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STRUCTURE AND MECHANICAL PROPERTIES OF
Fe-Ni-Mn-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 struéture and mechanical properties of tempered martensite
and lower bainite were investigated in a series of.high purity 0.25%
cérbon steels with varying amounts of Ni and Mn contents. The martensites
ih .25C-5Ni-Fe and .25C-3Mn-Fe alloys were.mainly untwinned, while %hose
in .25C-5Ni—7Mh-Fe and .25C-7Mn-Fe alloys‘Were hegvily twinned. Also,
it appeared that mahganese has the effect of promoting the carbids pre-
dipitation along the_lath boundaries in tempered martensite. At equiva-
lent yield and ultimate tensile strength leveis, the tempered‘martehéite‘
of lower manganese steels showed better impaét.tOUghness than the
tempered martensite.of highér manganese steels. . The impact.toughness
(compared at similar strenéth levels) of untwinned tempefed martensite
of 0.25% carbon steel with Widmanstatten precipitation of carbide was
higher than that of lower bainite, which shéwed unidirectional carbides.

The reasons for the difference in impact toughness between the
.alloys, and also Between the structﬁres were rationalized in terms of
internél twinning, grain boundary precipitation and carbidé morphology

together with other microstructural features.



I. INTRODUCTION

In recent years, it has been argued as to whether the balnitic or
martensitic structure has better toughness, when compared at the same
strength level, Griffiths et al.,l Holloman et al.,2 and Sachs et al.,5
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
5 6

and others. On the other

7-14

hand, opposite results have been shown by other workers.

reported by Banerjee,LL Herris and ILorig,

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.

15,16,17 that the presence of internal twinning in

It was suggested
martensite may reduce its ductility. In a recent investigation18 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 seén 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 (MS) tempera ture, the lower the
MS temperature, the greater is the tendency for martensite to twin
19,20

rather than to slip.

It is known that carbon lowers the MS temperature drastically.



vMbsf af thg alloying eleﬁents are #lso known to lower the MS‘temperéture.
- Maﬁganese.has the strongest effect fo%lowed by nickel and chromium,
while(cobalt raises M. 8o by adjusting‘thé composition; it is possible
to vary the Mg temperafure-and perhaps the extént of inﬁernal twinning.
Since the effect of méngdnese on internal twinning in martensite is not
known, a series‘of high purity steels with varyinglmanganese content were
designed. Thé result of this investigation will add té the existing
empirical results of the effect:of carbon and nickgl in increasing the
extent of internal twinning in martensite.

‘Aiso, manganesé is an importaﬁt component'df practiéally all sfeels
and is, therefore, of fundamental interest. Manganese content is a
significant factor in determining the degree of brittléness exhibited
by'steelg‘ It is added to steel because it reacté with excess sulfur
to prevent hot-shortness (high température brittleness). Manganese also
‘acts as a deoxidizing agent to oVercome oxygen-induced inﬁergranular
brittlenéss.gl It is also responsible for the solid-solution strengthen-
ing of ferrvite.vg2 All the investigators agree that manganese lowers
transition temperature, but no univefsal agreement has been reached

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

2326

that manganeée additions improved the toughness of the steel. But
it is interesting to note the structuré 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 éteel_(~10—1h%.Mh) is

~ fairly tough and is austenitic. There are a few investigations con-
cerning the effect of manganese on martensitic steels. It has been

27

reported by Decker et al. that the toughness of 18% Wi 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%. Tn an effort to
partially substitute manganese for nickel in 18% Ni maraging steel,
Patterson et al.28 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 MS temperatures. The steels will be referred

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

A, Specimen Bize and Heat Treatment

Tensile specimens whose dimensions are shown in Fig. 1(a) were
0.060 inch thick. Standard full size Charpy V-notCh-specimené, Fig. 1(b),
were used for measuring the impact toughness. All the specimens were cut
parallel to the rolling direction. The specimens were austenitizedvat
1650°F for one and half hour in aﬁ argon atmosphere and then either water
(for low manganese steel) or oil éuenched (fdr'high manganese stéel),
Then they were iﬁmediately 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 ﬁhe retained austenite. Bainite was obtained
by quenching the sbecimens directly into the salﬁ bath and isothermal
transforming at the required temperaturé. Fully bainitic structures
were checked as will be discussed in a later section. Carbon analysis
before and after heat treatment showed no significant decarburization.
N€vertheleés,.af%er heat treatment, tensile specimens were carefully ground
with femoval of 0.010 inch from both sides in order to eliminate any
possible effects of éurféce decarburization ffom auétenitizing, Flood

cooling was employed to minimize épecimen heating during grinding.

;  B. Mechanical Tests
Tensile'kests weré performed on an Instron machine at a éross head
speed of 10”2 in/min, A Sonntaé Universal testing machine with a
capacity of 240 ft-lts was’uéed‘to impact the Charpy V-notch specimens.

All tests were conducted at room tempefature, i.e. 776F.
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C. Electron Microscopy and Fractography

Thin foils for transmission electron microscopy were prepared 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

'50% 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 electropdlishing was accom-
plished in the well-known chromic-acetic acid (75 grams CrOB, LOO ml acetic
acid and 21 ml’HéO) at 25 de volts and 20°C, TFoils were examined in a
Siemens Elmiskop IA microscope, operated at 100 KV.

The replicas fbf electron microscope examination of the freshly
broken fracture surface of Charpy specimens were preparéd by a two-stage
plastic/carboﬁ technique.29 The contrast was incréased 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

Il

Thin sections were cut from the broken Charpy impact specimens

and conventional metallographic polishing techniques were used. Observa-

‘tion and photography'wére done with a Carl Zeiss Optical- Microscope.
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ITI. RESULTS AND DISCUSSIQN

A. Mechanical Properties

The méchanical properties of tempered martensiﬁe and bainite are
tabulated in Tables IT and III, respectively. The results are the
average of twqifb 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 campared on the basis of
‘equivalent yield strength or ultimate tensile strength, which is vefy
important.

Figﬁres 2 throﬁgh 7 show the variation‘of mechanical properties
versus tempering temperature. Steels with b niCkel,‘i;e. 80k, 805 and
806 (Figé. 2, 3, and 4) show similar tempering characteristics. The
yield and ultiméte tensile strengths drop and elongation and Charpy V-
notch impact energy increases with tempering temperature, as expected.
By éOmparing steel 804 (0% Mn), 805 (2%_Mh), and 806 (4% Mn), it can be
seen that the gddition of first 2% Mn is very effective in increasing
in tempering resistance. The Charpy V-notch toughness of 805 and 806
show an embrittlement when tempered around 600°F. This is so-called
‘5QO°F embrittlement of tempered mértensite, which generally occurs through
the range of 400 ~ TO00°F. It is interesting that th.is does not exist ivn
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 PaysonBQ in carbon steels,
where increasing carbon also enhancesVSOOOF embrittlementf .500°F em-
brittlement has been associated with the resolution of epsilon carbide

51

and simultaneous replacement be cementite.

