrast of the twins. 

The morphology of martensite in steel 807 is similar to that of 804 

and is shown in Fig •. 17. Figure 17(a) shows a group of narrow dislocated 

martensite laths with no twinning at all. Various sizes of martensite 

laths of two families also seen in Fig. 17(b). The structure shows that 

martensite of steel 807 is practically untwinned. Martensite of steel 

8o8 is found to consist of mainly laths with small amount of plates. Some 

internal twi1ming in martensite of steel 808 is observed. Figures 18(a) 

and (b) ~>how the internal twinning in martensite plate and lath respectively. 

It seems tbat the twins in the plate are comparatively bigger than those 
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in the-laths. Martensite of steel809 is found to cmsist of a fair 

amount of internal twinning. Figure 19(a) shows a twinned ·plate in 

the same steel. Sometimes the twins are restricted to only a few marten-

site ·plates and also to the midrib of the grain [Fig. 19(b)]. This kind 

of morphology has also been observed before. Figure 19( c) shews a heavily 

twinned region of martensite of the same steel. 

Quantitative measurements of the amount of lath and the volume fraction 

of twins in martensite are rather difficult. However, by examining a 

number of foils, a relative comparison could be madeo It is found that 

the amount of lath martensite in steel 8o4 is more than that in steel 

953. And it is also noticed that the amount of internal twinning in 

martensite increases gradually from steel 804. to 805, to 806 and 953 

in that order. The only difference in carrposition among these alloys is 

in their manganese content. Steel 804 contains o%; 805, 2%; 806, 4% 

and 953, 7fo of manganese. It is clear from the foregoing observation 

that manganese ·promotes internal twinning in martensite. Also, results 

of the observation of steels 807 and 809 reveal that the martensite in 

0.2ry/oC - 3% Mn (steel 807) is practically untwinned, while that in 

0.2ry/oC - 7{oMn (steel 809) is moderately twinned. This further confirms 

that the extent of internal twinning increases with increasing Mn content. 

It is concluded that manganese has the effect of promoting internal twinning 

in mart'ensite. This is contradictory to what is stated by Christian. 33 

He indicated that the martensite in high-alloy steels containing manganese 

is not internally twinned. 

Since manganese has the effect of decreasing M temperature, and it 
s 

is observed that internal twinning in martensite increases with manganese 

content, then the extent of internal twinning in martensite depends 
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partially on M temperature is true in pure Fe-Ni-Mn-C and Fe.-Mn-C alloys 
s 

as it is Fe-c34 and Fe-Ni-c19 but not in Cobalt bearing alloys •
18 

C. Stru£iure of Tempered Martensite 

The microstructures of mrtensite at various temperatures have also 

been examinedo The IJRrtensite of steel 804 tempered at 4o0°F showed a 

mixture of epsilon carbide and cementite. In many cases these precipitates 

do not give a sufficiently satisfactory diffraction pattern to be identified, 

but the trace analysis of the r.tabit ·plane shows a (100} habit. It is known 

that the epsilon carbide has (lOO}a habit and grows in (lOO}a direction. 

Also some cementite with (110) habit has also begun to form as can be 

seen from Fig. 20(a) and (b) where the arrows indicate the cementite. 

In some other areas, the resolution of epsilon carbide and the precipitation 

of cementite seems complete as observed in Fig. 20(c) where the foil 

orientation is (111) and all the three families of (110) cementite upon 

increasing the tempering temperature. Figure 21 shews the structure of 

TIRrtensite of steel 804 tempered at 600°F. At this tempering temperature 

the precipitates are all found to be cementite with (110} habit, which 

agrees with the observation by others.38 - 40 0 

Spherodized carbides of 200A 
0 

to 500A diameter are found on tempering at 850°F [Fig. 22(a) and (b)]. 

The structures begin to recover at this temperature. Figure 22(c) and 

(d) show the structure of martensite of the same steel tempered at l000°F 

for 2+2 hours. The carbides agglomerate on the martensite lath boundary 

in oblate spheroid shape.Polygon networks in recovered grains are clearly 

revealed, but sonie needle-like grains still ·persist as shown in Fig. 22(c). 

When tempered at l050°F for 80 hours, big spherodized carbides and indivi-

dual dislocations are obtained in the recrystallized ferrite grains as 

seen in Fig. 23(a) and (b)o 
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The temperinr; resistance of steel Soh -vrhich contains no m"l.nganese 

is relatively 1wor in comparison w:ith the steels containing manganese. v 

This is reveo.led by comparing steel 80~- -vrith steel 807 both from micro-

structure and strength variation with temperature. 

It is also knovrn that :in the presence of twins the cementite precipi,.

tates preferentially on the t-vrin boundaries 1-rith (112} habit. 
41 

Figure 

24 shows the structure of ma'rtensite of steel 805 tempered at 400°F, 

which shovrs a packet of internally tvrinned martensite laths -vrith carbides, 

precipitated on the tvlin-matrix interface. The selected area diffraction 

pattern sho~-rs the matrix to be in approximately [i31) and the t-vrins to be 

approximately [lOf]. Twinning on (l21) plane vrill bri~ [i31] matrix 

into an orientation which is about 5 to 6 degrees off from [lOl]. This 

is s irnilar to the observation of Kelly and Nutting on high carbon steels. 
34 

Dark field -of (o2o) tvrin ·spot reverses the contrast of the tvrins. Carbides 

are also revealed by dark field, of spot A as shown in Fig. 24(c), and 

it can be seen that 'these carbides precipitate on the tvlin boundaries. 

Figure 24(d) is the dark field of (ioi) matrix spot which coincides with 

(lOi) tvrin spot and the whole group of laths have lighted up. Not only 

the brundary of the packet b.J.t also the lath boundary can be seen clearly. 

This proves that these are lr1.ths instead of plate. 1'he observation of 

rnicrot-vrins in the lath is further confirmed. This indicates that tre 

:inhomogeneous shear :in nassive or lath nartensite does not have to be slip. 

Thus, the morphology of martensite, i.e. plate or lath doe:; not depend 

on substructure, i.e. -vrhether twin is present or not~ Therefore, it would 

be more appropriate to classify m:n·tensite by their substructures, i.e. 

·twinned or untvrinned instead of by the morphology. 

