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ABSTRACT

Ansténitic chromium-nickel stainless steels, suéh as 304 and 316,
bave been widely used in a v;riety of cryogenic applications. However,
in recent yearsvit has been recogniied that there is a greaf need for
developing new cryogenic steels to substitute Ni-Cr austenitic steels,
Manganese is the most abviously attractive as a snb;titute 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 transition. 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 Fe—Mn alloys.

The dnctilé-to-brittle transition of high manganese austenitic Fe—-Mn
alloys is accompanied by s change in the fracture mechanism from micro-
void coalescence to intergranular fracture. No impurity element segre-—
gated to grain'boundnries was found., - The results of AES analyses indi-
cate thaf ninganese segrégates to the krain boundaries. The magnitude
and extent of manganese segregation to grain bonndaries increases with
increasing manganese content. The manganese segregation is a kind of
non-equilibrium ;;grogation. Increasing solid-solution treatment tem—
perature and the following cooling rate, the manganese segregation to the
grain boundaries is incressed. Increasing the manganese content of Fe—Mn
alloys, solid-solution treatment temperature and the following cooling

rate, the ductile—to-brittle transition temperature and intergranular

fracture are increased. These results indicate that the intergranular
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fraétnre and embrittlement of high maﬁganese austenitic Fe-Mn alloys at
low temperature are caused by ﬁanganese segregation. The possible mecha-
gifm for intergranular fracture of these alloys and the way to improve

Idwﬁtemperatnre toughness of high manganese steels are discussed.
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I. INTRODUCTION

Oﬁe of the basic requirements for steels used in cryogenic techno-
logy is that they retain toughness at operating temperatute. The tough-
ness of the steel determines the 'orking-caﬁacity and safety of the
equipment,

‘Tonghnéss is usually decreased as temperature is lowered, There is
characteristically no ductile-to—brittle transition in fac&—centered
cubic metals., Fcc metals have excellent ductility at room temperature
and remain ductile at low temperature. fhe toughness of Ni—-Cr austeni-
tic steels are decreased grndnally as the temperature is lowered; how—
ever, they still retain sufficient toughness at low temperature. The
ductile—to-brittle transition does not normally occur in the Ni—Cf
anstenitic steels; therefore, the Ni—~Cr austenitic steels, such as 304
and 316, have been widely used in a variety of cryogenic applicatiqns.

In recent years, it has been recognized that there is a great need
for devé;oping new cryogenic steels to substitute for the Ni-Cr austeni-
tic.steels. The reasons are:

1. The operation temperature of cryogenic devices was exfended to
liquid ﬁelium temperature. The 304 stainless steel is unstable at 4 K.
Some austenite transform to martensite and influence the toughness and
magnetic propert;;s;

2. Increasing the nickel content increases the stability of auste—
nite but may change magnetic properties;

3. Nickel is expensive.



Manganese is the most obviously attractive substitute for nickel in
cryogenic alloys. Manganese is readily available, relatively inexpen-—
sive ‘asid has a metallurgical similﬁrity to nicke; in its effect on the
microstructures and phase relationships of iron-base ;110ys° Many high
manganese austenitic cryogenic steels were developed [1-16].

Face—-centered cubic high manganese steel differs from most other
fcc materials in that they undergo a ductile-to-brittle tramsition,

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

and.several>investigators [17-19,22,23] have suggested that the brittle

behavior of these steels is caused by martensite formation. However,
very stable thun-N steels glsovexhibit brittle behavior., Schaller and
Zackay [17] reported that a very stable Cr—Mn-N steei (less than 0.5%
martensite formed at —-320°F) exhibited a transifion témﬁeratnre higher
than that for steels in which large volume fractions of martensite
formed during tosting.v 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 explandtion does not account for Thompson's [24] observa-
tion that small additions of nickel (1 to 3%) greatly improve the tough-
ness of high nitrogen (0.35%) Cr—MNn-N steels.

The research work of high interstitial content aunstenitic Cr—Mn-N
stecl by Tisinai and Samans [20] indicated that the impact tramsition
- was accompanied by a change from & high duectility 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 martemnsite probably

<
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is not the principal cause of the embrittlement of sfable austenitic
Cr—Mn-N stainless steels even though this transformation has been shown
to be the cause of embrittlement of metastable Cr—Mn-N steels. Breedis
[26] has shown th#t the tendency for faulting i; fce sfeels inéreases 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 couldAcause the fractuie strain to be ex— -
ceeded in the vicinity of the faults. The resultant crack conl& pos—
sibly propagate catastrophically under the existing state of stress
before the emergy of deformation could be absorbed by other parts of a
specimen. Defilippi, et al. [25]1pointed out.  that the deformition
faunlting is a possible mechanism of brittle failure in the stable auste-
nitic Cr—Mn-N stainless steels because stacking faults persist in the#e
steels during deformation, especially lov-témperatnre deforﬁation.

An implication of the deformation—faulting mechanism is that the
toughness of high—strength Cr—Mn-N steels should improve as the stacking
fault energy of these steels increases.

