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Austenitic chromium-nickel stainless steels, such as 304 and 316. 

have been widely used in a variety of cryogenic applications. However. 

in recent years it has been recognized that there is a great need for 

developing new cryogenic steels to substitute Ni-Cr austenitic steels. 

Manganese is the most abviously attractive as a substitute for nickel in 

cryogenic alloys. However. face-centered cubic high manganese steels. 

differ from most other fcc metals. which do·not undergo a ductile-to-

brittle transitio~ High manganese steels still exhibit the ductile-to-

brittle transition. The mechanism of low temperature brittleness of high 

manganese steels is not clear. The purpose of this investigation was to. 

"determine the metallurgical source for the low-temperature brittleness of 

austenitic Fo-Kn alloys. 

The ductile-to-brittle transition of high manganese austenitic Fe-Mn 

alloys is accompanied by a chango in tho fracture mechanism from micro-

void coalescence to intorgranular fracture. No impurity element sogre-

gated to grain boundaries was found. The results of AES analyses indi-

cate that manganese segregates to tho grain boundaries. The magnitude 

and extent of manganese segregation to grain boundaries increases with 

increasing manganese content. Tho manganese segregati.on is a kind of 

non-equilibrium segregatio~ Increasing so 1 id-solut ion treatment t em-

perature and the following cooling rate. the manganese segregation to the 

grain bound·arios is increased. Increasing the manganese content of Fe-Hn 

alloys. solid-solution treatment temperature and the following cooling 

rate. the ductilo-to-briftle transition temperature and intergranular 

fractur.e are increased •. These results indicate that the intorgranular 
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fracture and embrittlement of high manganese austenitic Fe-Mn •lloys .at 

low temperature are caused by manganese segregation.. The possible mecha

nhm for intergranular fracture of these alloys and the way to improve 

low;:;,temperature toughness of high manganese steels are discussed. 
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I. IN'I1lOOUC'I'ION 

One of the basic requirements for steels used in cryogenic.techno-

logy ia that they retain toughnesa at operating temperature. The tough-

ness of the steel determines the working capacity and safety of the 

equipment. 

Toughness is usually decreased as temperature is lowered. There is 

characteristically no ductile-to-brit.tle transition in face-centered 

cubic metals. Fcc metals have excellent ductility at room temperature 

and remain ductile at low temperature. The toughn~ss of Ni-cr austeni-

tic steels are· decreased gradually as the temperature is lowered; how-

ever, they still retain sufficient toughness at low tomper.aturo. The 

ductile-to-brittle transition.does not normally oc~ur in the Ni-Cr 

austenitic steels; therefore, the Ni-Cr austenitic steels, such as 304 

and 316, have been widely used in a variety of cryogenic applications. 

In recent years, it has boon recognized that there is a groat need 

for developing new cryogenic steels to sUbstitute for the Ni-Cr austeni-

tic steels. The reasons are: 

1. Tho operation temperature of cryogenic devices was extended to 

liquid helium temperature. The 304 stainless stool is unstable at 4 L 

Some austenite transform to martensite and influence the toughness and 

magnetic properties; 

2. Increasing tho nickel content increases tho stability of auste-

nite but aay chango magnetic properties; 

3. Nickel is expensive. 
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Manganese is the most obviously attractive substitute for nickel in 

cryogenic alloys. )(anganese is readily available. relatively inu:pen-

aive •'and has a metallurgical similarity to nickel in its effect on the 

microstructures and phase relationships of iron-base alloys. Kany high 

manganese austenitic cryogenic steels were developed [1-16]. 

Face-centerecl cubic high manganese steel differs fr.om most other 

fcc materials in that they undergo a ductile-to-brittle transition. 

Some Cr-Mn-N steels transform to martensite during deformation [17-21], 

and several investigators [17-19,22,23] have s~ggested that the brittle 

be-havior of these steels is caused by martens"ite formation.. However, 

v~ry stable Cr-Mn-N steels also exhibit brittle behavior. Schaller and 

Zackay [17] reported that a very stable Cr-Mn-N steel (less than O.SCll 

martensite formed at -320°F) exhibited a transition temperature higher 

than that for steels- in. which large volume fractions of martensite 

formed during testing. the explanation given by Schaller and Zackey for 

this was that in the very stable steel, the martensite was more brittle 

than that formed in their other steels due to its higher interstitial 

content. This explanation does not account for Thompson's [24] observa-

tion that small additions of nic.kel (1 to 3Cll) greatly improve the tough-

ness of high nitrogen (0.35 .. ) Cr-Xn-N steels. 

The research work of high interstitial content austenitic Cr-Mn-N 

steel by Thinai and Sam·ans [20] indicated that the impact transition 

was accompanied by a change from a high ductility shear fracture to a 

low ductility intergranular fracture. 

The research work on the low-temperature brittleness in very stable 

Cr-Mn-N steels [25] has shown that transformation to martensite probably 



3 

is not the principal cause of the embrittlement of stable austenitic 

Cr-Kn-N stainless steels even though this transformation has been shown 

to be the cause· of embrittlement of metastable Cr-Kn-N steels. Breed is 

.·!( 
[26] has shown that tho tendency for faulting in fcc steels increases as 

the temperature of deformation decreases. It is quite possible that 

during high strain-rate deformation of stable austenitic Cr-Mn-N steels, 

faulting can become an important deformation mode. The high local shear 

associated with the faults could cause the fracture strain to be ex-· 

ceeded in tho vicinity of the· faults. The resultant crack could pos-

sibly propagate catastrophically under the existing state of stress 

befor.e the energy of deformatiQn could be absorbed by other parts of a 

specimen. Def.ilippi, ot al. [25] pointed out that the deformation 

faulting is. a possible mechanism of brittle failure in the stable auste-

nitic Cr-Mn-N stainless steels because stacking faults persist in these 

steels during deformation, especially low-temperature deformatio~ 

An implication of the deformation-faulting mechanism is that the 

toughness of high-strength Cr-Kn-N steels should improve as the stacking 

fault en~rgy of these steels increases. 

The research work of Suto and Chun [27] has shown that the fracture 

mode of high-carbon, high-manganese steel is ductile dimple at -76°C, 

but brittle· intergranular fracture occurred at liquid nitrogen temper-

ature. It was also considered that the intergranular brittle fracture 

at low temperature was caused by the segregation of impurities (P,S,Sn, 

etc.) segregations to grain boundaries. A high purity high-carbon, 

high-manganese steel was prepared. It was diffusion annealed and water 

quenched from 10S0°C, but the low temperature toughness was not improved 
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at all by the purification. Gulyaev has reported the same results [28]o 

Three basic types of fracture were observed. depending on tho testing 

temperatire and the phosphoroua.content of the steel. The first is 

trans-c~t~talline fracture in the form of dimples of different sizes. 
~. 