Figure 25 sh:nrs the structure of martensite of 805 tempered at 800°F 

-vrhere cementitr: precipitates uniformly in VJidmanstatten p::tttern. This 
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structure will be used to compare with the bainitic structure to explain 

the discrepancy in toughness between the two structures. Figure 26(a), 

(c) and (d) show 600°F, 850°F and l000°F tempered martensite in steel 

807. All of them show Widmanstattenprecipitation of cementite, the Fe
3
c 

becoming coarser at higher teir[Jerature. By comparing 22(a) with 26( c) 

it is seen that when terrrpered at 850°F the carbide in steel 804 has begun 

to spherodize while that of steel 807 has not. The morphological diffe-

renee between the carbides of steel 804 and 807 is even more clear at 

1000°F. As can be seen in Fig. 22(d) and Fig. 26(d), spherodized carbides 
0 

of 1000 ~ 2000A diameter are :found in 1000°F tempered martensite of 804 

while the carbides still more or less maintain their pJa telet shape in 

martensite of 807 at 1000°F. It is evident that steel 807 possesses 

stronger tempering resistance than steel 804. This agrees with the vari-

ation of strength with temperature as shown in Fig •. 2 and Fig. 5. The 

compositions of steel 804 and 807 are .025C-5Ni-Fe and .25C-3Mn-Fe respec-

tively. Thus, as an alloying element in steel, manganese gives a stronger 

tempering resistance than nickel. 

Unlike the lower manganese steels (i.e. steels 804, 805 and 807), 

tempering of higher manganese steels (806, 808 and 809) shows a fair 

amcunt of long precipitates along the lath boundaries and the carbide 

distribution is rather non-uniform. Also, as described before, manganese 

promctes interml twinning, which provides a ·preferential site for cemen-

tite to precipitate. Thus the terrrpered high manganese steels seem to 

contain long precipitates along both twin and lath boundaries. Figure 27 

(a) shows continuous carbide precipitates all aloY¥S the lath boundary 

obtained after tempering steel 809 at 400°F. Dark field reveals a part 

of the carbides [Fig. 27(b) ]. Aside from the continuous precipitates at 
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the twin boundaries, Widmanstatten precipitation in the twin free regions 

is also -observed as shown in Fig. 27(c) which is another area of the foil. 

400°F tempered martensite of steel 808 is also observed, long twins and 

carbides precipitates can be seen in Fig. 28. On tempering at 600°F, 

again, martensite of steel 806 shows long and continuous carbide precipi

tates all along the twin boundaries, as can be seen in Fig. 29(a), to

gether with some Widmanstatten carbides. Dark field of a twin spot 

reversed the contrast of the twins [Fig. 29(b) J. But tempering the 

same steel at 4D0°F did not show a pronounced lath boundary precipitation. 

Figure 30 shows the structure 800°F tempered martensite of steel 809, vlhere 

long, coarse carbide precipitates are observed. On tempering at 1000°F, 

carbideR in the matrix became coarser. Also, long precipitate along the 

boundaries broke up into segments to minimize the total free energy. 

The structure of l00°F tempered rmrtensite of steel 808 is shown in 

Fig. 31. Figure 32 indicates that the precipitates along the twins 

of martensite of steel 806 have also fragmented into sections-upon temper

ing at l000°F for 2+2 hours. 

Summarizing the abovP. results, we can -say that in lower manganese 

steels, epsilon carbide precipitates below 400°F, and is subsequently 

re·placed by cementite at higher tempering temperatures. The manganese 

contain:ing steel has stronger tempering resistance than a nickel steel. 

In higher manganese steels, the cementite precipitates ·preferentially 

along the twin and lath boundaries suggesting that manganese may promote 

lath boundary precipitation. 

D. Structure of Bainite 

It has long been known that there are two different bainite morpho

logies, namely upper and lower bainite.
42 

In many steels a distinct micro-

' 

' -

. -
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strlictral difference between these two forms has been seen. In upper 

bainite the carbides frequently form elorgated particles between the 

bainitic ferrite grains, while in lower bainite, the carbides tend to 

precipitate at an inclined angle of 55 ~ 65° to the major growth direction, 

1 . t . l . ( f th ba . . t . f . t . 42 ' 43 s . t h or ongl Udlna axls, o e lnl lC errl e graln. lnce e 

mechanical properties of upper bainite are relatively poor, only isother-

mally transformed lower bainite is of interest in this study. The con-

ventional transition temperature fran lower to upper bainite is known to 

- 44 
be around 650°F. According to Pickering, - the maximum temperature above 

which no lower bainite forms depends on the carbon content of the alloy. 

His results show that it is about 900°F for 0.2ry/o carbon steel. The 

highest transformation temperature adopted in this work is 76o°F and 

it will be seen that the structures are all lower bainites. 

Figure 33(a), (b) show the structure of lower bainite of steel 8o4 

tmnsformed at 720°F and 760°F for 24 hours respectively. The bainite 

lath are found to be placed side by side with only a small misorientation 

between them as checked by selected area diffraction pattern. This 

agrees with the nucleation model proposed by Hehemann 
4

5 and Pickering. 
44 

The bainite laths are very similar to low carbon martensite laths except 

tmt there are carbides ins ide the ferrite laths. The carbides are 

identified to be cementite and the trace analysis indicates that these 

habit plane of the carbides is (112} similar to the observation made by 

Baker et al.4o No internal twinning was observed in bainitic ferrite, 

the reason why the cementite IJrecipi tated on orily (112} planes still needs 

further investigation. Steel 8o4 was also transformed at 720°F for 6o 

hours. The structure does not show any significant difference from that 

of transformed for 24 hours at the same temperature, i.e" 720°F. This 
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indicates that as soon as the transformation is c orrplete, prolonging the 

time does not affect the structure significantly. It is found that generally 

the strength decreases and the toughness increases with increasing trans

formation temperature. The structure of bainite of steel 807 transformed 

at 710°F and 760°F a~e shown in Fig. 34 (a) and (b). They show that 

carbide ·particles becane coarser and probably the structure recovered to 

a greater extent at higher transformation temperature. Thus the reason 

for decrease in strength and increase in toughness with increasing trans

formation temperature for lower bainite may be a direct strength-tough-

ness relationship. 

At lower transformation temperatures, wider bainite laths or plates 

are observed instead of narrow laths. This is seen in Fig. 35 which is 

the lower bainite of steel 805 isothermally transformed at 6l0°F for 

24 hours, where the bainite lath is wider than those transfb rmed at 720°F 

and 760°F as shown in Fig. 33 and 34. 

As mentioned before the bainitic reaction in steel 808 did not go to 

completion. Figure 36 is the structure of ste"el 808 after isothermal 

transformation at 6l0°F for 24 hours, followed by tempering at 6l0°F for 

2+2 hours. It shows a mixed structure of bainite and martensite. Typical 

undirectional bainitic carbides making an angle of 55 ~ 652 to the longi

tudinal axis of the ferrite lath are seen in the upper right hand portion. 

While in the center and left portion, both twin and Widmansta tten carbides 

(not clear shown in the print) indicates the martensite formed fran un

transformed austenite on cooling after isothermal transformation. For 

steels 806 and 809, no bainite was obtained even after transforming for 

24 l1ours. In contr3.st, full bainite was obtained in steels 8o4, 805 

and 807. It. is evident that in the presence of high manganese content, 

the bainitic trru1sformation becomes rath sluggish. For a further investi-

., 

•. J' 
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gation of the effect of manganese on bainite, it is necessary to deter-

mine its effect on the TTT diagrams. 