The research work of Suto and Chun [27] bhas shown that the fracture
mode of high-carbon, high-manganese steel is ductile dimple at -76°C,
but brittle‘inte;grannlar fracture occurred at liquid nitrogen temper—
sture., It was also considered that the intergranular brittle frgctnre
at lov temperature was caused by the segregation of impurities (P,S,Sn,
etc.) segregations to grain boundaries. Avhigh purity high-carbon,
high-manganese steel was prepared. It was diffusion annealed and water

quenched from 1050°C, but the low temperature toughness was not improved



at all by the purification. Gulyaev hgs reported the same results [28].
Three basic types of fracture were observed, depending on the testing
temperatﬁre and the phosphorous content of the steel. The first is
trans-cf;;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 fracture, 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 typicsl of tests at.lov temperatures and is associatgd
with very low values of impact toughness., Even when the phosphorous’
content is very low ((0;001$P) the-tonéhness’is low at iow temperature;
Martensite is not formed in any case. From these facts, if was con-—
cluded that the intergrinular fracture at low temperature of high carbon
and high manganese steel was an "intrinsic" behavior of this alloy.
Gylyaw and Volynova [29] have determined the ductile character—
istics, type of fracture, and the characteristics of resistance to
ductile and brittle fracturs of binary Fe—Mn alloys. Alloys of excep—
'tionally high purity are obtained by using modern metallurgical methods.
¥With »29% Mn the vy phase is stable at room temperature. Impact tests
lead to fornatio; of some quantity of e phase in alloys with 29 and 35%
- Mn., The quantity of the & phase formed is identical (10%) in the alloy
with 29% Mn at all testing temperatures, whiie the amounnt of the & phase
formed decreases with the testing temperature im slloys with 35% Mn. No
¢ phase is formed in alloys with 40—45% Ma in impact tests at any tem-

.

perature. Therefore, changes in the ductile-brittle transition tempera—



ture are not due to tﬂe formation of the & phase. In aunstenitic alloys
(29-54% Mﬁ) ianganese raises the ductile—brittle temperature. For
glloys with 35-54% Mn a ductile-brittle transition is clearly visible.
In the ductile range the fracture is completely dimpled and in the
brittle ramge it is intergranular.

Namekata and Kondo [30] reportéd the same results as Gulyaev and
Volynova,i.e”'the transition temperature of stable_anstenitic Fe-Mn
alloys are increa;e&-as the manganese confent 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
sfeelsvis not clear. The purpose of this work was to determine the

reason for the low—temperature brittleness of austenitic Fe-Ma alloys.



II. EIPERIMENTAI, PROCEDURES

A, Materials Preparation.

The alloy used in this investigation was prepared in & Temescsal 125
KV vacuum indnqtion furnace. The eleﬁents used were high purity
(99.9+%) iron ahdjhanganege aﬁd were melted in magnesium oxide cruci-
bles, first under a vacuum at 10-3 mm Bg @nd then under argon atmos-—
phere. _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
homogénized for twenty—four héurs at 1200°C in an afgon a?mosphere and

theﬁ 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. .

The compositions and designations of the alloys aré listed in
Table I,

B. Heat Treatment.

After forging, the bars, which were protected by stainless steel
bags, were sustenitized at 1000°C for ome hour in air followed by agi-
tated quenching in an ice brine bath. During the quenching process, the
stainless steel bags were torn éff. The test specimens are mﬁchined
from the plate aftet heat treating. The heat treatment of specimens
used for studying the effects of austenitizing tempeiature ;nd-¢ooling
rate are described later.

C. Mechanical Tests.
1. Chaxpy impact test.
The Chgrpy impact test qucimens were machined from solution-

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

L



45° ;ere machined perpendicular to the rolling direction pf the pléte
and through the thickness of the plate, i.e., thickness direction. The
impact tcsfs were carried out as described in ASTM E23. Varioﬁs tempe r—
atures were obtained by a pioper mixture of liqﬁid nitrogen and isopen-—
tane, At least two Charpy V-notched specimens were tested at each
testing temperature, |

2. Tensile test.

Rénnd 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 ; 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 alloyé. Two speci-—
mens of each composition were unloaded at maximum load té determine the
truevstress and uniform reduction area at the maximum losd. The strain
hardening exponents were determined according to ASTM E646-78.

D. X—ray‘Diffraction.

X-ray diffraction analyses were carried out on specimens cut from
ﬁroken Charpy spgcimens along the longitudinal direction. Specimen sur-
faces were carefully ground on emery paper to 600 grade and chemically
polished in a solution of 100 m1 H,0, + 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 scanned in s Siemens
Kristalloflex X~Ray diffractometer using Cu Ka radiation., The volume

pefcent of each phase was calculated by comparing average integrated

et



intensities of (101)e and (200)7. The formula [31] used was:

v, = 1 - 1
. R 1 1
200
1+ o 7 1 +1.97 (200
R, I, : I(101)

" E. Microscopy. ‘

1. Optical microscoﬁi;

Optical metallogrifiy was conducted on a Carl Zeiss Universal
fhotomicroscope Ultraphoto II. Specimens for optical microscopy were
cot from the 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 um
(ﬁicron) diamond paste wheela'lubricatéd ;ith kerosene, followed by
ultrasonic cleaning. Etching was accomplisﬁed using Vilella's reagent
which contains 5 ml HC1, 1 gm preric acid and 100 ml e:ihanol (95%).