)

But in the present case,

L A
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as will be discussed later, it is observed fhat the carbide is mainly
cementite with a small amount of epsilon carbide when the tempering
temperature is hod°F. This indicates that epsilon carbide has started
to dissolve a£ the temperature lower than LOO°F. While at 600°F, the
carbides are predomimntly cementite. So the embrittlement should have
occurred somewhere closer to LOO°F-instead of at 600°F if the argument
is valid. Tt 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 embrittlement when the
-tempefing temperature is 600dF. Steel 807 péssésses 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-1bs through the
whole range pfistfength levels. ..The mechanical 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 804, 805 and 806. All the points are interpolated from Fig. 2
to Fig. 7 and listed in Tablé IV, It can be seen thaf the toughness of
5Ni-.25C steel incrélses slighfly up to addition of 2% manganese but drops
at highér manganese contents. Figures 9(a) and (b) show the same reldtion
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

manganese from 3 to 7 percent. Thus it 1s concluded that the mnganese
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sddition in excess of 2I~ 3% is deleterious to the toughness of plain
Fe-Ni-0.25 carbon tempered martenéitic steel.

| The Charpy V—nétched toughness obtained at various yield and ulﬁimate
ténsile strength for differeﬁt heats are also shcwn in Fig. 10 and Fig.

11. As usual, steels 80@, 805 and 807 show that toughness decreéses

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

806, 808 ana 809 are ver& brittle and the 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 lower the toughness of

tempered martensite which is undesirable.

“4

The mechanical test data of the bainitic steels are given in Téble.
iII. The mechanical properties of as-traﬁsformed bainite.are relatively
p;orer than that of tempered marfensite of the same steel. The yileld
strehgth drops and the toughness increaseé with incfeasing isothermal
tfahsfdrmatibn temperature. To compare the toughness of martensite with
bainite, it 'is very importaﬁt to ensure that a fully bainitic structure
is obtained, because alloys of mixéd structure Of>martensite and bainite
possess very low toughness. The presence of almost 100% bainite in_
steels 80&, 805 and 807 was verified by examining the microstructure of
bainite after tempering at Iow temperatures. In this case the carbide
morphology in bainite and in tempered martensite would be different and
so the presenée_of any martensite in as-transformed,bainite.couLd be
detected. Usually mechanical properties of a fully bainitic struéfﬁre
do not_changé much by tempering, a slight lowering of strength may be
' obsgrved.. On the other.hand, aﬂmixed structure of baiﬁife and martensite

will show somewhat different mechanical properties after tempering. The
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toughness data of any incompletely transformed bainite, l.e. mixture of
bainite and martensite, should not be used in comparing the toughness

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

- exclude the possibilities of any mixed structure in steels 804, 805

and 807. In steel 808 it was rather difficult to obtain a fully bainitic
structure. TFurthermore, 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 FPig. 12 by plotting CVN impact Value against strength
for the two structures.  A1l the data have been given in Table IT and

IV and summarized in Table V to facilitate the éomparison. Only the

results of steel 804, 805 and 807 are used, because fully bainitic

sfructure of higher manganese steel, i.e. 806, 808 and 809 were not
obtained. It can be seen that at similar strength level, the toughness
of bainite of steel 80k, 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 transformation temperatﬁre, i.e.
higher isothennai transfonnation temperature gives upper bainite which
is not desired. | |

Summarizing the aBove results we can say that at similar yield
and ultimate strength levels, the tempered martensitic structure of steel
of lower manganese (i.e. 80k, 805 and 807) shows better toughness compared
to that of the steels of high manganese (i.e. 806, 808 and 809). In
otﬁer words, the toughness of martensitic steel decreases with inpreasing
manganese content. As will be seen later, the structural observations
show that the steels 806, 808 and 809 contain relafively'more internal

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

B. Structure of Martensite

In manganese steels, epsilon martensite forms at relatively high
ménganese contents. In the presemce of carbon and nickel, the minimum
amount of manganese required to fomm epsilovn martensite is not known.
Thus, it was necessafy to ascertain the martensite phaSe of the present
alloys. It was found that the alloys under invéstigation,; formed alpha
martensite instead df 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-
sponding to alpha mértensite. Secondly, by using x-ray'metallogra;hic
technique, no epsilon martensite or retain austenite but only alpha
~ martensite wasvdetected in steel 80L4 through 809. However, in steel 953
xwith M témperature of 148°F about'5 ~ 10% of retained austenite was
detected after quenching and storing in liquid hitrogen for 372 hours,

The microstructure of martensite in dilute alloys of Fe-Ni system
has been described as massive mrtensite by Owen et al.,52 self-accommo-
dating martensite by Christian,55 needle-like or lath martensite by Kelly

3l

and Nutting. The high carbon martensite structure was characterized

35

by Lucas”” as an "acicular crystal-like substance." To avoid the con-
fusion in terminology, martensite will be described by its substructure,
i.e. twinned martensite or dislocated (untwinned) martensite.

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

dialocations can be seen inside the marrow laths similar to the observa-

3);.

“tion of Kelly and Nutting. - This steel is almost completely free of .

internal twimming and is typical of dislocation martensite. The lath size

[
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of microtwins have been reported recentlyﬁ»
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varies from area to area but always fallsinto the range of 0.25u in Fig,
13(a) to 1p in Fig. 13(b), Which is another area of the structure. The
structure of martensite of steel 805 is shown in Fig. 1k, which is also
mainly untwinned. Several familiés of martensite laths with no twinning
at all is shown in Fig. ih(a).‘ Sometimes? very fine microtwins are- ob-
served in same narrow‘marténsite laths as iﬁ Fig. 14(b). The existence
= and will be discussed
later. Another region, Fig. 1&(0), shows the martensite laths nucleated
and grew from the prior austenitegrain boundary. Dislocation network
can also be seen in the martensite plate at the right hand region of the
microgfaph. 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).
Anélysis of selected area diffraction pattern indicates that the orienta-
tion of the matrix are twin are [llO] and [II0] respectively. The twin
plane is (I12). Tn addition to the twin spots there are other spots due
to double diffraétion | [Fig. 16(c)]. Dark fieid of (002) twin spots
reverses the contrast of the twiﬁs. | |
The morphology of martensite in steel 807 is similar to that of 804
and is shown in Fig..17. Figure.lY(a) shdws'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 ,'
808 is found to consist»bf mainly laths with small amount Qf pl@tés. Some

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

and. (L) show the internal twinning in martensite platé and lath respectively.