This type of fracture is observed in specimens tested at room tempera-

ture and corresponds to ductile fractur.e. The second type is intercrys..-

talline in the form of sections with an undulating topography. The 

third type is intercrystalline fracture in the form of flat surface. 

Slip lines were observed on the flat sections. This type of fracture is 

brittle. It is typical of tests at low temperatures and is associated 

with very low values of impact toughness. Even when the phosphorous· 

content is very low (<O.OOliiiP) the toughness is low at low temperature. 

Martensite is not formed in any case; From these facts. it was con-

eluded that the intergranular fracture at low temperature 'ilf high carbon 

and high manganese steel was an "intrinsic" behavior of this alloyo 

Gylyaw and Volynova [29] have determined the ductile character-

istics, type of fracture. and the characteristics of resistance to 

ductile and brittle fracture of binary Fe-Jin alloys. Alloys of excep-

tionally high purity are obtained by using modern metallurgical methods. 

With >29 .. lin the y phase is stable at room temperature. Impact tests 

lead to formation of some quantity of 1 phase in alloys with 29 and 35" 

lin. The quantity of the 1 phase formed il identical (lO'ft) in the alloy 
I> 

with 2~ lin at all testing temperatures, while the amount of the 1 phase 

formed decreases with the testing temperature in alloys with 35' lin. No 

1 phase is formed in alloys with 40-45111 .lin in impact tests at any tem-

perature. Therefore, changes in the ductile-brittle transition tempera-
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ture are not due to the formation of the a phase. In austenitic alloys 

(29-54~ Mn) manganese raises the ductile-brittle temperature. For 

alloys with 35-54~ Mn a ductile-brittle transition is clearly visible. 

In the ductile range the fracture is completel7 dimpled and in the 

brittle range it h intergranular. 

Namek.ata and Kondo [30] reported the same results as Gulyaev and 

Volynova, i.e., the transition temperature of stable austenitic Fe-Mn 

alloys are increased as the manganese content are increased. They also 

reported that a few percent addition of Cr and Ni improve low tempera

ture brittleness of y-single phase steels. 

The mechanism of low temperature brittleness of high manganese 

steels is not clear. The purpose of this work was to determine the 

reason for the low-temperature brittleness of austenitic Fe-Hn alloys. 
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II. BXPHRIIIEN'l'AL PllOCBDUDS 

A. Materials Preparation. 

The alloy used in this investigation was prepared in a Temescal 125 

XV vacuum induction furnace. The elements used were high purity 

(99.9+ .. ) iron and manganese and were melted in magnesium oxide cruci

bles. first under a vacuum at 10-3 mm Hg and then under argon atmos-

phero. From this melt 2.4 inch (61 mm) diameter ingots were cast in 

copper chill molds and cooled in an. argon atmosphere. The ingots were 

homogenized for .twenty-four hours at 1200°C in an argon atmosphere and 

then the ingots were furnace cooled •. The homogenized ingots were hot 

rolled at 1200°C in air. to a cross section of.16 mm (5/8 in.) then air 

cooled. 

Th~ compositions and designations of the alloys ar~ listed in 

Table I. 

B. Heat Treatment. 

After forging, the bars. which were protected by stainless steel 

bags. were austenitized at 1000°C for one hour in air followed by agi-

tatod quenching in an ice brine bath. During the quenching process, the 

stainless steel bag·s were torn off. The test. specimens are machined 

from the plato after heat treating. The heat treatment of specimens 

used for studying the effects of austenitizing temperature and cooling 

rate are described later. 

C. Mechanical Tests. 

1. Charpy impact test. 

The Charpy impact test specimens were machined from solution-

treated steel plate to ASTM standard size shown in Figure 1. Notches of 

T· 
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45° were machined perpendicular to the rolling direction of the plate 

and through the thickness of the plate. i.e.. thickness direction. The 

impact tests were carried out as described in ASTM E23. Various temper-

atures were obtained by a proper mi%ture· of liquid nitrogen and isopen-

tane. At least two Charpy V-notched specimens were tested at each 

testing temperature. 

2. Tensile test. 

Round tensile specimens of 1/2 in (12.7 mm) in diameter were ma-

chined from solution-treated steel plate to the ASTM standard size shown 

in Figure 2. Tensile tests were carried out on a 6000 kg capacity 

Tinius Olsen testing machine at a crosshead speed of 4 mm/min at 'liquid 

nitrogen temperature. The· 0.2" offSet method of determining the yield 

stress was used. Two specimens of each composition were broken to 

determine the mechanical properties of these Fe-Mn alloys. Two speci-

mens of each composition were unloaded at ma%imum load to det~rmine the 

true stress and uniform reduction area at the ma%imum load. The strain 

hardening e%ponents were determined according to ASTM E646-78. 

D. X-ray Diffraction. 

X-ray diffraction analyses were carried out on specimens cut from 

broken Charpy specimens along the longitudinal direction. Specimen sur-

faces were carefully ground on emery paper to 600 grade and chemically 

polished in a solution of 100 ml u2o2 + 3 ml HF for 15 minutes in order 

to remove any strain-induced transformation phases from previous grind-

ing processes. Once polished. these specimens were·acanned in a Siemens 

Kristallofle% X-Ray diffractometer using Cu Ka radiation. The volume 

percent of each phase was calculated by comparing average integrated 



intensities of (101)
8 

and (200)
1

• The formula [31] used was: 

v = 
& 

E. Microscopy. 

1 

1 + 

1. Optical microscopy. 

... 
I(200) 

1 + 1.97 ___ y 

I(101) 
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Optical metallogr~»hy was conducted on a Carl Zeiss Universal 

Photomicroscope Ultraphoto II. Specimens for optical microscopy were 

cut from tho broken Charpy impact specimens along the longitudinal 

direction. They were wet ground on successive emery papers up to 600 

grade. The specimens were then mechanically polished on 6 and 1 IJ.lll 

(micron) diamond paste wheels lubricated with kerosene, followed by 

ultrasonic cleaning. Etching was accomplished using Vilella's reagent 

which contains S ml BCl, 1 gm preric acid and 100 ml ethanol (95~). 