2, Scanning electrom microsco SEM

The fracture surfaces of broken Charpy specimens were examined with
& ISI-DS130 scanning electromn 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 gize of the
Auger specimens ;re illustrated in Figure 3.

The Auger qlectron spectroscopic stndies'vere carried out with a
PHI model 590 scanning Auger nicroscopy (SAM) combinedlvith a scanning
electron microscope and an Art jon sputtering gun. The spec;men was put
into the reaction chamber equipped with an in—-sitw fracturing and cool-

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

the reaction chember was controlled by liquid nitrogen flowing through

g
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the fracture 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 § x 10_]_‘0 -1x 10-? Torr vacuum attained

by employing a differential ion pump, 2 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
c¢ylindrical mirror analyzer (CMA). The primary exciting electron beam
energy and beam current used vére 5 KeV and 0.8—1uA; respectively., ' The
primaryelectron beam size ranging 0.5-2pum in diameter was regulated
according to the place needed to be analyzed. In order to obtain a
typical spectrum from a grain bonn@ary. at least 7 pointé on an'inter—

granular fracture surface were analyzed with 0.6% (i.e. + 0.3%) energy

resolution, monitored by the attached scanning electrom 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
wvas 10-20X, The time constant per point and sweep rate were 0.03 second

sad 33 eV/sec, respectively.

Following the AES gnalysis on the fresh fracture surface, the
surface was sputtered by an Art ion gun at normal incidénée. In‘nost
cases, a prinary\ion beam voltage of 4 kV_vas.u;ed. The sputtered area -
on the fracture surface was 2 x i mm., The sputtering rate éf Mn-Fe
elloy approximately 50 £/min. The sputtered regions were reanalyzed to

compare the difference between the surface before and after sputtering.

Intergranvlar surface chemical composition was calculated from the

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

- approximated by

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

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

vhich is LxEm,xIp,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 z setting used to obtain thc test spectrum are

the same for all peaks and cancel out.
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JII. EXPERIMENTAL RESULTS
A. Charpy Impact Test.

Charpy impact tests were performed to determine the fracture bebhav—
ior of various Fe—Mn alloys. The results of these tests are shown in
Fig. 5. The upper shelf enefgies,at 20°C are almost the same for these
Fe—Mn alloys. The toughness of these Fe—Mn alloys is decreased as the
test temperature decreases, These face-centered-cubic Fe~Mn elloys
differ from mostkother fcc alloys, which undergo a ductile—to-brittle
. transition, A dnctile-brittlé transition is clearly visible for these
alloys on the fracture toughness curves, as shown in Fig, 5. In'these
sustenite manganese alloys, manganese raises the ductile—to-brittle
transition. As shown below, (paragraph D) the ductile—to-brittle tran-
sition is accompanied by a ffacture mode transition that is changed .from
a.dimple mode to an intergranular fracture mode at low temperafure.
From a practical viewpoint, even in the worst condition, i.e., 45 Mn
slloy 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 austonitic Fe—Mn 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—ln.alloys are almost the same,
The strain hardening characteristics are correlated with the stacking
fault energy [32]. ¥hen the stacking fault energy is low, cros#-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 strnin‘hardening exponent with decreasing -

stacking fauvlt energy. Manganese is known to significantly lower the
stacking fault energy [33,34]. The results shown in Table 2 confirm
that the strain hardeming exponment increases with increasing manganess

content. The nnif&?h plastic deformation, total plastic deformation,

and true stress at maximum load increase with the increase of manganese

content due. to the increase of strain hardening expoment. = As a result
of the higher inclusion content, the 40% ﬁn alloy has a‘lower.valne of
totsl plastic deférmation.l

C. X-Ray Diffraction.

Manganese increases the stability of austenite [1,29]. The (Fe—Mn)
elioys tested are'fnlly austenitic at room temperature. The results of
X-ray diffraction tests listed iﬁ Table 3 show that the microstructure
of specimens cooled down to 77 K are fully austenitic. Even when de-
formednat 77 K, allltheAallqys are fully austenitic except for the 35 Mn
ealloy which has appfoxinately 2% 8. These results are in agreement with
those reported by Gulyaev and Volynova [2] and Tomots [29].

D, Scanning Electron Microscopy (SEM).

As the testing temperatqre of the impact test is lowered froﬁ high
temperatures to very low temperatures, the fracture mechanism of the
austenitic Fe-I;‘changes from micro-void coalescence to intgrgranular
fracture,as shown in Figs.9 to 14. The fracture surfaces of the 35 Mn
elloy 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 intergranular

e
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fracture, Inclusions exist in the dimples. The inqlnsions were
analyzed in.the-SAM and were determined to be MnS(0).

The fracture surfaces of the 40 Mn specimen fractured at -102°C are
a mixed mode of dimple and intergranular fracture but most of them ;re
dimple fracture., Some slip line traces eiist on the intergranular frac-
ture surface, as shown in Fig. 11b. This indicates that plastic defor-
mation had occurred before fracture along the 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 intergr;nular fracture
surface, as shown in Fig. 12b.

For the 45 Mn alloy, the fracture surfaces of the specimen frac-—
tored at —-102°C exhibit a mixed mode of dimple fracture and intergranu-
lar fracture. For specimens fractured. at ;196°C.'the fractography shows
that the major fractures are intergranular and contain a small amount of
dimple fracture, as shown in Fig. 14. Although ;ha 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 plasfic deformation before fracture is less thanind0 Mn,
E. Auger Electron Spectroscopy (AES).