It seems that the twins in the plate are comparatively bigger than those
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in thejlaths. Martensite of steel 809 is found to cmsist of a fairb
amount of intermal twinning. Figure 19(a) shows a twinned plate in
~the same steel. Sometimes the twins are vrestricted'vto only a few marten-
site plates and also to £he midrib of the grain [Fig. 19(b)]. This kind
of morphology has also been observed before. Figure 19(c) shows a heavily
twinned region of martensife 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
mmber of foils, a relative comparison could be made. It is found that
the amount of lath martensite in steel 804 is more than thaf in steel

953. = And it is also noticed that the amount of intermal twimning in

' martensite increases gradually from steel 80k to 805, to 806 and 953

in that order. The only difference in camposition among these alloys is
in their manganese content. Steel 804 contains 0%; 805, 2%; 806, 4%
and 953, ™ of manganese. It is clear from the foregoing observation
that manganese promotes internal twinning in martensite. Also, resulis
of the observation of steels 807 and 809 reveal that the martensite in
0.25%C - 3% Mn (steel 807) is practically untwinned, while that in
0.29C - ThMn (steel 809) is m'oderaﬁely twinned. This further confirms
that thev extent vof' internal twinning increases with increasing Mn contént‘.
It 1s concluded that manganese has t'he‘ effect of promoti__ng internal twinning
in martensite. This is contradictory to.whét is stated by Ch"ristian.55
He indicated that the martensite in high-alloy steels containing mangane'bse
is not vinternally twinned. |

Since Iﬁanganese has the effect of decreasing Ms .tem.pera'ture,- and it

is observed that internal twinning in martensite increases with manganese

content, then the extent of internal twinning in martensite dépends
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partially on MS temperature is true in pure Fe-Ni-Mn-C and Fe-Mn-C alloys

as it is Fe—CBlL and Fe—Ni—Cl9 but not in Cobalt bearing alloys.18

- C. Structure of Tempered Martensite

The microstructures of mrtensite at various t'emperatures have also
been examined. The mrtensite of steel 804 tempered at Loo°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 habit plane shows a {100} habit. It is knowﬁ
that the epsilon carbide has {lOO}a habit and grows in (lOO>a direction.

Also some cementite with {110} habit has also begun to fom as can be

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

In some other areas, the reéolution of epsilon carbide and the precipitation
of cementite seems complete as observed in Fig. 20(c) where the foil
orientation is (lll) and all the three families of {110} cementite upon
increasing the tempering temperature, Figure 21 shows the structure of
mrtensite 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 cbservation by others.58_LLO Spherodized carbideé of EOOZ
to 5003 diameter are foqnd on tempering at 850°F [Fig. 22(a) armd (b)].

The stfuctures begin to recover at this temperature. TFigure 22(c) and

(d) show the structure of martensite of the same steel tempered at 1000°F
for 2+2 hours. The carbides agglomerate on fhe martensite lath boundary
in oblate spheroid shape.Polygon networks in recovered grains are clearly
revealed, but some needle-like grains still persist as shown in Fig. 22(c).
When tempered at 1050°F for 80 hours, big spherodized carbides and indivi-

dual dislocations are obtained inbthe recrystallized ferrite grains as

seen in Fig. 23(a) and (b).
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The tempering resistance of steel‘80h which contains no manganese
is relatiVely poof in comparison with the steels containing manganése.
This is revealed by comparing steel 80k with steel 807 both from micro-
structure and strengﬁh variation with temperature.

It is.also known that in the presence of twins the cementite precipi-
taesﬁmﬂwmmmuyonﬂwtmnbmm&wméwﬁh[DQ}Mhm}& Figure
24 shows the structure of martensite of steel 805 tempered at LOO°F, |
which shows & packet of internally twinned martensite laths with carbides,
pfecipitated on the twin-matrix interface. The selected area diffraction
’ pattern.showé the matrix to be in approximately [I31] and the twins té be
abproximately [10I]. Twinning on (I21) plane will bring [131] matrix |
into an oriéntation which is about 5 to 6 degreeé off from [10i], This
is similar to the observafion of Kelly and Nutting on high carbon steels.y1L
Dark field-of'(050) twin -spot reverses the contrast of the twins. 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 twin boundaries.
Figure eu(a) is the dark field of (10I) matrix spot which coincides with
(101) twin spot and the whole group of laths have lighted up. Nét only
the boundary of the packet tut also the lath boundary can be seen clearly.
This proves that these are laths instead of plate. The observation of
microtwins in the lath is further confirmed. This indicates that the
inhomogeneous shear in massive or lath martensite does not have to be slip.
Thus, the morphology of martensite, i.e. plate or lath does not depend

on substructure, i.e. whether twin is present or not. Therefore, it would
>be more .appropriate to claésify mrtensite by their substructures, i.e.
“twinned or untwinned instead of by the morphology.

Figure 25 shows the structure of martensite of 805 tempered‘atA8OO°F

vhere cementite precipitates uniformly in Widmanstatten pattern. 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. TFigure 26(a),
(¢) and (d) show 600°F, 850°F and 1000°F tempered martensite in steel
807. All of them show Widmanstatten.precipitation of cementite, the FeBC
becoming coarser at higher temperature. By comparing 22(a) with 26(c)

it is seen that when tempered at 850°F the carbide in steel 804 has begun
to spherodize while that of steel 807 has not. The morphological diffe-
fence 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
of 1000 ~ eoooz diameter are found in 1000°F tempered martensite of 80k
ﬁhile the carbides still more or less maintain their platelet shape in

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

stronger tempering resistance than steel 80L. 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-5Mn—Fe respec-
tively. Thus, as an alloying element in steel, manganese givee a stronger
tempering resistance than nickei. |

Unlike the lower manganese steels (i.e. steels 804, 805 and 807),
tempering of higher manganese steels (806, 808 and 809) shows a fair
amount of long precipitates along the lath boundaries and the carbide
distribution is rather non-uniform. Also, as describedrbefore, manganese
promctes internal twinning, which provides.a preferential site fof cemen-
tite to precipitate. Thus the tempered ﬁigh manganese steels seem to
contain loﬁg precipitates along toth twin and lath boundaries. Figure 27
(e) shows continuous carbide precipitates all along the lath boundary
obtained after tempering steel 809 et Loo°F. Dark field reveels a part

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

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

LO0°F tempered martensite of steel 808 is also observed, lorg twins and

carbides precipitates can be seeﬁ in Fig. 28. On tempering at 600°F,
again, martensite of steel 806 shows long ahd continuous carbide precipi-
tates all along the twin boundaries, as can be seen in Fig. 29(&), to-
gether with some Wldmanstatten carbldes. 'Dark field of a twin spot
reversed the contrast of the twins [Fig. 29(b)] But temperlng the
same steel at hOO F did not show a pronounced lath boundary pre01p1tat10n.
Figure 30 shows the structure 800°F tempered martensite of steel 809, where
long, coarse carbide precipitates are observed. On tempering ét lOOOoF,
carbides in the mafrix became coarser. Also, long precipitate along the
bbundaries broke up into segments to minimizé thevtotal free energy.
The strﬁéture of lOO°f tempered martensite 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 secﬁions.upon temper-
ing at 1000°F for 2+2 hours. .-

Summarizing the above results, we can say that in lower manganese
steels, epsilén carbide precipitates below hOOoF, and is subsequently
replaced by cementite at higher tempering temperatures. The manganese

containing 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 manganesé may promote

lath boundary precipitation.