The fracture surface of Charpy V-notch specimens tested at room tempera-

ture were replicated by two stage plastic/carbon replica technique and 

examined for the fracture mode. 

The tempered martensite of lower manganese steels ·possess relative 

high toughness and show dimple rupture. Figure 37(a) (b) and (c) re-

·present the fracture s·,x._·faces of rmrtensite of steel 8o4 tempered for 2+2 

hours at 400°F, 85Q°F and l000°F respectively. They show equiaxed dimples 

in Fig. 37(a) and elongated dimples in (b) and (c) which are typical 

ductile failure. Dimples are believed to occur by the formation, growth 

and coalescence of microvoids. Such voids are often initiated by hard 

. t. l . . t l 46,47 dlspersed par lC es ln s ee • 

The fracture surfaces of tempered martensite Emd bainite of similar 

strength levels were also examined. Figure 38(~) represe~ts the fracture 

mode in martensite of steel 805, tempered at 800°F. The main feature in 

it is that the fracture surface is composed largely of well-defined 

dimples of various sizes. In contrast, the fracture mode in bainite of 

the same steel transformed at 6l0°F, shows a mixture of dimples and clea-

vage facets, which is a low energy fracture [Fig. 38(b) and (c)]. This 

agrees with the toughness data which gave CVN values of 48 and 13.5 ft-

lbs for the tempered martensitic and bainitic structures respectively. 

The mixed structure of cleavage facets and dimples in bainite indicates 

Llnt wlwn a cle:tv:t,r:;e:~ cr:wk is n,rrested, some deformation and ductile 

fr.tc~Lurc ()('<'111' nnt.LL a new cr::tcl\: is initiated. Fracture Irode comparison 

of the tempered martensite with bainite of similar strengtl1 level was also 
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rmde for steel 807. Figure 39(a) shows the fracture surface of 800°F 

tempered martensite of steel 807 where sn:all equiaxed dimples are observed. 

The fractUTe sUTface of bainite of the same steel transformed at 7l0°F 

[Fig. 39(b)] indicates the herringbone structure, which is typical of 

48 
cleavage" There are at some boundaries dark irregular bands where the 

carbon replicating film has collapsed, suggesting very large level difference 

or intergranular cracks at these boundaries as observed by Low.
4

9 The 

CVN toughness values of these tempered martensite and bainite are 43 and 

26 ft-lbs respectively. 

From the above comparison, it is clear that the fracture mode agrees 

with the impact data which further confirms that tempered martensite 

of these alloys is tougher than bainite. Fractographs of the martensite 

of steel 806 and 808 and 809 tempered at various terrperatures are also 

presented in Fig. 40. Almost all of them show predominantly inter granular 

fracture. Some small dimples were occasionally seen. The observations 

also rmtch the low impact toughness values of these higher manganese 

steels. Figure 4o(a) shows the fracture mode of 4o0°F tempered martensite 

of steel 806, which contains flat dimples together with groups of small 

dimples. While for the same material tempering at 600°F shows a fracture 

mode which is almost completely intergranular, as observed in Figo 4o(b). 

Since this is a very low energy fracture, it implies that the boundaries 

of the twins or laths are weaker at 600°F than that at 400°F; this agrees 

-vT.ith the observation that lath boundary precipitation is more prominent 

at 600°F than at 400°F. The fracture surface of martensite of steel 

808, tempered at 600°F and l000°F are shown in Fig. 4o(c) and (d) respec-

tively. Though both show intergranular failure but the former has a lmv-er 

impact tcughness than the latter. This agrees with tre observation that 

.. , 
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at higher tempering temperature, the continuous carbide breaks up into 

segments and the structure is more or less recovered. The same argument 

applies to the martensite of steel 809 when tempered at 400°F and l000°F 

respectively, [Fig. 1+0(c) and (f)]. 

Summarizing the above description we can say that the fracture mode 

of tempered martensite of lower manganese steel is dimple-rupture, that 

of bainite is a !J.ixture of cleavage and d:imple-fracture, that of tempered 

martensite of higher manganese steel is predaninantly intergranular fail-

ure. It will be discussed later what kind of grain boundary does the 

fracture path follow in higher manganese steel. 

F. Optical Micros~c Observation 

It has been reported that the brittleness in quenched and tempered 

steels are due to the ·presence of microcracks. 7 Marder and Krauss 
48 

also 

observed microcracks in quenched martensite specimens that were above 0.67 

percent carbon. Martensite of higher manganese content which showed low 

toughness were metallographically prepared and examined. :B'igure 4l(a) 

and (b) are the structures martensite of steels 806 and 808 respectively. 

No microcracks in any of the high manganese steels were observed. Thus 

the low impact toughness of tempered martensite of high manganese steel 

could not be due to the presence of microcracks. 

Figure 42 is the optical micrograph of steel 953 obtained after 

quenChing from austenizing temperature and storing in liquid n~trogen 

for 372 hours, which shows a mixed structure of rmrtensite with 5 to 10 

T>t:~rccmt of ret:-t ined. <lU ;~ten ite • 
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G. Toughness of Tempered Martensite and Bainite 

Based on similar strength levels, toughness was compared either 

between tempered martensite of varying manganese content or between 

different structures of the same composition such as temp:!red martensite 

and bainite. 

l. Comparison of Toughness Between -fuinite and Tempered Martensite of 

Lower Ma!}ganese Steels with a Little Twinning, 

The test results show that tempered martensite of lower manganese 

steel possesses better toughness tban bainite. Assuming other things be.:.. .. 

ing equal, the difference in t·oughness will be attributed to the grain 

size and orientation of ferrite, and carbide morphology. 

Both the size and orientation of the grains are important in controll

ing the toughness. It is known49 that the smaller the grain size the 

greater is the energy absorbed during fracture and the more difficult is 

tre·process of crack propagation. In the present case, various sizes of 

laths were found in both bainite and martensite, but generally it seems 

that the bainite laths are narrcwer than the martensite laths. However, 

the contribution to toughness by narrow laths of bainite is superseded 

by other factoTs, as discussed below. 

As mentioned before, the fracture mode of the bainite of the steels 

under investigation is predominantly cleavage. It has been shown from 

structure observations that the l:ainite consists mainly of laths, which 

are separated frcm each other by low angle boundaries. It is thought 

tbat the cleavage cracks can propagate easily in these laths. If the 

bainite consisted of randomly oriented grains the change in orientation 

at individual grain boundaries impeded the propagation of the cleavage 

crack by causing localized deformation near the boundary and would absorb 

·' 
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more energy. However in the structure of parallel laths, less energy 

seems to be required for the crack to propagate. The reason for this is 

that low angle bmmdaries between the reighboring ferrite laths in bainite 

do not have a strong blocking effect in diverting the direction of the 

cracks which can subsequently retard the crack propagation. Thus, the 

cleavage crack can cross from one ferrite grain to another without much 

deviation in direction until the crack meets the prior austenite grain 

boundaries. This can be one of the factors responsible for the low 

toughness of bainite. 