2. Scanning electron microscopy (SEM) 

The fracture surfaces of broken Charpy specimens wore examined with 

a ISI-DS130 scanning electron microscopy operated at 20 kv. 

F. Auger Electron Spectroscopy (AES). 

Specimens for Auger electron spectroscopic (AES) studies were ma-

chined from solution-treated steel plate. The shape and size of the 

Auger specimens are illustrated in Figure 3. 

The Auger electron spectroscopic studies were carried out with a 

PHI model 590 scanning Auger microscopy (SAM) combined with a scanning 

electron microscope and an Ar+ ion sputtering gun. Tho specimen was put 

into the reaction chamber equipped with an in-situ fracturing and cool-

ing stage, shown in Figure 4. The temperature of the specimens inside 

the reaction chamber was controlled by liquid nitrogen flowing through 
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the fract~re stage, monitored by a thermocouple. The specimen was 

cooled to between -156 to -158°C within 30 minutes. The specimens to be 

fractured were subjected to a S x 10-10 - 1 x 10-9 Torr vacuum attained 

by employing a differential ion pump, a Ti sublimation pump and a liquid 

·nitrogen cold trap. The specimens were fractured by hammer to reveal 

the fresh fracture surface. 

After fracture, the specimen was positioned in front of the SAM 

cylindrical mirror analyzer (CMA). The primary exciting electron beam 

energy and beam current used were S KeV and 0.8-1~. respectively. The 

primaryelectron beam size ranging 0.5-2J1m in diameter was regulated 

according to the place needed to b~ analyzed. In order to obtai~ a 

typical spectrum from a grain boundary, at least 7 points on an inter

granular fracture surface were analyzed with 0.6~- (i.e.~ 0.3~) energy 

resolution, monitored by the attached scanning electron microscope. The 

amplitude of the modulation voltage was 4 eV. The multiplier _gain was 

103 in general use. The sensitivity setting of the lock-in amplifier 

was 10-20X. The time constant per point and sweep rate were 0.03 second 

and 33 eV/ soc, respectively. 

Following the AES analysis on tho fresh fracture surface, the 

+ . 
surface was sputtered by an Ar ion gun at normal incidence. In most 

cases, a primary ion beam voltage of 4 kV was used. The sputtered area 

on the fracture surface was 2 x Z mm. The $puttering rate of Mn-Fe 

alloy approximately 50 I/ min. The sputtered regions were reanalyzed to 

compare the difference between the surface before and after sputtering. 

Intergranular surface chemical composition was calculated from the 

Auger peak-to-peak amplitudes on the AES spectra of the specime-n frac-
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tured in an ultra high vacuum. The atomic percent Cx of element X is 

approximated by 

Sxdx ------ --------
In 

where Ix us the peak-to-peak Auger amplitude, Sx is the relative sensi-

tivity between element x and the standard, and dx is the scale factor 

which is LxEmgxlp,x• The scale factor dx in this equation is constant 

if the lock-in amplifier sensitivity, Lx• modulation, Em,x• and the 

primary beam current, Ip,x setting used to obtain the test spectrum are 

the same for all peaks and cancel out. 

.. 
:.· 



11 

III. BXPmlDIBN'rAL DSULTS 

A. Charpy Impact Test. 

Charpy impact tests were performed to determine the fracture behav

ior of various Fe-Mn alloys. The results of these tests are shown in 

Fig. S·. The upper shelf energies. at 20°C are almost the same for these 

Fe-Mn alloys. The toughness of these Fe-Kn alloys is decreased as the 

test temperature decreases. These face-centered-cubic Fe-Mn alloys 

differ from most other fcc alloys. which undergo a ductile-to-brittle 

transitio~ A ductile-brittle transition is clearly visible for these 

alloys on the fracture toughness curves. as shown in Fig. S. In these 

austenite manganese alloys. manganese raises the ductile-to-brittle 

tran"sitio~ As shown below. (paragraph D) the ductile-to-brittle tran

sition is accompanied by a fracture mode transition that is changed .from 

~dimple mode io an intergranular fracture mode at low temperature. 

From a practical viewpoint. even in the worst condition. i.e •• 45 Mn 

alloy at liquid nitrogen temperature. the impact toughness is not very 

low. 

B. Tensile Test. 

Tensile tests were carried out to determine the mechanical behavior 

of these austenitic Fe-Kn alloys. The results are shown in Table 2. 

The tensile curves are shown in Figs.· 6 to 8. The _yield strength and 

ultimate tensile strength of different Fe-Kn alloys are almost the same. 

The strain hardening characteristics are correlated with the stacking 

fault energy [32]. When the stacking fault energy is low. cross-slip is 

restricted so that barriers to dislocation movement remain effective to 

higher stress levels than that of higher stacking fault energy. That is 
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to say, there is increased strain hardening exponent with decreasing 

stacking fault ~nergy. Manganese is known to significantly lower the 

stacking fault energy [33,~4]. The results shown in Table 2 confirm 

that the strain hardening exponent increases with increasing manganese 
'. 

content. The uniforiD plastic deformation, total plastic deformation, 

and true stress at·maximum load in~rease with the increase of manganese 

content due to the increase of strain hardening exponent •. As a result 

of the higher inclusion content, the 40111 Mn alloy has a. lower value of 

total plastic deformation. 

C. X-Ray Diffraction. 

Manganese· increases the stability of austenite [1,29]. The (Fe-Mn) 

alloys tested are fully austenitic at room temperature. The results of 

X-ray diffraction tests listed in Table 3 show that the microstructure 

of specimens cooled down to 77 K are fully austenitic. Even when de-

formed at 77 1:, all the alloys are fully austenitic except for the 35 Kn 

alloy .which has approximately 2" a. These results are in agreement w.ith 

those reported by Gulyaev and Volynova [2] and Tomota [29]. 

D. Scanning Electron Microscopy (SEM). 

As the testing temperature of the impact test is lowered from high 

tempera.tures to very low temperatures, the fracture mechanism of the 

austenitic Fe-Kn changes from micro-void coalescence to intergranular 

fraeture,as shown in Figs.9 to 14. The fracture surfaces of the 35 lin 

alloy specimen fractured at -102°C, exhibiting dimple mode fracture that 

was formed by microvoid coalescence. The fracture features of the 35 Mn 

specimen broken at -196°C are ductile fracture plus some intergranuhr 
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fracture. Inclusions exist in the dimples. The inclusions were 

analyzed in the SAM and were determined to be MnS(O). 