D. Structure of Bainite

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

‘ . Lo - s .
logies, namely upper and lower bainite. In many steels a distinct micro-

&«

R
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strmictral difference between these two forms has been seen. In upper
bainite the carbides frequently form elongated 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,
or longitudinal axis,vof the bainitic ferrite gr'<5u'Lr1.)+2’br3 Since the
mechanical properties of uppér bainite are relatively poor, only isother-
mally transformed lower bainite is of interest in this study. The con-
ventional transition témperature fran lower to upper bainife is known to
be around 650°F. Acéording to IDickefilrlg,bfLL the maximuﬁ 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 0.25% carbon steel., The
'highest transformation temperature adopted in this work is 760°F and

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

Figure 33(a), (b) show the structure of lower bainite of steel 80k
transformed at 720°F and 760°F.for 2k hours respectively. The bainite
lath are found to be placed side by side with only a small misorienta tion
between them as checked by selected area diffraction pattern. This

45 and Pickering.uu

agrees with the nucléation model proposed by Hehemann
The bainite laths are very similar to low carbon martensite laths except
thét there are carbides inside the ferrite laths. The carbides are
identified to be cementite and the trace analysis indicates that these
habit pléne of the carbides is (ll?}»similar to the obsefvation ma.de by‘
‘Baker et al.ho No internél twinning was observed in bainitic ferrite, -
the reason why the cementite preéipitated on only {112} planes still needs
further investigation. Steel 80L was also transformed at 720°F  for 60

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

of transformed for 2L hours at the same temperature, i.e. 720°F. This
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indicates that as soon as the transformation is camplete, prolonging the

timé doces not affect the structure significantly. It is found that generally
the strength decreases and the toughness increases with increasing trans-
formation temperafure. The structure of bainite of steel 807 transformed

at T10°F and T60°F aije shown in Fig. 34 (a) and>(b). They show that

carbide particles becane coarser and probably the structure recovered to.

a greater éxtént at higher transformation témperature. Thus the reason

for decrease in strength and increase in toughness with increasing trans-
formtion temperature for lower bainite may be a direct strength-tough-

ness felationship.

At lower transformation temperatures, wider bainite laths or plates
are observed instedd of narrow laths. This is seen in Fig. 35 which is
the lower bainite of steel»805 isothermally transférmed at 6lO°F for
2L hours, where the bainite lath'is wider than those transformed at 720°F
and T60°F as shown in Fig. 33 and 3L,

As mentioned before the bainitic reaction in steel 808 did not go to
completion. Figure 36 is the structure of steel 808 after isothermal
transformation at 610°F for 24 hours, followed by tempering at 610°F for
2+2 hours., It shows a mixed structure of bainite and martensite. Typicél
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, bothvtwiﬁ and Widmanstatten carbides
(not clear shown in the print) indicates the martensite formed fram un-
transformed austenite on cooling after iscthermal transformation. For
steels 806 and 809, no bainite was obtained even after transforming for
2k hours. In contrast, full bainite was cbtained in steels 80k, 805
and 807. It is-evidentvthat in the presence of high manganese content,

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

v
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gation of the effect of manganese on bainite, it is necessary to deter-

mine its effect on the TTT diagrams.

E. Electron Fractographic Observations

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 sucfaces of martensite of steel 804 tempered for 242
hours at %OO°F, 850°F and lOOOdF respectively. They show equiaxed dimples
in Fig. 37(a) and elongated dimples in (b) and (c) which are typical
ductile failure. Dimples are belie?ed to occur by the formation, growth
and coalescence of microvoids. vSuch voids are often initiated by hard
dispersed particles iﬁ_steel.u6’u7

The fractﬂre surfaces of tempered martensite and bainite of similar
strength leveis were also examined. Figure 58(%) represents the fracture
mode in martensite of steel 805, tempered at 800°F°- The main feature in
it is thaﬂ the fracture surface is composed largely of wéll—defined

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

the same steel transformed at 610°F, shows a mixture of dimples and clea-

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

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

~1bs for the tempered martensitic and bainitic structures respeétively.

The mixed structure of cleavage facets and dimples in bainite indicates
Lt whon a eleavage crack is arrested, some deformation and ductile
rocture oceur until o new crack is initiated. Fracture mode comparison

of the tempered martensite with bainite of similar strength level was also
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made for steel 807. TFigure 39(a) shows the fracture surface of 800°F
tempered martensite of steel 807 where smll equiaxed dimples are observed.
The fracture surface of bainite of the.same steel transformed at T10°F

[Fig. 59(b)] indicates the herringbone structure,. which is typical of
cleavage,h8 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.LP9 The
CVN toughness values of these tempered martensite and bainite are 43 and
26 ft-1bs respectively.

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

with fhe 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 temperatures are also
presented in Fig. 40. Almost all of them show predominantly intergranular
fracture. Some smail dimples were occasionally seen. The observations
also match the low impact toughness values of these higher manganese
steels. Figure hO(a) shows the fracture mode of 40O°F tempered martensite
of steel 806, which contains flat dimples together with grows of small
dimples. Wﬁile for the same material tempering at 600°F shows a fracture
mode which is almost compietely intergranﬁlar, as observed in fig° Lo(b).
Since thié is a very low energy fracture, it imélies that the boundaries
of the twins or laths are weaker at 600°F than that at 400°F; this agrees
with the observation that lath boundary precipitatioﬁ is more prominent
et 600°F than at LOO°F. The fracture surface of martensite.of steel
808, ‘tempered at 600°F and 1000°F are shown in Fig. Lo(c) amd (d)v respec-
tively. Though both show intergranular failure but the former has a. lower

impact toughness than the latter. This agrees with the 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 samé argument
épplies to the martensite of steel 809 when tempered at L00°F and 1000°F
respectively, [Fig. hO(c)vand (£)1.

Summarizing the above description we can say that the fracture modé
of témpered mértensite of lower manganese steel is dimple-rupture, that
of bainite is a fixture of cleavage and dimple-fracture, that of tempered
martensite of higher manganese steel is predaminantly intergranuiar fail-
ures It will be discussed later what kind of grain boundary does the .

fracture path follow in higher manganese steel.

F. Optical Microscopic Observation

It has been reported that the brittleness in quenched and tempered
steels;are due to the presence of microcracks.7 Marder and Krauss%8 also
observed microcracks in quenched martensite‘specimens that were above 0.67
percent carbon. Martensite of higher manganese content.which showed low
toughneés were metallographically prepared and examined. Figure 41(a)
and (b) are the structures martgnsite_of steels 806 and 808 respectively.
No microcracks in any of the high manganese steels were»observed. Thus
tﬁe low impact toughness of tempered martensite of high manganese'steel
could not be dué té the presence of microcracks.

Figure 42 is the optical micrograph of steel 953 obtained after
quenching from austenizing temperature and storing in liquid nitrogen
for 372 hours, which shows a mixed structure of martensite with 5 to. 10

percent of retained aucstenite.
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G. Toughness of Tempered Martensite and Bainite

Based on similar strength levels, toughness was compared either
between tempered martengite of varying manganese content or betwéén
different structures of the same composition such as tempered martensite
and bainite.

