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Fe-Mn ALLOYS FOR CRYOGENIC USE: A BRIEF SURVEY OF CURRENT RESEARCH

J. W. Morris, Jr. and S. K. Hwang
Department of Materials Science and

. Materials and Molecular Research Division, Lawrence Berkeley Laboratory
University of California, Berkeley, California 94720

and
', \K. A.‘Yushchenko, V. I. Belotzerkovetz and 0. G. Kvasnevskii

E. 0. Paton Electric Welding Institute of the Academy of
Sciences of the Ukranian SSR, Kiev

| ABSTRACT |

The desire to minimize the nickel content of steels intended for service
in cryogenic systems had led to research on the‘app11Cabi1ity of iron
hanganese alloys at low temperatures. In this paper the relevant physical
metallurgy of the Fe-Mn system is reviewad and cryogenic alloy development
activities are briefly discuséed,'drawing on recent and current research
in the USSR, the US, and Japan. The Fe-Mn alloys of interest may be divided
int6 three general classes depending on their Mn content. Alloys of 12%Mn
or below have principa]]y a ferritic structure with other phases (austenite
ér e-martensite) occasionally present depending on the Mn concentration
and the concentration of other alloying species. These alloys have good
cryogenic strength but poor toughness due to the intrusion of catastrophic
intergranular fracture. Current research emphasizes the use of
metallurgical treatments to overcome this intergranular fracture. Alloys
of intermediate Mn content (14~27%) have a mixed austenite-martensite

structure. The residual austenite in these steels has low stability
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‘resulting in deformation-induced transformation at low temperature. As
a consequence, the alloys usua]]y exhibit good cryogenic strength but
may be adapted for applications to which cryogenic strength is not
critica].'_A11oys of 28~36%Mn havéva stable austenitic structure;
martensitic transformatiéns occur oh]y at high deformation levels or L
at very low temperatures. These 'stable austenitic Fe-Mn alloys are,
however, highly alloyed, with the result that some of their advantage
with respect to Fe-Ni cryogenic élloys is 1Qst. When Mn content exceeds
- approximately 40%, manganese-rich phases intrude, causing a deterioration:

of lTow temperature tbughness.

Work supported in part by the U. S. Department of Energy.
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I. INTRODUCTION

The steels now commonly specifieq»for structural applications at LNG
and lower temperatures, 9%N1 steel, austenitic stainiess steels, and
invar alloys, have in common a relatively high content ofvnickel. While
thé nickel alloy addition contributes significantly tb the good low
temperature properties of fheSe a1lbys, it also adds substantially to the
cost. There is, consequently, an incentive to develop technfques for
reducing or eliminating the nickel content of cryogenic steels while
retaining good crycgenic properties. 5-6%Ni steels were recently
introduced in the U.S. (1) and in Japan (2) in response to thfs need.
Further dedreasesvin the acceptable nickel content would be desirable.

Of the common alloying é]ehents in steel manganese is the most
obvioué]y attractive as a substitute for nickel in cryogenic alloys.
Manganese‘is readily available, relatively inexpensive, and has an intriguinj
metallurgical similarity to nickel in its effect on the microstructures
and phase relationships of iron-based alloys. A number of laboratories
have consegently become interested in the potential of Fe-Mn alloys for
cryogenic use. MWnile research on Fe-Mn alloys has not yet led to
industrial application in cryogenic service the laboratory results are
promising. They show that the Fe-Mn system can be used as a basis for
alloys having useful mechanical properties to LNG temperature and
below. With furfher development tnese alloys may offer an économica]]y
attractive a]ternative:to the nickel alloy steels for structural use ih
cryogenic systers.

In the.fo1]§wing; the physical metalluruy of the Fe-Mn system is
briefly reviewed, witﬁvemphasis on those differences from the Fe-Ni

system which impede the development of Fe-lin cryogenic steels. Several
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recent -and on-going alloy development projects are then briefly described,
with examples taken from work in the Soviet Union, the United States, and

Japan.

v

IT. METALLURGICAL CONSTDERAfION

A. Properties of Fe-Mn Binary A]]oyé: | -
The base mechanical properties of Fe-Mn binary alloys in the as-

cooled condition are illustrated in Figures 1 (3) and 2 (4), and in
Table I. (4) On the basis of phase content and properties Fe-Mn a]]qys
containing up to 46% (by weight) of manganese can be divided info four
~ ranges by compositionf
1. Alloys containing less than 10%Mn show transformation behavior

similar to that of the Fe-Ni alloys. (5-8)