AlsO~ the morphology of the carbide precipitation affects the tough

ness. In the twin free region of martensite, carbides precipitate in 

Widmanstatten pattern, while in the bainitic structure, relatively few, 

coarse, widely spaced carbides precipitate unidirectionally inside the 

ferrite grain. It can be seen that the chance of the crack being blocked 

byWidmanstattenprecipitates of carbide is g~eater than that of the bainitic 

carbides. Thus, so far as the resistance to crack propagation is concerned, 

the morphology of carbides in tempered martensite is better that of the 

bainitic carbides. This may be another main factor which is responsible 

for the difference in toughness :between the two structures. 

The above argument can be demonstrated by comparing Fig. 34(a) with 

Fig. 26(c). These show the structure of bainite and tempered martensite 

of steel 807 at equivalent yield strength level of about 130 ksi. The 

bainitic structure [Fig. 34(a)]shows not only high dislocation density bUt 

also a few unidirection carbides, while the tempered martensitic struc

tures [FiG. 26( c)] of the same strength level as bainite sh cws numerous 

uniformly cl:i.strHmi:ed cnribdes on (110} planes. Similar comparison can 

also be m'1de fc~r bainite (Fig. 35) and tempered martensite (Fig. 25) for 

steel 805. 
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2 • Comparison of Toi.lghne$s Bet:ween Tempered Mart.ensi te of High and Law 

Manganese Steels 

The mechanical tests results have shown that the toughness of marten-

site of lower manganese steel is higher tban that of higher manganese steel. 

Again assuming other things being equal, the difference in toughness may 

I 
partially be attributed to microstructural difference such as internal 

twinning and partially to grain boundary precipitation. 

The role of internal twinning in lowering the toughness can be 

explained as follows. As seen before, in the presence of twins the 

cementite precipitates preferentially all along the twin boundaries. 

Thus the carbides are very long and continuous as shown in Figs. 27-32. 

These long precipitates of carbides allow a twin boundary to act as a 

strong barrier for the movement of dis locations. Thus dis locations pile 

up in the localized areas and induced high stress concentration, which 

nucleates a crack and accelerates the propagation. Evidence of cracks 

induced·by twins in metals and alloys have been observed before.
4
9,5l 

Also, in the presence of internal twinning, the martensite is more likely 

to be deformed by mechanical twinning rather than slip as reported by 

Krauss et a1. 52 It is known that the plastic deformation is restricted 

when the deformation mode is mechanical twinning which subsequently 

results in low toughness. Therefore, the presence of internal twinning 

and its effect ori the carbide precipitation in the martensite plate to-

gether with deformation by mechanical twinning can give rise to the low 

energy fracture. 

'J'he vresence of precipitation or segregation at the grain bou.11dary 

is another llt4~ior re3.son for lowering the toughness and causing inter,.. 

granular failure. Sometimes, these grain boundary precipitates need 
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not be continuous to produce intergranular fracture as reported by other 

workers. 53' 54 
Grain boundary Jlrecipitates help in nucleation of cracks 

by acting as a strong barrier to dislocation motion and to the transfer 

of plastic energy from grain to grain. The grain boundary carbides were 

very prominant in the martensite of higher manganese steels. Long carbides 

were detected both along grain boundaries .and twin boundaries. These 

long carbides are thought to be responsible for. the low toughness. The 

fracture path giving rise to the irrtergranular failure will be treated in 

another section. 

H. Fracture Path 

1. The Fracture Path of Tempered Martensite in High Manganese Steel 

The fracture modes of higher man~nese steel, e.g., 806, 808 and 809 

are pr edominantl.y intergranular. A statistical measurement of the apparent 

grain size as obtained from all the fractographs show that the average 

grain size is even smaller than ASTM No. 12 while in 0.2~ carbon steel, 

generally austenite grain sizes are in the range of ASTM No. 7-8, 55 

when the austenitizing temperature is about 1700°F. This indicates that 

the intergranular failure of the present alloys does not follow the prior 

austenite grain boundaries. Furthermore, the electron microscope obser-

vations show the carbides to precipitate either along the lath boundary 

or twin boundary. Continuous precipitation along the prior austenite 

grain boundary was not detected. So the lath or twin boundaries but 

probably not the prior austenite grain boundaries are weakened by the 

carbide precipitates. Therefore, the fracture path follows the weakest 

Jlortion of the ferrite. Also it is well known that in o.'Z{o carbon steel, 

tl1c~ Jl~n·Lt~ll:>it.e w'li.Lclt is nnde up of "paekets o:f parallel plates or lal.hs" 
,.;-

form wit: I tin a l'rior :1-usteni te gr~in, as schematically shown in Fig. l(i, )O 

which is for three packets of martensite. Section A represents a packet 
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of martensite. Blocks of different orientations are found within a packet 

as represented in Section B. The slip structure is evident within each 

block as seen in Section C which corresponds to the laths seen in the 

electron microscope. 

The grain size as seen in the fractographs are probably the same size 

I 
as these martensite packets, and so it is likely that the fracture p'::lth 

might follow the boundary between the r:sckets. It appears that manganese 

promotes carbide precipitation along the ferrite lath boundaries in the 

tempered martensite and subsequently causes embrittlement. 

2. The Fracture Path in Bainite of Lower Manganese Steels 

The fracture mode of bainite is predominantly cleavage, together with 

sane small dimples as shown in Fig. 38(b), (c) and Fig. 39(b). As men-

tioned before, the carbides precipitate unidirectionally on ( 112} planes 

inside the ferrite laths of lower bainite. In the absence of lath bounda\t'y 

precipitation, the (112} planes in the matrix may be the weak planes and 

the crack is most probably nucleated at the carbide-matrix interface, i.e., 

(112} planes. Moreover, the herringbone pattern [Fig. 39(b)] further 

suggests that the failure is along (112}.
48 

Therefore the cleavage of 

bainite of low manganese steel follows (112} planes. 

Since the fracture appearance of bainite of steel 807 isothermally 

transformed at 7l0°F for -24 hours shows a herringbone structure, which 

has been associated with the cleavage along (112} twin-matrix interface 

. t . 48 . . 1n mar ens1te, one may think th1s 1s an indication of the existance 

of transformation twins in bainite. However, no apparent internal 

twinning has been detected in lower bainitic structure in the present 

work which np:rees with the observations of other ,.,orkers. 
44' 4 5 Also, no 

. -



.. 

.. 