The fracture surfaces of the 40 Mn specimen fractured at -102°C are 

.I 
a mixed mode of dimple and intergranular fracture but most of them are 

'J 

dimple fracture. Some slip line traces exist on the intergranular frac-

... 
ture surface, as shown in Fig. 11b. This indicates that plastic defor-

mation had occurred before fracture along th~ grain boundary. For 

specimens fractured at -196°C, the fracture surfaces consist of inter-

granular fracture and a small amount of dimple fracture. The traces of 

plastic deformation are still observed on the intergranular fracture 

surface, as shown in Fig. 12b. 

For the 45 .Mn alloy, the fracture surfaces of the specimen frac-

tured at -102°C exhibit a mixed mode of dimple fracture and intergranu-

lar fracture. For specimens fractured at -196°C, the fractography shows 

that tho major fractures are intergranular and contain a small amount of 

dimple fracture,. as shown in Fig. 14. Although the· plastic deformation 

traces still exist on the intergranular fracture surface, the intergran-

ular fracture surfaces are smoother than in the 40 .Mn alloy. This indi-

catesthat the plastic deformation before fracture is less thanin40 Mn. 

E. Auger Electron Spectroscopy (AES) • 
. , 

Chemical analyses of the intergranular fracture surfaces of the Fe-

Xn alloys were obtained by using a high resolution scanning Auger micro-

scope. The Auger electron spectra obtained from the in-situ fracture 

surfaces of the alloys in the as-austenitized condition are shown in 

Figs. 15 to 17, together with the corresponding SEM fractograph. The 
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surface-sensitive AES technique [36-40] was applied· to detect any segre-

gation within a monolayer of the surface on tho austenite grain bound-

aries, i.e., the fracture path of these alloys. 

Jlanganese segregation was investigated by use of the Ar+ ion sput- .\ 

tering technique. Jlanganese has four different major Auger electro.n 

transition peaks that are the D.L Auger transition peak at 40 eV~ and 

the L.IIJI peaks a·t 542 eV, 589 eV, and 636 eV, respectively. Since the 

strongest .)In Auger elect peak at 589 eV is very close to the strong Fe 

Auger peak at 598 eV, the lin peak at 542 oV was used to obtain the .Mn 

depth profile. 

The chemical composition of the grain boundary is determined by AES 

on the intergranular fracture surface before Ar+ ion sputtering. The 

chemical composition of the grain was obtained from tho Ar+ ion-sput-

tered aurfaco after sputtering for 10 minutes. Ther·efore the magnitude 

of the element segregation at the grain boundary can be determined by 

the difference of composition determined before and after sputtering. 

Much of the research woik [41-44] reported th•t segregation of 

residual elements, such asS, P, As, Sn, Sb and Bi, on the gra·in bound-

ary often causes intergranular fracture. From Figs. 18 to 20, it can be 

seen that there are no such res.idual elements segregated on the grain ., 

boundary. Therefore, tho intergranular fracture of austenitic Fe-.Mn 

alloys appears not to becaused by the segregation of such residu&l 

elements. 

Also, it can be seen from F igs.15 to 17 that the peak-to-pe at. 

heights of the .lin 542 and the· Fe 598 peaks are changed after sputtering 

10 minutes. It clearly indicates that manganese segregates at tho grain 
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boundary. Tho manganese content of the grain boundary and the interior 

of the grain for 35 lin. 40 lin and 45 lin alloys are plot ted in Fig. 21. 

This diagram shows tho mangonose segregation at the grain boundary. 

Figure 19 shows tho linear relationship between the manganese content of 

tho grain boundary and the interior of grain. Figure 20 indicates that 

the magnitude of manganese segregation at tho grain boundary (AMn) is 

increased with the increasing manganese content of Fe-lln alloys. 

The manganese depth profiles of Fo-Mn alloys are shown in Figs. 21 

to 22. From these curves. the thickness of manganese segregation zone 

can be determined. Figure 23 presents tho thickness of manganese segre

gation zone of three Fe-Mn alloys. It indicates that the thickness of 

manganese segregation zone is increased with increasing manganese con

tent of the Fe-Mn alloys. Tho influences of magnitude and thickness of 

the manganese segregation to grain boundaries on tho toughness of Fe-Mn 

alloys are shown in Figs. 24 and 25. 

F. Effects of Austonitizing Temperature and Cooling Rate. 

In order to observe tho effect of austenitizing temperature on the 

segregation of manganese at tho grain boundary, samples of 45 .Mn were 

heat-treated by three different heat-treatment processes. These· heat

treatment process~& are schematically shown in Fig. 26. In order to get 

tho same austenite grain size. all specimen blanks are heated to 1150°C 

for 1 hr. One blank was quenched directly from 1150°C into ice brine. 

A second blank was transfered from the 11S0°C furnace to a 1000°C fur

nace and quenched in ice brine after holding for 1 hr at 1000°C. The 

third blank was transferred from the 1150°C furnace to a 850°C furnace 

and quenched in ice brine after holding 1 hr at 850°C. Tho Charpy 
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impact toughness of specimens heat treated by these three heat 

tr·e·atments are shown in Fig. 27 and it can be seen that the impact 

tonghness is decreased with increasing auatenitizod temperature. 

Tho Auger electron spectra obtained from these specimens are shown 

in Figs. 28 to 30. Figure 31 shows the effect of austenitizing tempera~ 

ture on the manganese concentration at the grain boundary. It indicates 

that the austenitizing temperature has very little effect on manganese 

concentration at the grain boundary; however, austenitizing temperature 

does have an effect on thickness of the manganese segregation zone, as 

shown in Fig. 32. The thicknes·s of manganese segregation zone is in

creased with increasing austenitizing temperature. 

To study the effect of cooling rate in the austenitizing treatment 

on the manganese segregation, one specimen blank was air cooled and 

another specimen blank was furna.ce cooled after heatir • .J to 1000°.C and 

holding 1 hr. The Auger .electron spectra obtained. from these speci

mens are shown in Figs. 33 and 34. In Figs. 35 and 36, it can be seen 

that the manganese concentration at the grain boundary and the thickness 

of manganese segregation zone is decreased with decreasing cooling 

rate. Comparing the fractographs for slowly cooled Auger specimens shown 

in Figs. 33 and 34 with the fractograph of the fast quenched specimen 

shown_ in Fig.17, it can be seen that the alloy is tougher in the slow 

cooling condition than in the fast one. 
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DISCUSSION 

For a long· time it has been known that high manganese austenitic 

steel exhibits a ductile-to-brittle transition phenomenon in impact 

tests [17-19,22,23,25,27]. The materials used in many earlier research 

investigations have phase transformations or precipitates, but the re-

search work done in recent years has shown that oven simple and very 

stable austenitic Fe-Mn alloys also exhibit a ductile-to-brittle transi-

tion [29,30]. Furthermore, oven high manganese austenitic alloys with 

very high purity show a brittle transition [27,29]. Therefore, the 

ductile-to-brittle transition behavior is an "intrinsic" behavior of 

high manganese austenitic alloys, but the metallurgical source of this 
.-'•-· "''' 

behavior is not ·clear. Therefore, tho materials that were used in this 

research were simple and very stable austenitic Fo-Mn alloys in order to 

avoid tho influence of phase transformation, precipitates and other 

alloying elements. 