For Mn contents of 8-10%

the as-cooled structure is a dislocated lath martensite. Both the

yield and tensile strengths of the alloys increase with Mn concentration.
The ductile-brittle transition temperature, however, is high with the
consequence that these alloys are unsujted for cryogenic service in the
as-cooled conditions. As in the case of the Fe-Ni alloys, a tempering
treatment in the two-phase (o»y) region causes a decrease in the ducti]e-

(9-13)

brittle transition temperature of ferritic Fe-Mn alloys. This

beneficial tempering response has been used to improve the toughness of

(13)

4Mn alloys for use near toom temperature but is not sufficient to
eliminate brittleness gt LNG or liquid nitrogen temperatures.

2. At approximately 10% manganese the hexagonal e-martensite is ~
found along with a-martensite in the as-cooled structures. (14-18) Alloys
having 10-14%1n are predominantly mixtures of a and e-martensite after

cooling to room temperature with some admixture of untransformed y

(austenite) for 12-14%Mn. The e-martensite phase is metastable and
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tranforms readily to o« on deformation at room temperature or below. Alloy

yield strength drops dramatically as the volume fraction of £ increases
for Mn content >12% (Figure 1(b)). On the other hand, the tensile strength
remains high, presuﬁab]yvkef]ecting the e»u transformation. The behavior
of alloys having 12%ln or less is dominated by the o phase and low
temperature toughness may be improved by tempering treatments. For Mn
contents >12% the e-phase begins to dominate é]]oy'behaVior, causing a
rapid deterioration in yield strength at both room and cryogenic
temperatures. ,

- 3. At about 14%Mn the martensite fraction in the as-cooled structure
becomes small. Over the range 14-27%Mn the al]qy is essentially a
mixture of e-martensite and untransformed austenite, with the austenite
fracéion and stability increasing as the Mn content becomes higﬁér. The
room temperature yield strength remains roughly constant over this comp-
osition range. Strength atb779K increaées slightly, presumably because
of the increasing stability of the austenite phase. The ductile-brittle
transition temperature decreases with increasing Mn (Figure 1(c), FigureVZ).

The interpretation of the behavior of Fe-lMn binary alloys of 10-27%Mn

requires an understanding of the behavior of the e-martensite phase.

(19)

Despite informative recent research, particularly by Lysak and co-workers,
the crystaliography, formation kinetics, and mechanical behavior of the
g-martensite phase are not fully resolved. The appearance of e-martensite
is associated with a low stacking fault energy of the austenite. Recent

(20“2]) (Figure 3) suggest that the stacking fault energy of

measureménts
austenitic Fe-Mn reaches a minimum at ~22%tn. A rapid increase in
austenite stability is experimentally observed at higher Mn contents. The
e phase is mechanically unstable with respect to deformation at low

temperatuire and transforms to o martensite. The direct transformation
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8, 22-24) though at least one piece of

(25)

path e»a is generally assumed,(]
recent research suggests the reversion path e+y>a. The e-phase
appears to have a uniformly deleterious effect on cryogenic toughness
of austenitic alloys; both §trength and toughnass increase as the austenite
is stabilized by increasing Mn content.

4. Fe-Mn a]]oys of 28-46%Mn are vholly austenitic. Steels containing
26-36%Mn retain good toughness at cryogenic temperatures to at least
. 20°K.(4) They do, however, have thé relatively Tow strength characteristic
of austenitic steels. For higher.Hn contents the cryogenic toughness‘
deteriorates (Figure 2) while the strength remains roughly constant. The
metallurgical source of this behavior is not entirely clear. |
B. Alloying Effects:

The principal alloy additions ¢onsidered for use in Fe-Mn cryogehit
alloys are Ni, Cr, C, and N.

Nickel alloy additions have a beneficial effect on both the strength
and toughness of»?e—Mn austenitic alloys. The improvement appears to be
associated with the stabilization of austenite (Figure 4) (26-27) with
respect to forﬁation of the e-phase. In practice, of course, the Ni alloy
addition must be small or the economic incentive to shift to Fe-Mn base
alloys ié lost.