1. Comparison of Toughness Between Rainite and Tempered Martensite of

Lower Manganese Steels with a Little Twinning,

The test results show that tempered martensite of lower manganese
steel possesses better toughness than bainite. Assuming other things be:i-
ing equal, the difference in toughness 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-

hg

ing the toughness. It is known “ that the smaller the grain size the
greater is the energy absorbed during :f'récture and the more difficul‘t_ is
tleprocess of crack propagation. In the present case, various sizes of
Iaths were found in both bainite avnd martensite, but generally it seems
that the bainite laths are narfcmer than the mrtensite laths. However,
| the contriﬁutioh to toughness by narrow 1ath's of baini"ce is superseded
by other fac‘tor‘s, as discussed below.

| As mentioned before, the f-i'acture mode of the bainite of the sfeels.
under inves-tigation is predominantly cleavage. It has been shown ffom
structure observations that the tainite consists mainvly of laths, whicfi
are separated from each other “by low angle boundaries. It is thought |
that the cleavage_ cracks can pfopagate easily in these laths .' If th_e
bainite consisted of randomly oriented grariv.ns the change in orienta'tioﬁ .

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 latﬁs, less energy
seems tolbe required for the crack to propagate. The reason for this is
that low angle boundaries between the reighboring ferﬁite 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 férfite gfain,to anothervwithout'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 thé 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. Tt can be seén that tﬂevchance of the crack being blocked
by Widmanstatten precipitates of carbide is greater than that of the bainitic
carbides., Thus, so far as the resistance to crack propagation is concerhed,
the morphology of carbides in temﬁered martensite is better that of the
bainitic carbides. This may be another main factor which is responsibie
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 equimaleﬁt yield stréngth level of about 130 ksi. The
bainitic structure [Fig. 34(a)lshows not only high dis location density but
also a few.unidirectioﬁ carbides, while’thé tempered martensitic struc-
fures [Fig. 26(c)] of the same strength level as bainite shows numerous
Qniformly distributed ecaribdes on {110) planes. Similar comparison can
also be made for bainite (Fig. 35) and tempered martensite (Fig. 25) Tor

steel 805.
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2. Comparison of Toughness Between Tempered Martensite of High and Low = = =

. Manganese Steels

The mechanical tests results have showh that the toughness of marten-
site of lower manganese steel is higher than that of higher manganese steel,
Again.dssuming other things being eéual, the difference in toughness may
partially be attribu%ed to microstrucfural difference such as internal
twinning and partially to grain boundary precipitation.

The role o6f internal twinning in lowering the toughness can be
explained as follows. As seen before, in the presence of twins the
cementite precipitates_preférentially all along the twin boundaries.,

Thus the carﬁides are very long and continuous as shown in Figs}v27-52.
These iong precipitates of carbides allow a twin boundary to act as a

étrong barrier for the movement of dislocations, Thus.dislocations pile

up in the localized areas and induced high stress concentration, which
nucleates a crack andlaccelerétes the propagation. Evidence of cracks
induced by twins in metals and alloys have been observed before.u9’5l
Also, in the presence of internal twinning, the martensite is -more likely
to be deformed'by mechanical twinning rather than slip as reported by

2 . .
2 It is known that the plastic deformation is restricted

Krauss et al,
when the deformat ion mode is mechanical twinning which subsequently
results in low toughness., Therefore, the pre sence of internal twinning
and 1ts effect on the carbide precipitation in the martensite plate to-
. gether with défbrmation by mechanicai twinning can give rise to the low
energy fracture.

The presence of precipitation or segregation at the grain boundary

is another mJjor reason far lowering the toughness and causing inter-

granular failure. Sometimes; these grain boundary precipitates need
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nbt be continuous to produce intergranular fracture as reported by other

53, 54

workers. Grain boundary precipitates 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 intergranular failure will be treated in
another section,

H. Fracture Path

1. The Fracture Path of Ten@ered.Marﬁensite in High Manganese Steel -

The fracture modes of higher mangénese steel, e.g., 806, 808 and 809
are prédominahtly intergramular. A statistical measurement of the apparent
grain size as obtained from all the fractographs show that the average |
grain size ié even smaller than ASTM No. 12 while in 0.2%h carbon steel,.
generally austenite grain sizes are in the range of ASTM No. 7—8,55
when the austenitizing temperature is about l70b°F. This indicates that
the iﬁtergranular 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. Continﬁous'precipitation aléng the prior austenite
grain boundary was not detected. ©So the lath or twin Epundaries but
probably not the ﬁrior austenite gfain boundaries are weakened by the
carbide precipitates. Therefore, the fracture path follows the wéakeét
portion of the ferrite. Also it is well known that in 0.2% ca 1bon steél,
the mawrbensite which is made up of "packets of parallel plates or laths"
form within a prior austeni te grain, as schematicaliy shown in Fig. MB,bG

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 repregented 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 iIn the fractographs are probably the same size
as theée martensite Lackets, and so. it is likely that the fracture psth
might follow the boundary between the packets. 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, togetﬁer 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 boundary
precipitation, the {112} planes in the matrix may be the weak planes and
the crack is most prbbably nucleated at the carbide-matrix interface, i.e.,

{112} planes. Morebver, the herringbone pattern [Fig. 39(b)] further
suggests that the failure is along {112}.h8 Therefore the cleavage of
bainite of low'mangaﬁese-steel follows {112} planes.

Since the fracture appearance of bainite of steel 807 isbthermally
transformed at 710°F for-24 hours shows a herringbone structure, which
has been associated with the cleavage along {112} twin-matrix interfacev
in martensite,u8 one may think this is an indication of the eiistance
of transformation twins in bainite. However, no apparent internal
twinning has been detected in lower bainitic structure in the present

. . . : Ly h o
work which agrees with the observations of other workers. '’ 2 Also, no
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positive evidence of the presence of internal twins in lower bainite has
. | A ok .

ever been reported. Since Tekin and Kelly 1 have suggested that during
tempering the twins are removed from martensite by the precipitation of

L
> postulated that

cementite, Aﬁalogous to this, Shackleton. and Kelly
the bainitic ferrite that forms martensically 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 wﬁy the habit planes and orientation relationshipé of the
ceﬁentite in lower bainite are.consistant with the cartide precipitatiop
on twins in tempered martensite but also explains the causes which is re-
spongible for the failure of detecting internal twinning in lower bainite.
In spite of-thisbit‘is rather difficult to understand why should the internal
twins, If there is any, ih béinite be removed at T10°F while that the
microtwins in martensite persist even tempered at lOOOOFAwhich is higher
than thé tranéformation temperature for bainite. 1In fact? basea on their
thecretical investigation on the crystallography of bainite transformation,
Bowles ét al.57 have repofted that twinning can not explain the crystallo-
graphic features of low bainité such as habit plané and the austenite-
ferrite orientétion relationship. Since fhere.is no conclusive direct
evidence of the presence of internal twimning in lower bainite, whether
the bainite is twinned or not.needs further investigation,