Tho results obtained from X-ray diffraction tests show the Fe-Mn 

alloys containing 35~ Hn, 40~ Hn and 45~ Mn, which were used in this 

investigation, are very stable at 77 L Even after deformation at 77 K, 

only approximately 2~ a phase was found in tho 35' Mn alloy and no a was 

found in 40" and 45" Jfn alloys. This is in accord with the results of 

Gulyaev and Volynova [29] and Tomota [35]. Tho impact toughness test 
' 

reveals a ductile-to-brittle transitio~ This is also in agreement with 
·" 

the results reported by Gulyaev and Volynova [29] and Namekata and Kondo 

[30]. The transition temperature is increased on increasing tho manga-

ne so content. 
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The low stacking fault energy material has a high strain hardening 

~x~o~ent. The s~rain hardening exponent increases with decreasing 

stacking fault energy while the slip character changes from a wavy to 

planar mode. Tamura [331 and Dulieu and Nutting [34] reported that 

stacking fault energy decreases with increasing manganese content. The 

strain hardening exponent therefore should increase with increasing 

manganese content. The results obtained in this investigation confirms 

this point as shown in Table 2. 

The yield strength and ultimate tensile strength of different Fe-Mn 

alloys are almost th~ same. The uniform plastic deformation. total 

plastic deformation and true stress at maximum loa~ increases.with 

increasing manganese content. Large uniform elongations-~an be achieved 

since local deformation- can be prevented. If a local deformation neck 

starts io develop in the middle of gage length. fnrther deformation 

-
would be prevented by hardening due to high strain hardening exponent. 

Necking could then start at other regions but would similarly again be 

prevented. The resultant multiple ne~king mechanism yields the high 

uniform elongations. 

The appearance of a ductile-to--brittle transition in the fracture 

behavior of stable austenitic high manganese alloys is accompanied by a 

change in the fr~cture mechanism from microvoid coalescence to inter-

granular fracture. In the upper shelf region. the fracture forms in a 

dimple aode caused by microvoid coalescence. The upper shelf energies 

are almost the sa~e for these three Fe-Kn alloys. On decreasing the 

test temperature. the fracture mechanism change from microvoid coales-

cence to intergranular fracture. 
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In general, the intergranular fracture in ferrous alloys in non-

aggressive environments can be classified into two general categories: 

those owing to the presence of certain grain boundary phases and those 

owing to thermal treatment that cause segregation of certain impurities 

to the grain boundaries without an observable second phase [41,46,47]. 

The intergranular failure owing to the presence of a grain botindary 

phase is also called "intergranular rupture". This type of intergranu-

lar failure is caused by the presence of a well-defined second phase at 

the &rain boundaries. The phase is almost always. particulate rather 

than continuous. although it may cover well over S~ of the grain bound-

ary area. In most instances whore such particles cause intergranular 

failure, small cavities form around tho grain boundary precipitates. 

The growth of these cavities and their eventual link-up cause the crack 

to proceed along $the grain boundaries. It has been pointed out that 

intergranular fracture surfa~os produced in this manner are not the 

smooth "rock candy" surface, rather, many small dimples in microscopic 

scale appear on the intergranular fracture surface. 

Tho presence of certain residual elements at the grain boundaries 

of materials is one of the major causes of intergranular fracture. 

These elements are believed to lower the cohesive energy of the bound-

aries and, at a given concentration, they can change the brittle-frac-

ture path from tho cleavage· plano to the grain boundaries. The most 

.... common grain boundary ombrittlers are from groups IV to VI in the peri-

odic table, e.g., Sn, P, As Sb, Bi and S. In this case, the intergranu-

lar fracture surface is smooth "rock candy" surface. 
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The intergranular fracture surface of high manganese austenitic Fe

Xn alloys is different from the two kinds of intergranular fracture 

surfaces .mentioned above. - Traces of plastic deformation exist on the 

intergranular fracture surface as can be seen from Figs. 10 to 14 

cially in the high magnification fractograph shown in Fig. 11b 

some trace of the slip line exists on the intergranular surface. 

indicates that plastic deformation had occurred before fracture 

Eape-

where 

This 

along 

the grain boundary. This is the reason that even when the major of the 

fracture surfaces are intergranular fracture as shown in Figs. 12 and 

14. the impact toughness is still not very low, and higher than the 

toughness requirement of the industrial standard. The difference be

tween the fracture surface of high manganese alloys and those associated 

with the two kinds of intergranular fracture mentioned above ·also indi

cates that the intergranular fracture mechanism is different. 

Some parallel small lips or "tongues" protrude from "the fracture 

surface {Shown in the left part of the fractograph shown in Fig. 11b). 

Berry [48] has explained that the tongues form when a cleavage crack 

propagating along _the (100) plane interacts with a mechanical twin pro

duced by the stress field ahead of the running crack. During this 

interaction, the ~rack path can propagate along the {112) twin plane for 

a short distance before it continues again along the (100) cleavage 

plane. The result of this interaction is the formations of tongues that 

protrude in a (112) direction from the (100) cleavage surface. 

Analogous to Berry's arguments, the tongues on fracture surface 

shown in Fig. 1lb may be caused by the interaction of the intergranular 

fracture path with stacking fault formed near the grain boundary. Due 

~ 

~-
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to high manganese concentration and low st_acking fault en.ergy in the 

manganese segregation zone at the grain boundary, stacking faults tend 

to form at this region. A crack propagating along the grain boundary 

,,. could interact with the bands of stacking faults that form on the (111) 

planes near the grain boundary. Tongues would form as a result of the 
. ., 

propagating crack following the intersecting (111) planes for short 

distances. 