Chemical nnglyses of the intergranular fracfnre.snrfaces of the Fe-
Mn alloys were obtained by using a high resolution scanning Auger micro-
scope. The Auger slectron spectra obtained from the in-situ fracture
surfaces of the slloys 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 appli;d'to detect ahy segre-
gation within &,nonolayer.of the surface on the aunstenite grain bound-
saries, i.e,, the fracture path of these alloys.

Manganese sqgregation was investigated by use of the Azt ion sput-
tering techniqne. Manganese has four different major Auéer cleétron,
transition peaks that are the KELL Auger transition peak at 40 eV, and
-the LMM peaks at 542 eV, 589 eV, and 636 ¢V, respectively. Since the
strongest Mn Auger elect péak at 589 eV is very close to the stiong Fe
Angef peai at 598 ¢V, the Mn peak at 542 ¢V was nsed to obtain the Mn
depth profile.

The chemicallcompogition of the grain boundary is determined by AES
on the intergranular ffacture surface before Ar¥ ion sputtering. The
chemical composition of the grain was obtained from the Art ion—-sput-
tered surface after sputtering for 10 minutes. Therefore 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 work [41-44] reported that segregation of
residual elements, such as S, P,‘Aﬁ, Sn, Sb and Bi, on the grain bound-
ary often causes intergranular fracture. From Figs, 18 to 20, it can be
secen that the;e are no ;ﬁch residual elements segregated on the grain
ponndarj. Therefore, the intergranular fracture of anstenitic Fe—Mn
slloys appears not to becaused by fhe segregation of such residual
elements.

Also, it can be seen from Figs.15 to 17 that the peak-to-pesk
heights of the Mn 542 nn& th& Fe 598 peaks are changed after sputtering

10 ninutes. It clearly indicates that manganese segregates at the grain
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boundary. The manganese content of the grain boundary and the interior
of the grain for 35 Mn, 40 Mn and 45 Mn alloys are plotted im Fig. 21.
This diagram shows the mangenese segregation at the graip boundary.
Figure 19 shows the linear relationship between the manganese content of
the grain boundary and the interior of grain. Figure 20 indicates that
the magnitude of manganese segregation at the grain,bonndnry;(AHn) is
increased with the increasing manganese content of Fe—Ma alloys.

The mnnganese depth profiles of Fe—Mn alloys are shown in Figs. 21
to 22; From these curves, the thickness of manganese segregation zomne
can be detérgined. FRigure 23 presents the thickne#s of manganese segre—
gation zone of three Fe—Mn alloys. It indicates that the thickness of
manganese segregation zome is increased with increasing manganese con—
tent of the Fe—Mn alloys. The influences of magnitude and thickness of
the manganese segregation to grain boundaries on the toughness of Fe-Mn
alloys are shown in Figs. 24 and 25;

F. Effects of Anst?nitizing Temperature and Cooling Rate,

In order to observe the effect of austenitizing temperature on the
segregation of manganese at the grain boundary, samples of 45 Mn were
heat-treated by three different heat—treatment proc?sses. These  heat-—
treatment processes are schematically shown in Fig., 26. In order to get
the same avstenite grain size. all specimen blanks are heated to 1150°Cv
for'l hr. One blank was quenched directly from 1150°C into ice brine.
A second blank was transfered from the 1150°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 transferrgd from the 1150°C furnace to a 850°C furnace

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

treatments are shown in Fig. 27 and it can be seen that the impaét

foﬁéhness is decreased with increasing anatenitiied temperature,

Ihe Auger electron spectra obfained from iﬁese specimens are shown
in Figs. 28 to 30. Figure 31 shows the ;ffect of aust;nitizing tempera—
ture on the nan;anese conce#tration at the grain boundary. If indicates
that the austenitizing temperature has very little effect on manganese
concentration at the grain boundary; however, austenitizing temperaturé
does have an effect on thickncks of the manganese segregation zome, as
shown in Fig. 32, The thickness of manganese segregation zone is in-

creased with increasing aunstenitizing 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 furn;;e cooled after heatirz 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 mangenese concenmtration at the grain boundary and the thickness
of nan;nnas? segregation zone is decreased with decreasing cooling
rate. Comparing tye 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 onme.

¥
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DISCUSSION

For a long time it_hns been known that high manganese austenitic
steel exhibits a dnctile-to-brittle transition phﬁnomenon in impact
tests [17-19,22,23,25,27]. The nateriais used in n;ny earlier research
investigations have phasé tfansformatidns or precipitates, bnt‘the re—
search work done:in recent years has shown that even simple and #ery-
stable austenitic Fe—Mn alloys also exhibit a ductile—to-brittle tran#i—
tion [29,30]. Furthermore, even high manganese austenitic alloys with
very high purity show a brittle trahsition [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, the materials that were used in this
.reiearch were simple and very stable austenitic Fe-Mn alloys in order to
avoid the influence of phase transformation, precipitates and other
alloying elemenfs.