-27-

positive evidence of the presence of internal twins in lower bainite has 

ever been reported. Since Tekin and Kelly 
41 

have suggested that during 

tempering the twins are removed fran martensite by the precipitation of 

cementite. Analogous to this, Shackleton and Kelly 
43 

postulated that 

the bainitic ferrite that forms ma.rtensically from austenite may also be 

twinned and these twins can also be removed by the precipitation of 

cementite during isothermal transformation. This not only elucidates 

the reason why the habit planes and orientation relationships of the 

cementite in lower bainite are consistant with the carbide precipitation 

on twins in tempered martensite but also explains the causes which is re-

sponsible for the failure of detecting internal twinning in lower bainite. 

In spite of this it is rather difficult to understand why should the internal 

twins, if there is any, in bainite be removed at 7l0°F while that the 

microtwins in martensite persist even tempered at l000°F which is higher 

than the transformation temperature for bainite. In fact, based on their 

theoretical investigation on the crystallography of bainite transformation, 

Bowles et al. 57 have reported that twinning can not explain the crystallo-

graphic features of low bainite such as habit plane and the austenite-

ferrite orientation relationship. Since there is no conclusive direct 

evidence of the presence of internal twinning in lower bainite, whether 

the bainite is twinned or not needs further investigation • 

. ' 
Thus, although the herringbone structure of the fracture surface 

of bainite suggests the cleavage along (112} matrix-twin interface, this 

can also be ( ll2 J matrix-carbide interface as explained in the beginning 

of this section. Besides, even if the herringbone structure in the pre-

sent f'ilS(·' i" a resultant of cleavage along twin-matrix interface, the 

1.ypr' of trw tvdns should be mechanical twins Which arises during defc'rme,tic::, 
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instead of trans format ion twins. Because the width of the ba :initic · 

ferrite lath in steel 807 [Fig. 34(a)] is about 0.25 to 0.5~ which is 

very much small in compare with the appearance of the "t-vrins" shown in 

the fractograpy [Fig. 39(b)]. No matter how, whether it is twin-matrix 

interface or matrix-carbide interface, the argument that the cleavage 
I 

follows {112} planes in lower bainite of low manganese steel seems still 

valid. 

The ma.rtensite of steel can be described by its transformation sub-

structure i.e. twinned martensite and dislocated martensite. The factors 

which basically affect the twinning in martensite have been a subject of 

discussion over the past decade. 'li'he M temperature has been generally 
s 

agreed to be one of the main parameters in affecting twinning by most 

17-20 
researchers. 

It is observed in the present work that the ma.rtensites of .25C-3Mn-Fe 

and .25C-5Ni-Fe alloys are mainly untwinned, but the martensite of 

.25C-7Mn-Fe and .25C-5Ni-7Mn-Fe alloys are almost fully twinned. Since 

manganese is known to lower the M temperature and it has been shown that . s 

tre internal twinning in martensite is promoted by manganese. Thus the 

extent of internal twinning in martensite depends partially on M 
s 

temperature is further confirmed in pure Fe-Ni-Mn-C and Fe-Mn-C alloys 

as it is in Fe-c34 and Fe-Ni-C
1

9 but not in cobalt bearing alloys.
18 

Fundamentally, the deforma.t ion mode of bee materials, Le. whether 

they deform by twinning or slip depends on the critical resolved shear 

stress (CRSS) for slip or twinning at the transformation temperature. 

At the transformation temperature if the CRSS for twinning is lo\·:e~· 

than that for slip then the structure should be twinned. On the C·'::!~er 
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hand, the structure should be deformed by slip if the CRSS for slip 

is lower than that for twinning. It is known that CRSS for slip in 

body centered materials is strongly temperature dependent. Thus at low 

temperatures, the CRSS for slip may be so high that twinning is the only 

mode of deforn:ation. Generally the lower the transformation temperature, 

the greater is the tendency for martensite to twin. It is clmr that the 

deformation mode (i.e. twin or slip) is temperature dependent. Also, 

martensite start (Ms) to martensite finish (Mf') covers a range of about 

So in many cases mixed structures of slipped and twinned marten-

sites are observed. The required stress is supplied by the stress induced 

from transformation. It is known that CRSS is composition dependent. 

Therefore, not only the M temperature, but also the effect of composition 
s 

cin CRSS is important in determining whether the ma.rtensite will twin or 

slip. From the present work it appears that manganese not only decreases 

Ms temperature but may also reduce CRSS for twinning. A further under-

standing about the structure of martensite can be reached as soon as the 

:relation of CRSS with individual alloying elements is established. 

In addition to the lowering of transformation temperatures, Kelly 

and Nutting
17 

indicated that by raising the stacking fault energy of the 

austenite should also favor twinning in martensite. The correlation of 

stacking fault energy in twinning seems to be true in adding carbon and 

nickel into steel. Because both elements pr ornate twinning in mart ens it e, 

lower M temperature and raise the stacking fault energy of austenite. s 

But manganese is known to decrease the stacking fault energy of austenite. 

According to Kelly and Nutting, this should not favor twinning. However 

this :Ls not t.h~: cnse, thus the indic(ltion that the sta eking fault energy 

of :t1l~~t.\'JILLL' affects twinning in rmrtensite does not seem to be true. 
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Some work on chromium steel has also been done. A O.l8C.,..l+Cr-Fe59 

alloy shows an mainly untwinned structureo 
. 6o 

In 18-8 stamless steel? 

the alpha martensite transformed frcm stress induced epsilon martensite 

does not show internal twinning. Similarly, martensite in Fe-8Cr-l.lC 

(M - -34°C)
61 

steel shows only a little twinning. The lowering of M s ~ s 

temperature by chromium is similar to that by manganese, but the effect 

of chromium on twinning is not known and is currently under investigation. 

It has been shown here that the addition of manganese up to 7{o enhances 

internal twinning in body centered (a:) martensite. In manganese steels, 

epsilon rmrtensite forms at relatively high rmnganese contents. The 

effect of the manganese on twinning in alpha martensite when it coexists 

· with the epsilon phase has not yet been studied. 

J. Precipitation of Epsilon Carbides 

There is a small amount of evidence as to the presence of epsilon 

carbide in tempered law carbon rrartensite ( < .2'5'/oC). The first stage of 

tempering of martensite has been generally assumed to be a discontinuous 

process resulting in a metastable equilibrium of epsilon carbide and 

law carbon martensite(.2'5'/oC).
62 

From this it was concluded that a steel 

having 0.2ry/o carbon or less should be undersaturated with respect to 

epsilon carbide and thus should not form epsilon carbide precipitates 

upon tempering. However, the presence of epsilon carbide in tempered 

steels containing less than 0.2ry/o carbon have been detected by x-ray 

diffraction technique. 63 In a recent investigation, Barton 
64 

reported 

that in a low carbon, high nickel, internally twinned, plate martensite, 

(-llC-28Ni-Fe), epsilon carbide precipitated on tempering at low tempera-

tures. fused on the observation that epsilon carbide forms in 10\v car-

bon Lw.i nned. mtrtensite he suggested that the tempering characteristics of 
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a martensite may be more directly related to the martensite morphology 

tmn to the carbon content of martensite. However, it is known that both 

the morphology and the substructure of :rmrtensite are affected by the 

carbon content. It is difficult to understand whether or not there is 

aDy direct effect of the martensite morphology or substructure on the 

precipitation of epsilon carbide. The morphology of carbide depends on 

the substructure of martensite, but the type of carbide formed does not 

seem to be affected by the marte11site morphology and structure directly. 