The AES technique was applied ~o detect any segregation withi'n a 

monolayer of the surface on the prior austenite grain boundaries. After 

AES analysis. of the in-situ fractured surface, Ar+ ion-sputtering ·tech-

nique was employed. The use of this ion-sputtering technique, combined 

with AES analysis, i8 very effective in studying the surface chemistry. 

First, it is possible that two different surface chemistries may be 

obtained before and after sputtering. Thus, the evidence of some dif-

ferences. in the chemistry between the grain boundary and the matrix may 

be obtained. Second, by comparing the peak-to-peak amplitude of defi-

nite elements by sputtering layer by layer, a depth profile of certain 

elements from the grain boundary to the inside grain, e.g. matrix, can 

be easily obtained. This is possible because the AES analysis has a 

high depth re solution on the order of one monolayer. Examination of 
·, 

this depth profile can tell how the concentration changes with respect 

to depth. 

.... Many research investiaations [41-44] have reported that segregation 

of impurities, such as S, P, As, Sri, Sb and Bi, to the grain boundary 

often causes intergranular fracture. In this investigation, however, 

there are no impurity elements segregated to the grain boundary. There-
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fore, the intergranular fracture cannot be explained by impurity segre

gation to the grain boundary. 

Suto and Murakami [49] found that manganese segregates to the grain 

boundary· in 12Ni-611n-P alloy during tempering at 375°.. Lee [SO] indi

cated that manganese segregates to the grain boundary in Fe-1211n alloys 

during tempering at 4S0°C. In this work, the results of AES'analysis 

indicate that manganese segregates to the grain boundary in the high 

manganese austenitic Fe-Hn alloy after solution treatment at 1000°C. 

The magnitude of manganese segregation to the grain boundary is in

creased with the increasing manganese content in Fe-Mn alloys as shown 

in Fig. 20. Also, increasing the manganese content of Fe"""Mn alloys in

creases the thickness of the manganese segregation zone. There are two 

kinds of segregation, e.g. equilibrium segregation and non-segregation. 

Equilibrium segregation occurs at interfaces such as grain boundaries 

and surfaces. It is caused by impurity atoms moving to interfaces and, 

as a result, its free energies are reduced. Usually atoms with large 

free energies of segregation, e.g. the reduction in energy of segregat

ing atoms in the segregated site, have large differences in size and 

electronic structure compared with the matrix atoms [51]. The mechanism 

of non-equilibri~m segregation relies on the formation of sufficient 

quantities of vacancy-solute complexes [52-54]. When material is cooled 

through a large temperature range, tho equilibrium concentratio~ of 

vacancies, and thus complexes, are reduced. This true equilibrium con

centration cannot be realized during fast cooling conditions except at 

vacancy sinks. Such concentration gradients are formed in quickly

cooled material and there is a net flow of vacancies towards the vacancy 
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sinks. The vacancy-solute complexes are also. carried down these grad

ients and solute atoms are thus deposited at the sink. Solute segrega

tion then accumulates near the relevant interfaces. Non-equilibrium 

segregation is dependent on the binding energy of the solute atom to a 

vacancy. Due to different mechanisms of these two kinds of segregation, 

the thickness of segregation and the influences of austenit izing temper

ature and cooling rate on the segregation are different [54-56] (see 

appendix for further details). Based- on these differences, it is pos

sible to distinguish these two kinds of segregation. 

A distinguishing feature of equilibrium se.regation is that it be 

localized to within one or two atom distances of the plane of the inter

face, e.g., 5-10 l [55,57]. In contrast to equilibrium segregation, the 

segregation zone of non-equilibrium segregation may. range from 1 nm to 1 

11m [54,55]. From Fig. 23 the thicknesses of the manganese segregation 

zone are 37R, 50R and 651 for 35 Hn, 40Mn and 45 Hn alloys, respec

tively. They are much greater than the thickness of the equilibrium 

segregation zone. 

From Figs. 31 and 32, it can be seen that the manganese segregation 

increases with the increasing austenitizing. temperature. Also, it can 

be seen from Figs. 35 and 36 that manganese segregation is decreased 

with decreasing cooling rate. In the case of non-equilibrium segrega

tion, increasing austenitizing temperature increases segregation and 

decreasing cooling rate decreases segregation. Therefore, based on the 

results of the thickness of manganese segregation and the influences of 

austenitizing temperature and cooling rate on the manganese segregation, 

it can be concluded that the manganese segregation in austenitic Fe-Mn 
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alloys belong to the non-equilibrium segregation, as boron in 316 auste-

nitic stainless steel [58] and chromium in Cr-Mo steel [59]. 

As shown in Figs. S, 20 and 23. increasing the manganese content in 

Fe-Mn alloys increases the ductile-to-brittle transition temperatures in ~-

the Charpy impact test, tho extent of intergranular fracture, and the 

magnitude and extent of manganese grain boundary segregation. Figures 24 

and 25 show the relationship between the impact toughness and the manga-

nose segregation. 

Increasing austenitizing temperature decreases thet impact toughness 

and increases the manganese grain boundary segregation as shown in 

Fig. 30 and 33. Also; it can be seen from Figs. 17 and 33 to 36 that 

decreasing the cooling rate decreases the intergranular fracture, the 

magnitude and the extent of manganese grain boundary segregation. From 

these results, it is obvious that the· intergranular f:tacture and embrit-

tlement of high manganese austenitic Fe-Mn alloys at low temperature are 

caused by manganese segregation to the grain boundaries. 

The possible mechanism for intergranular fracture of high manganese 

austenitic Fe--lln alloys caused by manganese segregation to the grain 

boundaries is as follows: 

(a) The manganese segregation zon_e at the grain boundaries is 

harder than the interior of the grain during the plastic deforming 

pro cos s bee a use mangane so decreases the stacking fault energy and in-

creases the strain hardening exponent. The manganese segregation zone 

acts. as a "hard shell" around the grain. The grain boundary itself will 

cause some degree of dislocation pinning but yielding will eventually 

occur in the next grain. If the "hard shell" exists at the grain 
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·boundaries, the pileup can be much longer. The stress caused by l~ng 

pileup can then initiate an intergranular crack at the grain boundaries. 

Lowering the temperature increases the strain hardening exponent [61], 

therefore, it increases the tendency to intergranular fracture. 

(b) Breed is [26] has shown that the tendency for faulting in fcc 

staels increases as the temp~rature of deformation decreases. The 

stacking faults are more easily formed in the manganese segregation zone 

during deformation. The high local shear associated with the faults 

could cause the fracture strain to be exceeded in the vicinity of the 

faults. The resultant crack could possible propagate catastrophically 

under the existing state of stres~ before. the energy of deformation 

could be absorbed by other ~art~ of a specime~ [25]. 