The results obtained from X-ray diffraction tests show the Fe—Mn
slloys containing 35% Mn, 40% Mn and 45% Mn, which were used in this
investigation, are very stable at 77 K. Even after deformation at 77 K,
only approximately 2% e phase was found in the 35% Mn alloy and no e was
fdnnd in 40% and 45% Mn alloys. This is in accord with the results of
Gulyaev and Volynova [29] and Tomota [35]. The impact toughness test
reveals a8 ductile—to-brittle transition. This is also in asreomenf'vith
the results reported by Gulyaev and Volynova [29] and Namekata and Kondov
{30]. The transition temperature is increased on increasing the manga-

nese content.
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The low stacking fault emergy material has & high straiﬁ hardening
é;i;bnent° The strain'hardening exponent increases with de?reasing
sticking feult enexgy while the slip character changes-from a favy to
pldnar mode. Tamura [33] and Dulieu and Nntfing [34] reported that
stacking fauit 6energy docfeﬁses,with inérea;ing 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

glloys are almost the same. The uniform plastic deformation, total

plastic deformation and true stress at maximum load increases with .

increasing manganese content. Large uniform elongations can be achieved

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

starts to develop in the middle of gage length, frrther 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. Tﬁe resultant mﬁltiple necking mechanism yields the high
vniform elongatioms.

The appearance of s ductile~to~btittlé transition in fhe fracture
behavior éf stable austenitic high manganese alloys is accompanied by a
change in the fr;ctnte mechanism from'microvoid‘coalescence to inter-
irannlar fracture. In the upper shelf region, the fracture forms in a
dimple mode caused by microvoid coalescence. The upper shelf energieé
sre slmost the same for these three Fe—Mn alloys. On decreasing the
test temperature, the fracture mechanism change from microvoid coales—

.

cence to intergrannlar fracture,

EH
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In general, the intergranular fracture in ferrous alloys in non-

aggressive environments can be classified 1ito two general categories:
those owing to the presemce of certain gr;in boﬁndary phases and those
owing to thermal treatment that cause segregation of certain iﬁpurities

to the grain boundaries without aﬁ ;bservable'second éhase [41,46,47].
The interggannlar‘failnre owing to the presence of a grain ﬁoundary
phase is also called "infergrannlar rupture“.' This type of intergranu-—

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

the grain boundaries. The phase is almost always particuleate rather
‘than continuvous, althoumgh it may cover well over 50% of the grain bound-

ary asrea. In most instances where such particles cause intergrﬁnular :

failure, small cavities form around the grain boundary precipitates,
The growth of these cavities and thei:-eventnai link-up cause thg-crack
to proceed along ‘the grain boundaries. It has been po}qted out that
intergranuiar fra&tute surfaces produced in this manner are not the
smooth "rock candy" surface, rather, many small dimples in microscopic
scale appear on the intergranular fracture surface.

The presence of cértain residual elements at the grain boundaries

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

‘These olements are believed to lower the cohesive energy of the bound-

Ay

aries and, at a given concentration, they can change the brittle—frac-
ture path from the cleavage plane to the grain boundaries. The most
common grain boundary embrittlers are from grouis IV to VI in the peri-
odic table, ¢.g., Sn, P, As Sb, Bi and S. In this case, the intergrann-—

lar fracture surface is smooth "rock candy" surface.

9
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The intergranular fracture surface of high manganese austenitic Fe-
Mn alloys is different from the two kinds of intergranular fracture
surfuces,jentioned above, - Traces of plastic deformation exist on the
intergrahnlhr fracture surface as can be seen from Figs. 10 to 14 Espe-
cially in the high magnification fractograph shown in Fig., 11b where

some trace of the slip line exists on the intergranular surface, This

indicates that plastic deformation had occurred before fracture along

the grain boundary. This is the reason that even when the majdr of the
ffactnre surfaces are intergranular fracture ss shown in Figs. 12 and
14, the impact toughiess is still not very low, and higher tha# 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 intergranuler fracture mentioned above also indi-
cates tﬁat the intergranular fracture mechanism is different.

Some paralle] small 1lips or "tongues"” protrude from the fracture
surface (Shown in the 1eft part of the fractograph shown in Fig. 11b).
Berry [48] has explained that the tongues form when 8 cleavage crack
propagating along the (100) plane interacts with a mechanical twin pro-
ducea by the stress field ;he;d of the running crack. During this
interaction, the ‘crack path can propagate along the (112) twin plane for
s short distance before it continues again along the (100) cleavage
plane. The result of this interaction is the‘formations of tongues that
protrude in n»(1125 direction from the (100) cleavage surface.

Analogous to Berry’s arguments, the tonguqs on fracture surface
shown in Fig. 11b may be caused by ghe interaction of the intergranular

fracture path with stacking fault formed near the grain boundary. Due
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to high manganese concentrution and low stacking faﬁlt energy in the
manganese segregation zone at the grain boundary, stacking faults tend
to form at this region. A crack propagating ;long the grain boundary
could interaét with the bands of stacking faults that form Qn the (111)
.planes near thq grain boundary. Tongnes Qonld form as a result of thgv
propagating crack following the intersecting (111) planes for short
distances,

The AES technique was applied to detect any segregation within 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 w#s employed, The use of this ion—sputtering techmique, combined
with AES analysis, is very effectiv; in studying the surface ch;ﬁistry.v
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-obtainedf 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 resolution on the order of one nonolayer. Examination of
this deptﬁ profile can tell how the concentration changes with respect
to depth,

Many research invéstigations [41-44] have reported that segregation
of impurities, such as S, P, As, Sn, Sb and Bi, to the grain boundary
often causes intergranular fracture. In this investigation, however,

there sre no impurity elements segregated to the grain boundary. There-



22

fore, the intergranular fracture cannot be explained by impurity segre-
gation to the graiﬁ boundary.