Chromium is typically added to Fe-Mn austenitic alloys to improve
corrosion resistance. A recent ﬁurvey by Kato, et al (28) suggest that
its influence on the phases apbeafing in the as-cooled Fe-Mn structure
is small for Cr contents <13%, while for highsr chromium contents G—ferrite
is retained in the as-cooled structure (Figure 5). The o-phase. is also
found at high Mn, Cr 1evé]s.‘ Chromium is found to have a beneficial effect

on cryogenic strength and toughness, particulerly in alloys containing

it
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carbbn;(zg) This improvement is attributed to an fncrease in the stability
of austenite, reflected_in.a decrease in the fraction of e-phase in the
as-cooled structure, though the interpretation is tentative.}

Carbon is a y-stabilizer. At low concentration (<O.7%) carbon
stabilizes the y‘structufe with respect to formation of'the g-phase. -At
concentrations >0.7% the formation of € is suppressed(30) (Figure 6).
Interestingly carbon promotes the retention of austenite in predominantly
martenéitic Fe-Mn a]}oys, but does not significantly affect the Mn
Miconcentrétion (~10%) at which the e-phase intrudes. A moderately high
yield strength can be obtained in a medium carbon, high manganese ternary
austenite. However, these a]]oys encounter phase stability problems at
cryogenic températures. Austenitic Fe-Mn-C alloys do not retain
satisfactory impact resistance at cryogenic temperatures unless the
austenite stability is increased by adding Cr or Ni as alloying e]ements.(zg)

Nitrogén adds significantly to the strength of Fe-Mn-Cr-Ni austenitic
alloys (36) but has a less significant inf]uence on the cryogenic strength
of Fe-25~36Mn austenites. (4) The nitrogen appears to increase austenitic
stability but causes a deterioration in low temperature toughness. The
embrittling effect may be due to nitrogen segregation to grain boundaries.

Other alloying elements which have received research attention
include si]icon,‘niobfum,vtitanium, and vanadium. Yushchenko and co-workers(4)
found apparently significant strengthening on introduction of Si into -
Fe-25~42%Mn with no evident loss of tensile ductility at cryogenic
temperatures. Yoshmura, et al (32) studied the influence of Nb, Ti, and _

V on the stréngth and toughness of Fe-25Mn-5Cr-1Ni. Each of these alloy
additions increases strength and reduces impgct toughness properties.

The best fesu]t vas obtained with addition of ~O.11Nb (Table IV). The
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strengthening effect of Nb seemed to be principally due to its influence

on austenite grain size. Chang (33)

studied the éging response of
austenitic‘Fe-20~28Mn4Ti a]]oy§. He found that these>a110y§ age-harden
significantly through formation of FeZ(Ti, Mn) precipitétes. However,
the preciﬁitation is strongly catalyzed at grain boundaries with the

consequence that the aged alloys are brittle unless prior deformation

is used to provide intragranular nucleation sites.

III. RECENT AND CURﬁENT RESEARCH ON Fe-Mn ALLOYS FOR CRYOGENIC USE
Several of the key problems facing the development of industrfa]]y
practicaf Fe-Mn alloys for ﬁfyogenic use are evident from the physical v
metallurgy of thé Fe-Mn system. The ferritic alloys (212%Mn) have excellent
cnyogénic strength but poor\toughness. While the ducti]e~britt]e transition

temperature may be lowered by two-phasé annéa]ing treatments similar to
‘those used for fe}ritic Fe-Ni cryogenic steels the transition temperaturé
remains well above 77°K. Further progress requires the development of
specific heat freatments or compositional modification to improve low
temperature toughness. In the'case of austenitic Fe-Mn alloys good Tow
temperature properties seem to reqﬁire a reasonably stable austenite (y)
phase and a relatively low interstitial content. To stabilize austenite
the Mn content should be high which presents problems in steelmaking |
practice due to the vojati]fty of Mn. Since the cryogenic strength of
high Mn alloys is relatively low, strengthening iechniques which preserve
alloy toughness are desirable. : |

Recent and current activities in the development of cryogenic Fe-Mn
alloys address these problems. Research on ferritic alloys concentrates
on eliminating low temperature brittleness while research on austenitic

alloys has largely focused on demonstrating the good inherent toughness of
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these a]]oysvwhile minimizing Mn content and maximizing strength.
A. ‘Ferritic Fe-Mn A]Toysf |