The present observation of epsilon carbide in practically untw'inned lath 

of steel 804 when tempered at 4o0°F is an evidence that the epsilon 

carbide can also precipitate in unt:winned martensite lath upon tempering 

at lower temperatures. Thus the correlation, if there is any, between the 

morphology of martensite with the ·precipitation of epsilon carbide should 

be examined more closely. 

Actually, when a su·persaturated solid solution decanposes to form new 

phases, the transformation tends to follow the lowest energy path, where 

not only volume free energy but also surface energy and strain energy 

factors should be taken into consideration. Epsilon carbide generally 

precipitates earlier than cementite upon tempering. It is expected that 

epsilon carbide is either thermodynamically or kinetically favorable 

in the first stage of tempering. No systematic investigation of this 
' 6 

aspect has been done. However, it bas been reported 5 that the movement 

of iron atoms in ferrite to form epsilon carbide appear to be less compli-
.. 

cated that the required <f'ar cementite. This might be one of the kinet ir:: 

factor which favors the formation of epsilon carbideo 
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IV •. SUMMARY 

By means of microstructural and fractographic investigation, it has 

been shown that the fracture mode of practically untwinned tempered 

martensite of low manganese steels is a typical dimple rupture which is 

associated with high energy failure. The fracture modes in lower bainite 

of low carbon steels exhibit cleavage facets mixed with some small flat 

dimples, while the fracture appearance of twinned tempered martensite of 

higher manganese steels is predominantly intergranular which is typical 

of low energy failure. 

Microstructural examination shows that the high impact toughness of 

untwinned tempered martensite is associated mainly with uniform Widman

statten (110} precipitation of carbide and the absence of both internal 

twins and lath boundary precipitates. Even in the absence of internal 

twinning and lath boundary precipitation, the bainite shows lower tough

ness. Because the bainitic carbides precipitate unidirectionally on 

(112} planes, which not only weaken the (112} planes to cause cleavage 

but also exert less resistance to the crack propagation. In contrast 

to the untwinned martensite of low manganese S·teel, the martensite of 

higher manganese content shows a mixed morphology of twinned plates and 

laths. Upon tempering continuous carbides precipitate preferentially 

along the twin and lath boundaries, which subsequently cuases inter

granular fracture along the lath boundaries. 

The low energy fractur·e mode of tempered martensite of high manganese 

steel seems to result from the effect of the presence of internal twins 

coupled with the enhanced lath boundary precipitation. 

to· 

.. 
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V. CONCLUSIONS 

l. The structure of martensite in a 0.25% carbon steel with higher 

manganese content (7% Mn) exhibits greater amounts of internal twinning 

than the low manganese ~:=: 3% Mn) ones.. Thus manganese promotes internal 

twinning in the martensite. 

2. At &imilar yield and ultimate tensile strength levels, the tempered 

martensite of low manganese steels (which is mainly untwinned) shows 

better toughness than the tempered martensite of higher manganese steel 

(which j,s twinned). 

3. It appears tha manganese promotes carbide precipitation along the lath 

boundaries of tempered martensite. This coupled with the effect of 

manganese on twinning may be responsible for the low toughness of high 

manganese steels. 

4. At equivalent strength levels, the toughness of untwinned tempered 

martensite of 0.25% carbon steel with Widmanstatten precipitation of 

carbides is higher than that of lower bainite, which shows unidirectional 

carbides. 

5. The fracture mode of high manganese (~ 4%) tempered martensitic steel 

shows predominantly intergranular failure. The fracture does not seem to 

occur entirely along the prior austenite grain boundaries, but mostly 

along the ferrite lath boundaries .. 

6. In the lower bainite, the stre~th decreases and toughness increases 

with increasing isothermal transformati~n temperature. This follows the 
tf:t·' 

usual strength-toughness relationship. 

7. No apparent transformation twins are observed in lower bainitic 

ferrite. At lower transformation temperature, wider bainitic laths or 

plates are observed. Relatively narrower laths are observed at higher 
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transfGrmation temperatures. 

8. The carbides precipitate on {112} planes in the ferrite matrix of 

lower bainite. The cleavage plane of lower bainite may be {112}. 

9. Isothermal transformation of steel to bainite becomes sluggish in 

the presence of .high manganese (~ 4%). This is due to the effect of 

manganese on the kinetics of transformation. 

10. The 500~F embrittlement of tempered martensite is enhanced by in-

creasing the manganese content. 

11. The addition of manganese to carbon steel offers a greater tempering 

resistance than the equal amount of nickel does. 

12. In pure Fe-Mn-C and Fe-Ni-Mn-C alloys the M temperature is an indica
s. 

tion of the extent of internal twinning in body centered martensite. 
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TABLE I 

Chemical Composition of the Alloys (Given in wt. %) 

With Their Ms Temperature 

Heat 
No. c Ni Mn p s Ms Temp. OF 

Bo4 .26 5.0 .004 (005 603 

805 .26 4.9 1.9 .004 (005 520 

Bo6 .26 4.B5 3.B .005 (i005 385 

B07 .25 3.0 .004 (.005 601 

BoB .25 4.9 .007 <_: 005 454 

809 .24 6.B5 .005 ~005 367 

953* .26 5.1 7. 5 ND ND 148 

* Stee 1 953 contains 0. 02% Si a.nd 0. 02% Al. 
ND: Not Determined 
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Table II. 

Mechanical Properties of Tempered Martensitic Structures* 

Heat Tempering 
XlO~;si 

uTs % Hardness CVN Impact 
No. Temperature Xl03psi Elongation R Energy 

of (0.2% offset) c Ft-lb 

804 400 173.4 200.7 9.24 43.5 23 

600 150.2 167.3 9.5 37 35 

750 124 135.6 10.71 30.5 54 

800 114.4 124.5 10.73 27 64 

850 103 114 11.02 23 73 

900 96.2 107 12.9 21 87 

1000 81.2 94.1 16.6 ·17 118.2 

805 400 171.5 202 8.32 44.5 21.5 

600 168.7 185.7 8. 53 42 18 

800 134.2 144.5 10.48 33.5 48 

1000 107.2 122.5 14.9 26 78.25 

806 400 171.9 207.5 10.7 45 27 

600 171.7 192.2 9.32 41 5.75 

800 158.2 167.2 11.66 38 14 

1000 119.5 134.7 14.6 31 18.5 

807 400 175.3 206.3 7.82 44.5 16.5 

600 174 188.2 8.4 40.5 13.5 

800 139 153.3 11.6 34 43.25 

850 131 142.7 12.75 32 52.5 

1000 107.3 119.8 14.3 25 95.25 

808 400 176 211 8.57 46 9.5 

600 171.8 185.5 8.44 44 4.88 
- . 