Thus, although the herringbbne strucfuré of the fracture_sﬁrfacé
of bainite suggests the cléavage along {112} matrix-twin intérface, thié
can also be (112} matrix-carbide interface as explained in the beginning
of this sectiénu Besides, even if the herr{ﬁgbone structure in.the pre-

sent case is a resultant of cleavage along twin-matrix interface, the

type ol the twins should be mechanical twins which arises during deformatic:,
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instead of transformation twins. Because the %idth of the bainitic”
ferrite lath in steel 807 [Fig. 34(a)] is abou£ 0.25 to 0.5u which is
very much small in compare with the appearance of the "twins" shown in
the fractograpy [(Fig. 39(b)]. No matter how, whether it is twin-matrix
interface or matrix-carbide interf#ce, the argument that the cleavage
|
follows {112} planes in lower bainite of low mahganese steel seems still
valid.
I. Twinning

The martensite of steel cén be described by its transformation sub-
structure i.e. twinned martensite and dislocated martensite. The factors
which basically affect the twinhing in martensite have been a subject of
discussion»over the past décade. The MS temperature has been genefally
agreed to be one of the main parameters in affecting twinning by most
researchers.l7_20

It is observed in the present work fhat the martensites of .25C-3Mn-Fe
and .25C-5Ni-Fe alloys are mainly untwinned, but the martensite of
.250—7Mn-Fe and .25C-5Ni-fMn-Fe alloys are almost fully twinned. Since
ménganese is known to lower the _MS temperature and it has been shown that
the internal twinning in martensite is promoted by manganese. Thus the
extent of internal twinning in martensite depends partially on_MS
temperature is further confirmed in pure Fe-Ni-Mn-C and Fe-Mn-C alloys
as it is in Fe-C5lL and Fe-Ni—C19 but not in cobalt bearing alloyé.l8

7 Fundamentally, the deformation mode of bcc materials, i;e. whether

they deform by twinning or siip depends on the critical resolved'shea?
stress (CRSS) for slip or twinning at the transformation temperature.

At the transformation temperature if the CRSS for twinning is lower

than that for slip then the structure should be twinned. On the othner
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hand, the structure should be deformed by slip if fhe CRSS for slip

| is lower than‘that for twinning. It 1s 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 oﬁly
mode of deformation. Generally the lowér the transformation temperature,
' the greater 1is the fendency for martensitevto twin. It is clear that fhe
~ deformation mode (i.e. twin or slip) is temperature dependemt. Also,

_ martensite start (MS) to martensite finish (Mf) covers é range of about

zoo°c.58

So in many cases mixed strucﬁures of slipped and twinned marten-
sites are observed. The reguired stress is supplied by the stress induced
from transfommation. It is known that CRSS is conposition.dependent.
Therefore, not Only the MS teﬁperature, but gléo the effect.of composition
on CRSS is important in determining whether the martensite will twin»of
slip. From the present work.it appears that manganese not only decreases
Mé temperature buf may also reduce CRSS for.twinning. A further under-
standing about the structure of martensite can be reachedtas soon as the
relation of CRSS -with individual alloying elemeﬁts is established.

In addition to the lowering of transformation temperatures, Kelly
and Nuttingl7-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 promote twinning in martensite,
lowerMs tempeféture and raise the staéking fault energy of austenite.
But manganeée is known to decrease the stacking fault energy of austenite.
According to Kelly and Nutting, this should not favor twinning. However

this is not the case, thus the indication that the stacking fault energy

ol avtonite affeets twinning in martensite does not seem to be true.
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60
alloy shows an mainly untwinned structure. In 18-8 stainless steel, .

Some work on chramium steel has also been done. A 0.18C-4%Cr-Fe

the alpha martensite transforméd fran stress induced epsilon martensite
does not show internal twinning. Smuhﬁwrmm%wsﬂeinFeﬁmhlJC

(MS a:—3h00)6l steel shdws only a little twinning. The lowefing of Ms
témperature by chromium is similar to that by manganese, but the effect

of chromium on twinning 1s not known and is currently under investiéation;
It has been shown here that the addition of manganese up to T% enhances
internal twinning in body centered (@) martensite. In manganese steels,
epsilon mrtensite forms at relatively high manganese contents. The

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

‘with the epsilon phase has not yet been studied.

J. Preéipitation of Epsilon Carbides

There is.a small amount of evidence és to the‘presenée of epsilon
carbide in tempered low carbon mrtensite (< .29C). The first stage of
tempering of martenéite has been generally assumed to be a discontinuous
process resulting in a métastablé equilibrium of epsilon céfbide and
low carbon martensite(.éﬁ%C).62 From ‘this it was concluded that a steel
havihg 0.25% carbon ér leés should be undersaturated with respéct to
epsilon_carbide and thus shduld not form epsilon carbide precipitates
upon tempering. HoWever, the presence of epsilon carbide in témpéred
steels containing.less than 0.25% carbon have been detected by X-12y

63

. i . 6l
diffraction technique. In a recent investigation, Barton reported
~that in a low carbon, high nickel, internally twimned, plate martensite;
(-11C-28Ni-Fe), epsilon carbide precipitated on tempering at low tempera-

tures. Based on the observation that epsilon carbide forms in low car-

bon twimmeéd martensite he suggested that the tempering characteristics of

<
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a martensite may be more directly related to the martens ite morphology
than toithe carbon content of martensite. However, it is known that both
the morphology and the substructure of martensite are affected by the
carbon content. It is difficult to understand whether or not there is
any direct effect Qf 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 martensite morphology and structure directly.
The'preeent observationkof epsilon carbide in practically untwinned lath
of steel 804 when tempered at 4OO°F is an evidence that the epsilon
.carbide cah aleo precipitate in untwinned martensite lath upon tempefing
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 clesely.

Actually, when a supersaturated solid solution decamposes to form new
phases, the transformetion ten&s to follow the lowest energy path, where
ﬁot 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
vin the first.etage of tempering. No systematic investigation of this

65

aspect has been done. . However, it has been reported -~ that the movement
of iron atoms in ferrite to fom epsilon carbide appear to be less compli-
cated that the requiredﬂ%er cementite. This might be one of the kinetic

factor which fevors the formation of epsilon carbide.
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IV. ' SUMMARY

By means of microstructural and‘fr§ctographic investigation, it hés
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 fracfure modes in lower bainite
of low carbon steels exhibit cleavage facets mixed with some small flat
dimpleé, while the fracture appearance of twinned tempered martensite of
higher manganese steels is predbminantly intergranular which is typical
of low energy failure.