Snfb.and Mnr#k#mi {49] found that nangaﬁese segregates to the grein
boundary in 12Ni-6Mn-P alloy during tempering at 375°t. Lee [50] indi-
cated that manganese segregates tO‘the grain boﬁndafy in Fe-lzﬁn alloys
during tempering at 450°C. In this work, the teéults of ABES analysis
indicate that manganege segregates to the giain boundary in the high
manganese austonitic Fe—Mn alloy after solution treatment st 1000°cC.
The‘nagnitnde of manganese segregation to the greinm 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 thé 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,

&8s & result, its free energies axre reduced. Usvally atoms.with large
free emergies of segregation, e.g. the reduction in energy of segregat-—
ing atoms in the segregated site, have large differences i; size and
electronic structure comp;red with the matrix atoms [51]., The mechanism
of non—equilibrium segregation relies on thé formation of sufficient
quantities of vacancy—solnte-coiylexes [52-54]. When material is.cooled
through a large temperature range, the equilibrium concentration of
vacancies, and thus complexes, sre 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 vﬁcancy—solnte compléxes are also.éarried down these grad-

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

tion then accumulates near the relevent interfaces, Non—-equilibrium
segregation is dependent on the binding energy of the solute atom to a

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

the thickness of ssgregation and the influences of austenitizing temper-~

ature and cooling rate on the segregation are different [54-56] (see
appendix for further details)f Based- on these differemces, it is pos—
sible to distinguish these two kinds of segregation,

A distingniihing feature of equilibrium segregation is that it be

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

face, e.g., 5-10 & [55,57]. 1In contrast to equilibrium segregation, the
segregation zone of non-equilibrium segregation may range from 1 nm to 1
pm [54,55]. From Fig. 23 the thicknesses of the manganese segregationi
zone are 378, 508 and 658 for 35 Mn, 40Mn and 45 Hﬁlalloys. respec—
tivelf. They ate.nnch greater thqn the thickness 6f the equilibrium
segregation zone,

From Figs. 31 and 32; it can be seen that the manganese segregation
increases with the incfeasing austenitizing temperature. Also, it can
b; seen from Figs. 35 and 36 thaf manganese segregation is decreased
vithvdecreasing cooling rate. In the case of non-equilibrium s;grega-
tion, increasing sustenitizing temperature incresses segregation and
decreasing cooli#g rate decreases segregation. Therefore, based on the
results of the thickness of‘nanganese 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-eqniiibtinml;egregation. as boron in 316 ansfe=
nitic stainless steel [58] and chromium in Cr-Mo steel [59].

As.;hovn in Figs. §, 20‘@nd 23, increasing the manganese content in
Fe—Mn 811#&8 increases the auctile-to~brittle transition temperutnre§ in
tie.Cha:py imfact test, the extent of intergranular fracture, and the
magnitude and extent of manganese grain boundary segregation. Figures 24
and 25 show the relationship between the inpact'foughness and the manga-
nese segregation.

Increasing anstenitiziig,tempetatnre decreases the 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
mag#itude and th§ extent of manganese grain boundary segregation. From
these results, it is obvious that the intergranular fracture and embrit-
tlement of high manganese austenitic Fe—Mn alloys at lbv temperature are
caused by manganese segregation to the grain boundaries.

The possible méchanism for intergranniar fracture of high manganese
austenitic Fe-Mn alloys caused by manganese segregation to the ifnin
boundaries is as follows: |

(a) The manganese segregation zone at the grain boundaries is
harder than the interior of the grain during the plastic deforming
process because manganese decreases the stacking fault energy and in-
cresses the sftain hardening exponent. The manganese segregation zone
acts as a "hafd shell" around the grsin., The grain boundary itself will
cause some degree of dislocation pinning but yielding will eventually

occur in the mext grain. If the "hard shell” exists at the grainm
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"boundaries, tﬁe pileup can be much longer. The stress caused by long
pileup can then initiate an intergrgnular crack at the grain boundaries.
‘Lowering the temperature increases the strain hardening eiponent [61];
therefore, it increases the tendency.to intergranular fracture,

(b) Breedis [26] hﬁs shown that the tendencj for fanlfing in fecc
steelsvincreages as the tempeérature of deformation decreasés. The
stacking faults are more easily formed in the manganese segregatiom zone
during deformation. The high local shear associated with the fanlts
could cause the fracture strain to be exceeded in the vicinity of the
faults. The resultant crack could possible propagate catistrophically
vnnder the existing state of stress before the energy of deformation
could be absorbed by other parts of a specimen [25].