(c) Due to the manganese segregation to the grain boundary and the 

nc1n-uniform deformation between the manganese segregation zone and the 

interior of the grain, local internal stresses are accumulated. The-

local internal stress will promote the intergranular fracture 

[27 ,49, 60]. 

The determination that the manganese segregation to the grain 

boundaries. is the source of intergranular fracture is of great import-

ance. This knowledge will help to develop high performance high manga-

nese austenitic cryogenic steels by optimizing the chemical composition 

and making a suitable heat treatment procedure for these steels. Adding 

some other alloying elements that also segregate to the grain bound-

aries, such as B [58] and Cr [59], may reduce manganese se~regation to 

the grain boundaries. An implication of the fracture mechanism des-

cribed above is that the toughness of high manganese steels can be 
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improved as the stacking fault energy of those steels increases~ Dulien 

and Nutting [34] have shown that nickel and chromium raise the stacking 

fault energy. Aluminum also has high stacking fault energy [32]. 

Therefore. adding Cr. Ni and Al will increase the low temperature tough

ness of high manganese austenitic steels and many high performance Cr

.Hn-Ni-N and Fo-Al-lin high manganese austoni tic cryogenic atee 1 s are 

developed. In order to minimi~o the manganese segregation and improve 

the low temperature toughness. the heat treatment process of high manga

nese austenitic steel should keep the solid-solution temperature and the 

following cooling rate as low as possible. 

.,. 
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V. CONa.USIONS 

(1) The high manganese austentitic Fe-Mn alloys used in this re

search work are very stable at 77 K. Even after deformation at 77 K. 

only approximately 2~ a was. found in the 35~ Mn alloy and no a was found 

in the 40 and 45~ Mn alloys. These Fe-Mn alloys exhibit a ductile-to

brittle transition phenomenon in impact test. The toughness transition 

is accompanied by a change of fracture mechanism from microvoid coales

cence to intergraular fracture. The transition temperature is increased 

with increasing manganese content. 

(2) The yield strength and ultimate tensile strength of different 

Fe-Mn alloys are almost the same. The strain hardening exponent. uni

form plastic deformation. total plastic deformation. and true stress at 

maximum load all are increased with increasing manganese content. 

(3) The segregation of certain impurities. such as P. s. Sn. As. Sb 

and Bi. to grain boundaries is one of the major causes of intergranular 

fracture. No segregation of impurity elements to grain boundaries was 

found in this research work. 

(4) In this investigation. the results of AES analyses indicate 

that manganese segregates to the arain boundaries in the high manganese 

austenitic Fe-Mn alloy after solution treating at 1000°C. The magnitude 

and extent of manganese segregation to grain boundaries are· increased 

with increasing manganese content. The manganese segregation is a kind 

of non-equilibrium aearegation. Increasing the solid-solution treatment 

temperatur~ and the following cooling rate increases the manganese 

segregation to the grain boundaries. 
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(S) The ductile-to-brittle transit ion temperature, the extent of 

intergranular fracture, and the magnitude and extent of manganese segre-

aation to the ·arain boundaries are increased with increasing the· manga- . 
nese content of Fe-lln alloys, solid-solution treatment temperature. and 

tho subsequent cooling rate. It appears that intergranular fracture and 

embrittloment of high manganese austenitic Fe-Mn alloys at low tempera-

turo are caused by manganese segregation to the. grain boundaries. The 

possible mechanism for intorgranular fracture of high manganese austeni- · 

tic Fo-Hn alloys caused by manganese segregation. is discussed. 

(6) The finding that the manganese. segregation to the grain bound-

aries is the source of intergranular fracture is of great importance •. 

This knowledge will help in the development of high performance, high 

manganese, austenitic cryogenic steels and other high manganese steel by 

optimizing the chemical composition of the steel and developing a suit-

able heat treatment procedure. 



29 

The Differences between Equilibrium Segregation and Non-equilibrium 

Segregation 

Equilibrium Segregation Non-equilibrium Segregation 

(1) Mechanism 

Equilibrium sejrogation occurs at When material. is cooled through a •\' 

•••. •! 

tho· interface such as grain bound- large temperature range the equi-

aries and surfaces. It is caused librium concentration of vacan-

by impurity atoms (S.P,As,Sn,Sb,Pb cies and thus vacancy-solute com-

and Bi) moving to interfaces and, plu:es is reduced. Therefore ' .. ·~ 

reduced. Usually atoms with large vacancies flow to the interfaces 

free energies of segregation, e.g. where they may be readily annihi-

the reduction in energy of sogro- lated. The vacancy-solute com-

gating atom in the segregated site, plezes are also carried down these 

have large differences in size and gradients and solute atoms are 

electronic structure compared with thus deposited at the sink. 

the matrix atom [51]. Solute segregation then accumu-

lates near the relevant inter-

face. Non-equilibrium segrega-

tion is dependent upon the bind-

ing energy of the solute atom to 

a vacancy [52-54]. 
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(2) Effect of Temperature 

C, = A exp ( E ) 

I:T 

eo: segregating atom concentra

tion 1<)n the boundary 

Cg: segregating atom concentra

in the un"Segregated regions 

K: Boltzman's constant 

E: free energy of segregation 

This equation shows that equilib-

brium segregation is greater at 

low temperatures [54]. 

T 

Cc: concentration of complex 

C8 : concentration of solute 

~: vacancy solute binding 

energy 

Since ~ will rarely exceed Ef 

increasing the temperature will 

therefore increase the concentra-

tion of complex and segregation 

[54-561. 

(3) Effect of Time and Cooling Rate 

At any given temperature, there is Non~oquilibrium searegation de-

a unique solute concentration for ponds on rate processes and kino-

each of these sites that is asymp- tic events and, in general, it 

totically approached as times go disappears as time approaches 

to infinity and at a rate aoverned infinity if diffusion processes 

by diffusion. are allowed to reach full oqui-

librium. 

Decreasing cooling rate will in- Decreasing cooling rate will do-

crease searegation [S0-56]. crease segregation [54-56]. 

.. 
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(4) Thickness of Segregation Zone 

It has now been experimentally con

firmed that tho space occupied by 

tho segregation is constrained to 

within tho structurally perturbed. 

region of the interface. Hence, 

a distinguishing feature of equili

brilUD segregation is that it will 

be localized to within one or two 

atom distances of the plane of. tho 

interface [S4.SS.60]. 