Microstructural examination shoﬁs that the high impact toughneés of
untwinned tempered martensite is associated mainly with uniform Widman-
statten {110} precipitation of carbide and the absence of both internal
fwins and lath boundary preéipitates. Even in the absence of internal
twinning‘and lath boundary'precipitation, the bainite shows lower tough-
ness. Because the bainitic carbides precipitate unidirectionaliy on
{112} planes, which not only'weakeh the (112} planes to cause cleavége
but alsé exert less resistance to the crack propagation. In contrast
to the untwinned martensite of low manganese steei, the martensite of
higher manganese confent shows a mixed morphology of tﬁinned plates and
laths. Upon tempering continuous carbides precipitate preferentially.
along the twin and lath boundaries, which subsequehtly cuases inter-

. granular fracture along the lath boundafies.
The low energy fracture mode of tempefed martensite of high-m@nganese
~ steel seems to result from the effect of the presence of internal twins

_coupled with the enhanced lath boundary precipitation.

L5
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V. CONCLUSIONS

1. 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 similar yield and uwltimate tensile strength levels, the tempered
martensite of low manganese steels (which is mainly untwinned) shows
better toughness than the tempered martsnsite of higher manganese steel
(which is twinned).

5. It appears tha manganese promotes carbide precipitation along'thé_lath
boundaries of tempered marténsite. This coupled with.the_effect of
manganese on twinﬁing méy'be responsible for the low toughness of high
manganeée steels.

L, At equivalen£ strength levels, the toughneés of untwinned tempered
>martensite of 0.25% carbon steel with Widmanstatteén precipitation of
carbides is higher than that of lower bainite, which shows unidirectional
carbides.

5. The fracture mode of high manganese (Z 4%) tempered martensitic steél
shows predominahtly intergranular failure. The fracture does not‘seem to

occur entirely along the prior austenite graih-boundaries,_but mostly

along the ferrite lath boundaries..”

6. In the lower bainite, the strengtﬁ decreases and toughness increases

with increasing isothermal tranéformatign temperature. This follows the

R

AN
B

usual strength~toughness relationship. ¥
7. DNo 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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transformation temperatures.

8. The carbides precipitate on {112} planésiin the ferrite matrix of
lower bainite.v The cleavage plane of lower bainite may be {112}.

9. Isothermal trénsformation 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 enbrittlement of tempered marteﬁsite.is enhanced by in-
creasing the manganese content.

11. The addition of manganese to carbon steel offers a greater tempering
resistance than the edual amount of nickel does.

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

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

(3]
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Chemical Composition of the Alloys (Given in wt. %)

With Their Ms Temperature

Lo~

TABIE I

Heat :

No. c Ni Mn P S Ms Temp. °F
8ok .26 5.0 --- .00k {005 603

805 .26 4.9 1.9 .00k (- 005 520
806 .26 4.85 3.8 .005 & 005 385

8ot .25 - 3.0 .00k {005 601

808 .25 _— 4,9 .007 & 005 L5k

809 .24 _— 6.85 .005 ¢ 005 367
953% .26 5.1 7.5 D 1w 148

* Steel 953 contains 0.02% Si and 0.02% Al.
ND: Not Determined



Mechanical Properties of Tempered Martensitic Structures*

41 -

. Table II.

Heat Tempering gs . ugs ' %  Hardness CVN Impact
No. Temperature X10~psi X10-psi Elongation R Energy
of - (0.2% offset) : ¢ Ft-1b
80k 400 173.L 200.7 9.24 L3, 23
600 ~150.2 167.3 9.5 37 35
750 124 135.6 10.71 30. 5)
800 11kh.h 124.5 10.73 27 6L
850 103 1k - 11.02 23 73
900 96.2 107 12.9 21 87
1000 81.2 9k.1 16.6 17 118.2
805 400 171.5 . 202 8.32 Lk, 21.5
600 - 168.7 185.7 8.53 Lo 18
800 13Lk.2 1kk.5 10.48 33. 48
1000 107.2 122.5 4.9 26 78.25
806 400 171.9 207.5 - 10.7 45 o7
600 171.7 192.2 9.32 b1 5.75
800 158.2 167.2 11.66 38 14
1000 119.5 13k4.7 14,6 31 18.5
807 400 175.3 206.3 7.82 ul, 16.5
600 17k 188.2 8.4 Lo. 13.5
- 800 139 153.3 11.6 3l 43.25
850 131 1h2.7 12.75 32 50.5.
1000 107.3 119.8  14.3 25 95.25
808 - koo 176 211 8.57 L6 9.5
600 171.8 185.5 8. 44 by L.88
800 158.2 167.7 9.28 39 17.75
1000 117.6 130.4 12.3 '29 ‘15.5
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Table II,, continued

Heat  Tempering " ys uTs % Hardness CVN Impact
No. Temperature X10§psi XlO3psi Elongation Rc Energy
of (0.2% offset) . _ Ft-1b
809 - 400 ‘172.7 209.5 ~10.1k L6 i
600 . 169.1 200 10.17 Ly - L.75
800 162.3 182.3 11.66 4o T7.75
1000 126.9 1k1.2 13 32 8.5

¥ Double Tempered at each temperature for 2 + 2 hours.:




Table III.

Mechanical Properties of Bainitic Structures*

Heat Isothermal Temperingf %S UTs Elongation Hardness - CVN Impact
No. Transformation ~ Temperature °F x10~-psi X103psi % Ré ' Energy
Temperature °F ’ (0.2% offset) B : ft-1b
8ok 720 o 193.7 105.7 11.9 - 21.5 81
720 600 - 92.5 105 ' 11.5 21 -
760 S 82 98.3 13.7 36 89
760 . 5% 81.5 96.9 12.1 36 -
805 610 . 136 155.7  10.kk 33 135
610 600 135 153.5 '9.32 33 -
660 12365 185 1171 32 10
660 600 121.7 137.7 8.59 33 -
807 710 - 133.7 147.2 12.9 33 26
710 600" | 130.4 143.2 11.51 32 -
760 B 112.2 12h.7 11.3 26 43.5
760 - 590 » 111.2 124.3 12,4 o -
508 610 o | 1381 182.3 9.32 39 -
' 610 . 610 0 1b5.h 172.5 8.82 38.5 -

* Isothermal transformation time is 24 hours

1 Double tempered at each temperature for 2 + 2 hours

_g-w- ’
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TABLE IV .

Interpolated Toughness Values (Ft - 1b) at Various Yield

or Ultimate Strength of Tempered Martensite

Interpolated Toughness Values (Ft - lb)»ét Various Strength,Leveis

Heat Yield Strength (Ksi) Ultimate Tensile Strength
No. 120 130 1h0 150 160 170 | 1k0 16gKSI)180 200
80k 58 -—- Lo - 30.5 - 50 38 36 ---
805 63 --- S S T i 35 22 ---
806 19 eec 18 eeo 13 — | 18 16 10 -
807 - 54 - 28 - 16 - 32 18 15
808 -—— 18 - 18 --- 6 - 18 8 6
809 - 8 ——- R 6 —- 8 8 6
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" TABLE V

Comparative Toughness Values of Témpered Martens itic and

: Bainitic Structure at Similar Strength Levels

Heat Strength Levels, CVN Impact Energy, Ft - 1b.
No. Ksi Tempered Martensite Bainite
8ok Y.8 ~ 9k 92 81
UTsS ~ 106 '. 90 | - 81
80k Y.S ~ 82 ' 118 : 89
| Urs ~ 98 N 108 , | 89
805 | Y.S~ 136 . 45 13.5
UTS~ 156 E . 38 ' 13.5
805 . Y.s~ 12k . | 59 | 10
UTS ~ 143 50 10
807 | Y.S ~ 134 e 26
UTsS ~ 1&7‘ o L6 | 26
807 ’ Y.8~ 112 ) 85 - k35

UTS~ 125 | 83 43.5
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Fig. 2.
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Fig. 6

Fig, 7

Fig. 8

Fig, 9

Fig. 10

Fig. li

Fig. 12
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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 80k,

The effect of tempering temperature of the strength and toughness

of steel!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 tougﬁ—
ness of steel 808.