(c) Due to the manganese segregation to the grain ﬁoundaty and the
ncn—uniform deformation between the manganese segregatioh zone and the
interior of the grain, local internal stresses are accnmnla;ed.. The-
local internel stress will promote the ;ntergranhlar fracture
[27,49,60].

fhe determination that the manganese segreg;tion to the grain
boundaries is the source of intergranular fracture is of great import-
ance. Thi; knovlgdge will help to develop high performance high maﬁga—
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 segregatiom to
the grain boundaries. An implication of the fracture mechanism des—

cribed abové is. that the toughness of high manganese steels can be
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'

improved as the stacking fault energy of these steels increases. Dulien
and Nutting'[34] have sho;n that pickel and chromiom raise the stacking
fault energy. Aluminum slso has high stacking fault energy [32].
Thereforé.;hdding Cr, Ni and Al will increase the low temperature tough-
ness of high manganese austenitic steels and many high pérformance Cr—
Mn—Ni-N and Fe—Al-Mn high manganese austenitic cryogenic steels are
developed. In order to minimize the manganese segregation and improve
the low temperature toughneés. the heat treatment process of high manga-—
nese Qnstenitic stesl should keep the solid—solution temperature snd the

folloying cooling rate as low as possible.
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V. CONCLUSIONS

(1) The high manganese austentitic Fe~Mn alloys used in'this Te-
search work are very stable at 77 K. Even after deformation at 77 K,
only approximately'2$-; was~foﬁndbin the 35$vln‘a110y and no é-vas fonnd
in the 40 and 45% Mn alloys. These Fe-uh alloys exhibit a ductile-to-
brittle transitién phenomenoh in‘impact test, The toughness tran?ition
is accbmpanied by a change of fracture mechanisﬁ from microvoid coales—
cence to intergraular fracture., The tramsition temper;ture is increased
vith increasing manganese content.

(2) The yield strength and ultimate temsile strength of different
Fe-Mn alloys are almost the same. The strain hardening expoment, uni-
form plastiq deformation, total plastic deformation, and true stress at
maximum load all are increased with increasing manganese content.

(3) The segregation of certain impuri;ies. such as P, S, Sn, As, Sb
and Bi, to grain boundaries is one of the major causes of intergranﬁlar
fracture. No segregation of impurity ?lemeﬁts to grain boundaries was
found in thig research work,

(4) In this investigation, the results of AES analyses indicate
" that manganese segregates to the grain boundaries in the high manganese:
austenitic ?e-ln 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 segregation. Incresasing the solid-solution treatment
temperature and the following cooling rate increases the mang;nese

segregation to the grain boundaries,



28

(5) The dnctile-to-brittie transition temperature, the extenﬁ of
intergranular fracture. and the magnitude and extent of manganese segree
gation to the grain bonnda:ies are increased with increasing the mange—
nese conteat of Fe—Mn alloys, solid-solntion treatment tempemature, and
the subsequent cooling,rate; It appears that intergranular fractnre and
embrittlement of high ‘manganese nustenztic Fe-Mn alloys at low tempera-

ture are caused by manganese segregation to the: grain bonndaries. The

possible mechanism for intergrannler fractnre of high manganese ansteni--

tic Fe~Mn 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, .

S

This knowledge will help in the development of high peiformance. high
manganese, austenitic cryogenic steels and other high manganese steel by
| optimizing the chemical composition of the steel and developing a suit—-

able heat treatmemnt procedure.

X
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APPENDIX

The Differences between Equilibrium Segregatibn and Non-eguilibrium

Segregation

Equilibrium Segregation

Non-eqniliﬁrinm Segregation

(1) Mechanism

Equilibrium segregation occurs at
the interface such as grain bound-
aries and surfaces. It is caused
by impurity atoms (S,P,As,Sn,Sb,Pb
and Bi) moving to interfaces and,
reduced. Usually atoms with large

free energies of segregation, e.g.

the reduction in energy of segre-—

gating atom in the segregated site,

have large differences in size and
electronic structure compared with

the matrix atom [51].

When material is cooled through a
large femperatnre rangevthe equi-
librium concentration of vacan-—
cies and thus vacancy—#olute-com—
plexes is reduced. Therefore
vacancies flow to the interfaces
where they may be readily annihi—
lated. The vacancy—solute com-
plexes nfe~also carried down these
gradients and solute atoms are
thus deposited at the sink.

Solute segregation then accumu—
lates near the relevant inter—
face. Non—eqnilibfiun 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

,EE = A exp (-E-) Cc = KchCx exp (Eb'gfl
CS KT _ T
Cb: segregating atom concentra- Cc: concentration of complex

tion'%§ the boundary

Cg: segregating atom cbncentra- Cs; concentration of solute

in the unsegregated fegions  Ey: vacancy solpte'binding
K: Bolgzman's constant | énergy
E: free energy of segregation Since‘Eb will rarely exceed Eg
This equation shows ghat equilib- increasing the'tempernture yill
b;ium segregation is greater at therefore increase the concentra-
low temperatures [54]. tion of complex and segregation

[54-56]1.

(3) Effect of Time and Cooling Rate

At any given temperature, there is Nonfeqnilibrinm'segregﬁtion de-

8 unique solute coacentration for pends on rate processes and kine-
each of these sites that is asymp- tic events and, in gemeral, it
totically spproached as times go' . disappears as time approaches

to infinity and at a rate governed infinity if diffusion processes
by diffusion. : are allowed to reach full equi-

librium,
Decreasing cooling rate will in- Decreasing cooling rate will de-—

cresse segregation [50-56]. crease segregation [54-56].
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(4) Thickness of Segregation Zone

It has,ﬁoi be?n.e¥perinentally con-
firmed thﬁf the sfgco.occufi?a Sy
the fegiegation is con;tiained fo
' witﬁin the strnct;raiiy feftnrbed

region of the interface., Hence,

a distinguishing feature of equili-

brium segregation is that it will
be localized to within ome or two
stom distances of the plane of the

interface [54,55,60].