Boo 158.2 167.7 9.28 39 17.75 

1000 117.6 130;4 12.3 29 15.5 
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Table II, , continued 

Heat Tempering 
XlO~si 

uTs % Hardness CVN Impact 
No. Temperature Xl03psi Elongation R Energy 

of (0.2% offset) c 
Ft-lb 

809 4oo 172.7 209.5 10.14 46 4 

600 169.1 200 10.17 44 4.75 

Boo 162.3 182.3 11.66 42 7.75 

1000 126.9 141.2 13 32 8.5 

* Double Tempered at each temperature for 2 + 2 hours.· 



• 

Table III. 

Mechanical Properties of Bainitic Structures* 

Heat Isothermal Tempering t 

XlO~~si UTS Elongation Hardness CVN Impact 
No. Transformation Temperature °F Xl03psi % R Energy 

Temperature °F (0.2% offset) 
c ft-lb 

804 720 93.7 105.7 11.9 - 2L5 81 

720 600 92.5 105 11.5 21 

760 82 98.3 13.7 36 89 

760 590 81.5 96.9 12.1 36 

805 610 136 155-7 10.44 33 13.5 
I 

i & 
610 6oo 135 153.5 I 9.32 33 

I 

660 123.65 142.85 11.71 32 10 

660 6oo 121.7 137.7 8.59 33 

807 710 133-7 147.2 12.9 33 26 

710 6oo 130.4 143.2 11.51 32 

760 112.2 124.7 11.3 26 43.5 

760 590 111.2 124.3 12.4 24 

(J08 610 138.1 182.3 9.32 39 

610 610 145.4 172.5 8.82 38.5 

* Isothermal transformation time is 24 hours 

l Double tempered at each temperature for 2 + 2 hours 
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TABLE N 

Interpolated Toughness Values (Ft - lb) at Various Yield 

or Ultimate Strength of Tempered Martensite 

Interpolated Toughness Values (Ft - lb) at Various Strength Leveis 

Heat Yield Strength (Ksi) Ultimate Tensile Strength 
(Ksi) 

No. 120 130 140 150 160 170 140 160 180 200 

804 58 42 30.5 50 38 30 

805 63 41 24 ' 54 35 22 

806 19 18 13 18 16 10 

807 54 28 16 32 18 15 

BoB 18 18 6 18 8 6 

809 8 8 6 8 8 6 



-45-

TABLE V 

Comparative Toughness Values of Tempered Martensitic and 

Bainitic Structure at Similar Strength Levels 

Heat Strength Levels, CVN Impact Eriergy, Ft - J_b. 
No. Ksi Tempered Martensite I Bainite 

804 Y.S 94 92 81 

UTS --lo6 90 81 

804 Y.S 82 118 89 

UTS-- 98 loS 89 

805 y .s "' 136 45 13.5 

UTS"' 156 38 13.5 

805 y .s "' 124 59 10 

UTS-- 143 50 10 

807 y .s "' 134 47 26 

UTS- 147 46 26 

807 y .s"' 112 85 43.5 

UTS""" 125 83 43.5 
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FIGURE CAPTIONS 

The dimensions of mechanical test specimens. 

The effect of tempering temperature of the strength and tough

ness of steel 804. 

The effect of tempering temperature of the strength and toughness 

of steel1 805. 

The effect of tempering temperature of the strength and tough

ness of steel 806. 

The effect of tempering temperature of the strength and tough

ness of steel 807. 

The effect of tempering temperature of the strength and tough

ness of steel 808. 

The effect of tempering temperature of the strength and tough

ness of steel 809. 

Variation of Charpy V-notch impact energy with manganese content 

for steel 804, 805 and 806 at (a) similar yield strength, 

(b) similar ultimate tensile strength. 

Variation of Charpy V-notch with manganese content for steel 

807, 808 and 809 at (a) similar yield strength, (b) similar 

ultimate tensile strength. 

Comparison of Charpy V-notch impact energy of various steel 

at different yield strength levels. 

Comparison of Charpy V-notch impact energy of various steel · 

at different ultimate strength levels. 

Comparison of CVN toughness between tempered martensite and 

bainite .• 

... 
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Transmission electron micrograph of martensite of steel 804. 

(a) typical dislocated martensite lath which is in the 

absence of inte·rnal twinning, (b) another region shows wider 

laths. The width of the laths varies from 0.25~ to 1~. 

Structure of martensite in steel 805. (a) shows untwinned 

martensite lath of several families. (b) another region 

showing some fine internal twins in some of the narrow laths. 

(c) another region shows the martensite laths nucleated and 

growing from the prior austenite grain boundary. Dislocation 

network can also be seen in the martensite plate (right hand 

side). 

Martensite of steel 806 shows a twinned structure. 

(a) bright field micrograph of martensite in steel 953 showing 

heavily twinned struct.ure, (b) dark field of ( 002) twin spot 

reverses the contrast of the tw.funs, (c) selected area diffrac

tion pattern with analyzed pattern showing the orientation of 

the matrix and twin curve [110] and [iio], respectively, extra 

spots are due to double diffractions. The twinning phase is 

(ll2). 

Structure of martensite of steel 807 showing no internal 

twinning! (a) group of parallel, narrow, dislocated martensite 

laths of 0.5~ in width, (b) another area showing two families 

of martensite lath. 

Martensite of steel 808. (a) showing uneven distributed twins 

in a martensite plate, (b) showing microtwins in the marten

site lath. 
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Fig. 19 Structure of martensite of steel 809 showing (a) slightly 

thicker twins in the martensite plate, (b) twinning in the mid-

rib of the martensite plate, (c) another region with heavily 

twinned structure. 

Fig. 20 Martensite of steel 804 double tempered at 4o0°F for 2 + 2 hours. 

(a) showing fine precipitates of epsilon carbide, arrow marl;:s 

indicates cementite of (110} habit has also begun to precipitate, 

(b) shows another region with epsilon carbide and cementite, 

as in (a), (c) another region with higher magnification, 

~ showing cementite only, all three families of ( 110} cementite 

are in contrast, foil orientation (111). 

Fig. 21 (a) Structure of martensite of steel 804 after tempered at 

600°F for 2 + 2 hours showing Widmanstatten pattern of cemen-

tite, (b) dark field image reverses the contrast of the cemen-

tite. 

Fig. 22 Martensite of steel 804, (a) and (b) double tempered at 850°F 
. 0 

for 2 + 2 hours, show spherodized carbides of 200 ~ 500 A 

diameter in the matrix which has started to recover; (c) and 

(d) double tempere'd at 1000°F for 2 + 2 hours, show polygon 

networks in recovered structure, some needle-like grain still 

persists, carbides agglomerate on the martensite lath boundar-

ies. 