The effect of tempering temperature of the stréngth 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 iﬁpact 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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Fig.

Fig.

Fig.

Fig.

Fig.
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15

16

17

18

17

Transmission electron micrograph of marténsite of steel 80L.
(a) 'typical dislocated martensite lath which is in the
absence of internal twinning, (b) another region shows wider

laths. The width of the laths varies from 0.25u to 1lu.

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

martensite lath of several families. (b) another region

showihg 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 bé seen iﬁ 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 structure, (b) dark fiéld of (002) twin spot
reverses the contrast of the twins, (c) selected area diffrac-
tion pattern with analyzed pattern showing the orientation of
the matrix and twin curve [110] and [II0], respectively, extra
spots are due to double diffractions, The twinning phase is
(1I12).

Structure of martensife of steel 807 showing no internal
twinning, (a) group of parallel, narrow; dislocated martensite
laths of 0.5u 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.



Fig. 19

Fig. 20

Fig. 21

Fig. 22

Fig. 23
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Structure of martensite of steel 809 showing (a) slightly
thicker twins in the maftensite plate, (b) twinning in the mid-
rib of the martensite plate, (c) another region with heavily
twinned structure.

Martensite of steel 804 double tem@ered at L4OO°F for 2 + 2 hours.
(a) showing fine precipitates of epsilon carbide, arrow marks
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).

(a) Structure of martensite of steel 80k 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.

Martensite of steel 804, (a)-and (b) double tempered at 85OBF
for 2 + 2 hours, show spherodized carbides of 200 ~ 500 A
diameter in the matrix which has started to recover; (c) and
(d) double tempered at 1000°F for 2 + 2 hours, show polygon
netWorks in recovered strucﬁﬁre, some needle-like grain still
persists, carbldes agglomerdte on the martensite lath boundar-
ies. |

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 thé upper left hand corner, (b) another region

showing carbide precipitates in recrystallized ferrite grain.




Fig. 2L

Fig.‘25

Fig. 26

Fig. 27

Tig. 28
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Structure of martensite of steel'8o5 tempered at 4OO°F for
2 + 2 hours. (a) shows a packet of internally twinned
martensite laths with carbides pfecipitated on the twin-matrix
interface, (b) dark field of (O§O) 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 (10I) matrix spot lights up
the whole packet of martensite laths, (e) selected area
diffraétion pattern and indexed diffraction pattern showing the
orientation of the matrix and twin are approximately [I31]
and [10I], 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,C precipitates with {110} habit,

3
(b) dark field lights up the carbides, (c) 850°F, FGBC becomes
coarser, (d) 1000°F, cementite still remains in its platelet

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

(2) bright field of L00°F ‘tempered martensite of steel 809

shows continuoué carbide precipitations all alohg the lafh bound -

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

atea shows cementite precipitates on the twins also in the

. matrix.

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

(1) shows fair amount of twins and carbide precipitates in

Lhe matrix, (b) dark field of a twin spot reverses the contrast

of the twin.
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Fig. 29 (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,C are alsc in faint contrast,

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

Fig.. 30 Structure of martensite of steel 809 tempered at 800°F for 2 + 2
hours, long, coarse cementite precipitate on twins.

Fig. 31 1000 °F double tempered martensite of steel 808 showing the
continuous FeBC along the lath boundarieé has become coarser
and broken into segments to minimize the total energy.

Fig., 32 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.

Fig. 33 Iower bainite of steel 80L obtained by isothermally transform-
ing at (a) 720°F and (b) 760°F for 24 hours. Both show side
by side nucleated ferrité.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 u, (b) shows
a structure recovered to a greater extent than (a).

Fig. 34 Structure of lower bainite after isothermal transformation
for 2k hours at (a) 710°F, shows relatively few carbides,

(b) 760°F, carbides become coarser.

Fig. 35 Iower bainite in steel 805 formed at 610°F'after transforming
for 2k houré, 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
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Structure of steel 808 isothermally transformed at 610°F for-

24 hours, followed by tempering at 610°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 fight hand corner of the micrograph. Martensite twins

together with Widmanstatten Fe,C (not clearly shown in the

>

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

~Electron fractogra?h of martensite of steel 804 tempered for

2 +2 houfs at (a) LOO°F, showing equiaxed dimples, 23 ft-lbs,
(b) 850°F, showing elongated dimples, 7% ft-lbs, (c) 1000°F,
showing elongétéd, high energy dimples; 18 ft-1bs. All are
typical of ductile failure.

Electron fractograph of tempered martensite and'bainite_of
similar strength level of steel.805.l(a) 800°F, femperéd
martensite showing various sizes of well-defined dimples,

48 ft-1bs, (b) and (c) show the fracture mode of bainite ob-
tained by isothermall& transformed at 610°F for 2k hours,
mixture of dimplés and cleavage fracture. Cleavage steps are
seen in the right region of (b), 13.5 ft-1bs.

Electron fractoéraph of tempered martensite and bainite of
similar strength level of steel 807. (a) 800°F tempered.
martensite, showing equiaxed dimples, 45 ft-1bs, (b) lower
bainite formed at 710.°F after transforming for 24 hoﬁrs,v
showing herringbone structure, which is typical of cleavage
along {112} crystallographic planes. Dark irregular bands are
the collapsed carbon films,_indicating a large level difference

along the boundary. 26 ft-lbs.
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Electron fractograph of (a) 4OO°F tempered martensite of

steel- 806 shows small dimples together with big flat dimples,

27 ft-1bs., (b) 600°F tempered martensite of 806 shows pre-

dominantly integranular failure, 5.75 f%-lbs;, (c) 600°F
témpered martensite of 808, 5 ft-lbs., (d) 1000°F tempered
808, 15.5 ft-lbs., (e) 4OO°F tempered martensite of 809, L
ft-1bs., (f) 1000°F tempered martensite of 809, 8-5 ft-1bs. ,
(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 cobtained after quenching from
austenitizing temperature and storing in liquid nitrogen for
%72 hours which shows a mixed structure of martensite with 5

to 10 percent of retained austenite. Etched with 2% nital.
Schematic drawing 6f 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.5
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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.




TECHNICAL INFORMATION DIVISION
LAWRENCE RADIATION LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