In contrast to equilibrium segre

sation. various phenomena exist 

i'n which the apparent levels of 

segregation build-up may extend 

to distances of as much as seve

ral ~m (104 I> across grain 

boundaries. [S4,55,64]. 
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Table 1. Chemical Composition of Fe-Kn Alloy in weight percent •. 

--------------------------
Alloy c ~ 0 p s 

----
35.Hn <0.001 34.46 0.007 0.018 0.010 0.008 

401fn <0.001 40.04 0.015 0.022 0.009 0.011 

451fn <0.001 45.23 0.018 0.023 0.014 0.012 
---

Table 2. Tensile Properties of Fe-Kn Alloys. 

Y.s. U.T. S. Elongation R.A. T.S. 1 U .R.A. s n• 
Alloy liP a MPa " " liP a " (ksi) (ksi) (ksi) 

---------~-------------
35Mn 294.0 150.0 05.5 71.0 1125.0 33.o· 0.41 

(42.6) (108.6) (163.0) 

40.Hn 299.0 185.0 60.0 64.0 1221.0 36.0 0.45 
(43.3) (113 .6) (176.8) 

451fn 294.0' 760.0 81.0 75 .o 1368.0 44.0 0.58 
(42.6.) (110.0) (198.1) 

___ ... --·-·-·---
1 True stress at mu:imum load. 
s Uniform reduction of area at •aximum load. 
I Strain ·hardening exponent, CJ=~· an 
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Table 3. Microstructure Determined by X-Ray Diffraction. 

Alloy Microstructure 

After cooled to 77 1: After defol"'lation at 77 1: 

35Mn ., - 2t. a + y 

40Mn ., ., 
45Mn T ., 

.... ----··--------------------· --------------
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lliGUm CAP'l'IONS 

1. Standard Charpy impact test specimen. 

2. Round tensile specimen. 

3". Single notched AES specimen for fracturing. 

4. Schematic diagram of tho ultra high vacuum reaction chamber with 

in-situ fracturing and cooling stage for AES study. 

S. Ductile-brittle transition curves of austenitic Fe-Mn alloys. 

6. Tensile test curve of 35 Mn alloy. 

7. Tensile test curve of 4SMn alloy. 

8. Tensile test curve of 4SHn alloy unloaded at maximum load. 

9. SEM fractographs of 35Hn impact. specimen broken at -102°C. 

10. SEM fractographs of 35Hn impact specimen broken at -196°C. 

11. SEM fractographs of 4t)Hn impact specimen broken at -102°C. 

12. SEM fractographs of 40Hn impact specimen broken at -196°C. 

13. SEM fractographs of 4SMn impact specimen broken at -102°C. 

14. SEM fractographs of 4SMn impact specimen broken at -196°C. 

15. AES spectra obtained from intergranular fracture surface and sput

tered surface of 3Siln (a) and its. SE.M fractograph (b). 

16. AES spectra obtained from intergranular fracture surface and sput

tered surface of 40Mn (a) and its SE.M fractograph (b). 

17. AES spectra obtained from intergranular fracture surface and sput

tered surface of 45M.n (a) and its SE.M fractograph (b). 

18. Manganese concentration at grain boundaries and grain interior of 

Fe-Mn alloys. 
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19. The relationship of manganese content between grain boundaries and 

grain interior. 

20. The increment of manganese content at grain boundaries as a func

tion of manganese content of Fe-Kn alloys. 

21. Depth profiles obtained from the intergranular fracture surface of 

3SIIn. 

22. Depth profiles obtained from the intergranular fracture surface of 

4011n. 

23. The thickness of manganese segregation zone as a function of manga

nese content of Fe-Kn alloys. 

24. The relationship between the -196°C Charpy impact value and the 

magnitude of manganese segregatio~ 

25. The rela~ionship between the -196°C Charpy impact value and the 

~xtent of manganese segregation. 

26. The heat treatment processes for studying the effect of austenit i

zing temperature. 

27. The relationship between the -196°C Charpy inpact ~alue and the 

austenitizing temperature. 

28. AES spectra obtained from intergranular fracture surface and sput

tered surface of 45Mn austenitized at 1150°C (a) and its SEM frac

tograph (b). 

29. AES spectra obtained from intergranular fracture surface and sput

tered surface of 45Hn austonitized at 1150°C and 1000°C (a) and its 

SEM fractograph (b). 
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30. AES spectra obtained from intergranular fracture surface and sput

tered surface of 45Mn austenitized at· 1150°C and 8S0°C (a) and its 

SEM fractograph (b). 

31o The manganese concentration at grain boundaries as a function of 

austenitizing _temperature • 

32. The thickness of manganese segregatio~ zone as a function of auste

nitizing temperature. 

33. AES spectra obtained from intergranular fracture surface and sput

tered surface of 45Mn air cooled from 1000°C (a) and its SEM frac

tograph (b). 

34. AES spectra obtained from intergranular fracture surface and sput

tered surface of 45Mn furnace cooled frQm 1000°C (a) and its SEM 

frac tograph (b). 

35. The relationship between the manganese concentration at grain 

boundaries and cooling rate. 

36. Tho relationship between the thickness of manganese segregation 

zone and cooling rate. 
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XBB 859-7923 

35%Mn-Fe 
Solution Treatment: 1000 C, Water Quenching 
Impact Testing Temperature: -102 C 

Figure 9 
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XBB 859- 7925 

35%Mn -Fe 
Solution Treatment: 1000 C, Water Quenching 
Impact Testing Temperature: -196 C 

Figure 10 
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XBB 859-7921 

40%Hn-Fe 
Solution Treatment: 1000 C, Water Quenching 
Impact Testing Temperature: -102 C 

Ftgur2 11(a) 
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XBB 859-7928 

40%Mn-Fe 
Solution Treatment: 1000 C, Water Quenching 
Impact Testing Temperature: -102 C 

.B'igure 11(b) 
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40%Mn-Fe 
Solution Treatment: 1000 C, Water Quenching 
Impact Testing Temperature: - 196 C 

Figure 12 
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XBB 859-7932 

45%Mn-Fe 
Solution Treatment: 1000 C, Water Quenching 
Impact Testing Temperature: -102 C 

Figure 15 
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45%Mn-Fe 
Solution Treatment: 1000 C, Water Quenching 
Impact Testing Temperature: -196 C 

Figure 14 
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XBB 863-1681 

Figure 15(b ) 
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XBB 863-1680 

Figure 17(b) 
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