In contrast to equilibrium segre-

gation, various phenomena exist

~ in which the appareant levels of

segregation build-up may extend
to distances of as much as seve-
ral pm (104 &) across grain

boundaries [54,55,64].
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Table 1. Chemical'Composition of Fe-Mn Alloy in weight percent.

N

Alloy c ¥n N 0 P S
35Mn <0.001 34.46 0.007 0.018 0.010 0.008
40Mn <0.001 40.04 0.015 0.022 0.009  0.011
45Mn <0.001 45.23 0.018 0.023 0.014 0,012
Table 2. Tensile Properties of Fe—Mn Alloys.
Y.S. U.T.S. Elongation R.A, T.S8.2 U.R.A.? n?
Alloy MPa MPa % % MPa %
(ksi) (ksi) ' (ksi)
35Mn 294.0 750.0 05.5 71.0 1125.0 33.0° 0.41
' (42.6) (108.6) : (163.0)
40Mn  299.0 785.0 '60.0 64.0 1221.0 36.00 0.45
(43.3) (113.6) (176.8)
45Mn 294.0 760.0 81.0 75.0 1368.0 44.0 0.58
(42.6) (110.0) (198.1)

- ——cee-

2+ True stress st naximnm.load.
3 Uniform reduction of area at maximum load.

3  Strain hardening expoment, 6 = K °* &
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Teble 3. Microstructure Determined by X-Ray Diffraction.

Alloy - Microstructure

After cooled to 77 kK

After deformation at 77 K

35Mn '7'

40Mn . 14

~2% & + ¥
Y

Y

45Mn Y
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FIGURE CAPTIONS

Standard Charpy impact test specimen,

Round tensile specimen,

Single notched AES specimen for fracturing,

Schematic diagram of the ultra high vacuum reaction chamber with

in-situn fracturing and cooling stage for AES study.

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

Tensile test curve of 35 Mn salloy.

Tensile test curve of 45Mn alloy.

Tensile test curve of 45Mn alloy unloaded at maximum load.

SEM
SEM
SEM
SEM

SEM

SEM

AES

fractographs of 35Mn'1npact‘specimen broken at -102°C,
fractographs of 35Mn impact specimen brokem at —-196°C,
fractographs of 4¢Mn impact specimen broken at -102°C,
fractographs of 40Mn impact specimen broken at -196°C,
fractographs of 45ﬁn impact specimen broken at -102°C.
fractographs of 45Mn impact specimen broken at -196°C,

spectra obtained from intergranular fracture surface and sput-

tered surface of 35Mn (a) and its SEM fractograph (b).

AES

spectra obtained from intergranular fracture surface and sput-—

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

AES

spectra obtained from intergranular fracture surface and sput-

tered surface of 45Mn (a) and its SEM fractograph (b).

Hanganese concentration at graim boundaries and grain interior of

Fe-Mdn alloys.
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The relationship of ﬁanganese content between grain boundaries and
grain interior,
The increment of manganese content at grain boundaries as a-fﬁnc—
tion of manganese coﬁtent of Fe—~Mn alloys.
Depth profiles obtained from the intergranular fracture surface of
35Mn. |
Depth profiles obtainc& from the infergrannlar fracture surface of

40Mn.

The thickness of manganese segregation zone as a function of manga-

" nese content of Fe—Mn alloys.

Tﬁe relitioﬂship between the —196°C Charpy impact value and the
magnitnae of manganese sdgregatiqn. |

The relatiohship b&tvecnvthe -196°C Charpy impact value and the
é;tent of manganese segreg;tione |

The - heat treatment.processes for studying the effect of amsteniti-
zing temperature.

The relationship between the —196°C Charpy inpact value and the
austenitizing temperaturé.

ABSvspectra obtained from intergranular fractuore surface and sput-
tered surface of 45Mn austenitized at 1150°C (a) and its SEM frac-
tograph (b). |

AES spectra obtained from intergranular fracture surface and sput-
tered surface of 45Mn austenitized at 1150°C and 1000°C (a) and its

SEM fractograph (b).
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AES spectra obtained from. intergranular fracture surface and spuf—
tered surface of 45Mn austenitized at 1150°C and 850°C (a) and its
SEM fractograph (b).
The manganese concentration at grain boundaries as a function of
austenitizing temperature,
The thickness of manganese segregation zome as a function of auste-—
nitizing temperature.
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).
AES spectra obtained from intergranular fra;:tnre surface and sput-
tered surface of 45Mn furnace cooled from 1000°C (a) and its SEM
fractograph (b).
The relationship between the manganese con'centratio‘n at grain
boundaries and cooling rate.

The relationship between the thickness of manganese segregation

zone and cooling rate,
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Impact Testing Temperature: -102 C

Figure 9



51

25KU 547X 18.3F 8817

XBB 859-7925

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

Figure 10
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