Fig. 23 Martensite of steel 804 tempered at 1050°F for 80 hours shows 

a recrystallized structure. (a) big 'spherodized carbides 

with individual dislocations, grain boundary fringes are ob-

served in the upper left hand corner, (b) another region 

showing carbide precipitates in recrystallized ferrite grain. 
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Structure of martensite of steel 805 tempered at 400°F for 

2 + 2 hours. (a) shows a packet of internally twinned 

martensite laths with carbides precipitated on the twin-matrix 

interface, (b) dark field of ( o2o) twin spot reverses the con-

trast of the twins, (c) dark field of carbide spot A lights up 

the twins, it is clear that cementite precipitateson the 

twin boundaries, (d) dark field of (ioi) matrix spot lights up 

the whole packet of martensite laths, (e) selected area 

diffraction pattern and indexed diffraction pattern showing the 

orientation of the matrix and twin are approximately [i3i] 

and [lOI], respectively. Twin plane is (121). 

Martensite of steel 805 tempered at 800°F for 2 + 2 hours, 

Widmanstatten pattern of cementite precipitates uniformly 

inside the matrix. 

Martensite of steel 807 tempered at 2 + 2 hours at: 

(a) 600°F, shows fine Fe
3
c precipitates with {ilO} habit, 

(b) dark field lights up the carbides, (c) 850°F, Fe_C becomes 
) 

coarser, (d) l000°F, cementite still remains in its platelet 

or rod-like shape, but part of them has begun to spherodize. 

(a) bright field of 400°F tempered martensite of steel 809 

shows continuous carbide precipitations all along the lath bound-

aries, (b) dark field shows part of the carbides, (c) another 

area shows cementite precipitates on the twins also in the 

matrix. 

Martensite of steel 808 tempered at 400°F for 2 + 2 hours. 

(a) :~lllllv:: :1':1ir amount of twins and carbide precipitates in 

l.lw matr:Lx, (b) dark field of a twin spot reverses the contr~=tst 

of the twin. 
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Fig •. 30 

Fig. 31 

Fig. 32 

Fig. 33 

Fig. 34 

Fig. 35 
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(a) Martensite of steel 806 tempered at 600°F for 2 + 2 hours, 

long and continuous cementite precipitates along the twins 

boundaries, some Widmanstatten Fe
3
c are also in faint contrast, 

(b) dark field of a twin spot reveals the twins. 

Structure of martensite of steel 809 tempered at 800°F for 2 + 2 

hours, long, coarse cementite precipitate on twins. 

1000 ~ double tempered martensite of steel 808 showing the 

continuous Fe
3
c along the lath boundaries has become coarser 

and broken into segments to minimize the total energy. 

Martensite of steel 806 tempered at 1000°F for 2 + 2 hours 

showing the cementite precipitates along the twin boundaries 

have also fragmented into sections. 

Lower bainite of steel 804 obtained by isothermally transform-

ing at (a) 720°F and (b) 760°F for 24 hours. Both show side 

by side nucleated ferrite laths. The carbides precipitate 

at an angle of 55 ~ 65° to the long direction of the ferrite 

lath. The width of the lath is about 0.25 to 0.5 ~' (b) shows 

a structure recovered to a greater extent than (a). 

Structure of lower b'ainite after isothermal transformation 

for 24 hours at (a) 7l0°F, shows relatively few carbides, 

(b) 760°F, carbides become coarser. 

Lower bainite in steel 805 formed at 6l0°F after transforming 

for 24 hours, showing wider bainitic ferrite lath of plate than 

high temperature transformed bainite as shown in Figs. 33 and 

34. Notice the carbides are relatively few, widely-spaced and 

coarser as compared to Fig. 25 which is the tempered martensite 

of the same steel with similar strength level. 



Fig. 36 

Fig. 37 

Fig. 38 

Fig. 39 

-51-

Structure of steel 808 isothermally transformed at 6l0°F for 

24 hours, followed by tempering at 6l0°F for 2 + 2 hours shows 

a mixed structure of bainite with tempered martensite. Typical 

unidirectional bainitic carbides making an angle of 55 ~ 65° 

to the longitudinal axis of the ferrite lath are seen in the 

upper right hand corner of the micrograph. Martensite twins 

together with Widmanstatten Fe
3
c (not clearly shown in the 

print) are also seen in the center and left regions. 

Electron fractograph of martensite of steel 804 tempered for 

2 + 2 hours at (a) 400°F, showing equiaxed dimples, 23 ft-lbs, 

(b) 850°F, showing elongated dimples, 73 ft-lbs, (c) 1000°F, 

showing elongated, high energy dimples, 18 ft-lbs. All are 

typical of ductile failure. 

Electron fractograph of tempered martensite and bainite of 

similar strength level of steel 805. (a) 800°F, tempered 

martensite showing various sizes of well-defined dimples, 

48 ft-lbs, (b) and (c) show the fracture mode of bainite ob

tained by isothermally transformed at 6l0°F for 24 hours, 

mixture of dimples and cleavage fracture. Cleavage steps are 

seen in the right region of (b), 13.5 ft-lbs. 

Electron fractograph of tempered martensite and bainite of 

similar strength level of steel 807. (a) 800°F tempered 

martensite, showing equiaxed dimples, 43 ft-lbs, (b) lower 

bainite formed at 710 "F after transforming for 24 hours, 

showing herri~gbone structure, which is typical of cleavage 

along {112} crystallographic planes. Dark irregular bands are 

the collapsed carbon films, indicating a large level iifference 

along the boundary. 26 ft-lbs. 
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Electron fractograph of (a) 400°F tempered martensite of 

steel 806 shows small dimples together with big flat dimples, 

27 ft-lbs., (b) 600°F tempered martensite of 806 shows pre

dominantly integranular failure, 5.75 ft-lbs., (c) 600°F 

tempered martensite of 808, 5 ft-lbs., (d) 1000°F tempered 

808, 15.5 ft-lbs., (e) 400°F tempered martensite of 809, 4 

ft-lbs., (f) 1000°F tempered martensite of 809, 8-5 ft-lbs., 

(b) to (f) all show predominantly intergranular failure. 

Optical micrograph of (a) as quenched martensite of steel 806, 

(b) martensite of steel 808 tempered at 1000°F for 2 + 2 hours, 

no microcrack is detected. All etched with2% nital. 

Optical micrograph of steel 953 obtained after quenching from 

austenitizing temperature and storing in liquid nitrogen for 

372 hours which shows a mixed structure of martensite with 5 

to 10 percent of retained austenite. Etched with 2% nital. 

Schematic drawing of three packets of lath martensite within 

a prior austenite grain. Section A represents a packet. 

Section B shows blocks within a packet and Section C illustrates 

an aligned substructure within the block of a packet. 56 
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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 use of any information, 
apparatus, method, or process disclosed in this report may not in
fringe privately 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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