Reseafch on ferritic Fe-Mn alloys for cryogeniC use is underway af
the LawrencevBerke1ey Laboratory of the University of Ca]ffornia. (9-10)
This pfoject addrésses the sources of low temperature'émbritt]ement of
Fe-(8-12)tn alloys and seeks metallurgical remedies. The results show a
change in the brittle fracture mode as the Mn content increases from
8% to 12%, with intrusion of the e-phase, from transgranular fracture
~vto‘intergranu]ar fraqture. While these alloys respond favorably to
therma1 treatmeﬁts.analagous to those used for Fe-Ni cryogenic steels,
toughness at 77°K remains low. Fe-12Mn alloys can, however, be made
tough at 77°K by a cold work plus tempering treatwment which suppresses
intergranular fracture (Table II and Figure 7). Recently it has been

shown (34)

that the intergranular fracture of Fe-12Mn can also be eliminated
by controlled cooling through the martensite transformation yielding an
-alloy with reasonable toughness at 77°K in the as-cooled condition.

B. Austenitic Fe-Mn Alloys:

Extensive fesearch on austenitic Fe-Mn alloys for cryogenic service

has been conducted in the Soviet Unibn. Active current programs exist at
the E. 0. Paton Institdte for Electrowelding in Kiev and at the Metallurgical
| Institute of the Georgian Academy of Sciences in Tblisi, with supporting
fundamental research projects underway in several laboratories. While a
variet& of alloy compositions are under investigation (for example, Table I)
alloys of major current interest include 03X13AI19, of”cdmposition ;
19n-13Cr-0.03C-0.02, for use at temperatures of 111°K and higher, and
"a nickel-modified version, 03X13H5AI19, containing 5%Ni, intended for

use to 20°K. (4) The former alloy was included in the US-USSR exchange
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program on the properties'Of materials fbr'LNG, and is hence one of the
most thoroughly charaéterized‘(35'39) cryogenic alloys insofar as its
mechanical properties are concerned. Typical tensile properties ;re
presented in Table III, and fracture toughness data is plotted in Figure 8
ih comparison to that of commercially processed 5% and 9%Ni steels. (39)
Thé toughﬁess of this alloy is cqmpetitive with that Of the Fe-Ni alloys
over the full range of test temperatures and is superior ét 4°K. The yield
stfength is, however, below that of the ferritic alloys.

| Austenitic Fe-Mn alloys have a]so‘attracted-fecent interest in Japan.
An extensive alloy development project was recently completed at the Process
Technology Laboratories of tne Mippon Steel Corporation with the objective
of combining good cryogenic mechanical properties with a low coefficient
of thernnal expansion. After a surve} of Mn-Crlcomposiffons Yo;himura,
et al (32) selected the stable austenitic composition Fe-25Mn-5Cr-1Ni.
This‘composition yielded good notch toughness at 77°K (Table IV) together
with a low thermal expansion coefficient (6.7-7.2x10'6/°K)} In an
attempt to increase cryogenic strength without sacrificing toughness they
- studied the influence of sma]1 additions of niobium, vanadium, and titanium.
Alloying with niobium (0.11%) appeared particuiarly promising in that
cryogenic strength increases substantia]]y (Table IV) while reasonable
toughness is retained.. The autﬁors concluded that the principal source
of the Nb effect was its influence in refining the grain size df the
austenite. |

Austenitic Fe-Mn alloys are also under study at the Central Research
Laboratories of the Daido Steel Company in a project whose declared
objective is the development of castable alloys for cryogenic valves. (40)

Basic research portions of this project have been published. (28) The
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results published to date suggest that Mn content should be high to
ensure low temperature”toughness, and that the Cr content should be
h%gh to stabilize austenite and improved ancillary properties, but not so
high (~13%Cr) that &-ferrite is retained. Alloys of composition near
25Mn-10Cr are currently under investigation.
C. Mn-Modified Weld Wire for Fe-Ni Cryogenic Steels:

A final area of active research interest in the substitution of Mn
for Ni in cryogenic steels concerns the development of austenitic weld
wire for 9%Ni steel. In current practice "9Ni" steel is welded with
high nickel (70-80%) weld wiré, with a significant resulting increase in
the cost of welded structures. While some recentsuccess has been obtained
through research on low-Hi ferritic weld compositions, particularly for

use in TIG welding,(3% 41-

+2) Tow ni;ke], chrome-manganese stabilized
austenitic fi]ler_metals are under active development. Relevant recent
research in the Soviet Union includes studies of the properties of 5% |

and 9%Ni steels welded with austenitic Cr-Ni-tn-N wire (19Cr-15Ni-6Mn)
reported by Yushchenko and co-workers elsewhere in this conference.(36’ 38-39)
Similar studies are underway in Japan, particularly at the Nippdn Steel
Corporation,(43) where laboretory success has been obtained with Ni-Cr-Mn-Mo
austenitic wires of various compositions, (for example, 13Ni-12Mn-7Cr-2.5Mo0)

in welding 9%Ni- steals by the MIG process.

, Iv. CONCLUSION
Both the fundamental and app]ied research results cited above suggest
that alloys based on the Fe-Mn system have'significént potential for use
as structural alloys in cryogenic systems. These alloys are, however, only

in the initial stages of development. There are clear opportunities for

~ valuable research in at least four areas: (1) the prevention of low-
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temperature brittleness in ferritic alloys; (2) the stabilization of
austenite to insure good cryogenic toughness in austenitic alloys of
Jower Mn content; (3) the strengthening of austenitic Fe-Mn alloys; and

- (4) the development of austenitic Fe-Mn alloys for structural use in
liquid helium as an alternative to the non-magnetic high nickel alloys
now under consideration. The successful completion of these research
projects will almost certainly require a more thorough fundamental
understanding of the cryogenic mechanical bshavior of Fe-Mn alloys and

- particularly of the physical and mechanical behavior of the e-martensite
phase which appears to play an important role at intermediate Mn contenté.
The rate at which these new Fe-Mn cryogenic alloys are deve]oped‘énd
ekp]oited industrially will almost certainly depend on the extent to which
the development of cryogenic systems creates a demand for structuraT
alloys andon the magnitude of the intentive provided by the relative cost

of nickel. ' _ ‘

-4
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TABLE I. MECHANICAL PROPERTIES OF Fe-Mn ALLOY STEELS (4)

 CHEMICAL COMPOSITION, % | TEST MECHANICAL PROPERTIES
I crAGE temp. | 90.2| ©°b | Elong.|R.A.
C [Mn|Si | s [P (°C) | (MPa) | (MPa) | (%) |(%)
' ) +22 564 | 598 1|73
0564 _|0.05 | 4.1} - - |- -195 897 | 957 | 15 |33
: | - +22 633 | 663 10 |68
0568 |0.05 | 8.1 - - |- |-19 958 | 998 ] ]
+22 605 | 873 17 |63
05612 | 0.05 |12.1] - - |- -196 | 1067 | 1354 19 |45
+20 | 453 | 852 28.5 | 20.7
06621 | 0.056|20.80.33]0.0110.016 | -195 670 | 1221 29.3|24.9
| . +20 252 | 724 43.4 | 41.1
. 08G25 | 0.082[25.6]0.2710.008[0.017 | -195 | 412 | 1190 47.7 | 35.1
| 1 +20 210 | 524 | 60.7]74.4
06632 | 0.057|32.0/0.62(0.007{0.021 | -196 394 | 898 | 41.1]39.2
~ | +20 220 | 496 48.3|70.4
06G35 | 0.060| 34.7 ltrace]0.004/0.014 | -195 384 | 826 52.7171.0
| +20 238 | 507 46.3171.0
07G42 | 0.067| 42.010.3 [0.008/0.019| -195 431 | 878 53.0 55.4
+20° | 251 ] 530 49.4| 74.41
06G46 | 0.060! 46.0] - [0.005]0.021| -195 | 407 | 805 21.61 19.0
o 24.30. +20 245 | 755 43.6| 41.2
05AG25 | 0.045|-25.6/0.14/0.006{0.013| -195 | 554 | 923 10.4} 16.0
+20 272 | 580 66.8| 75.0
05AG30 | 0.054] 30.0! 0.16]0.005/0.013| -195 | 739 | 1116 25.0(24.9!
| +20 | 270| 569 | s53.0|70.7!
08AG34 | 0.078| 33.5/0.17{0.007/0.015| -195 679 | 791 6.0] 5.3
90.2: 0.23 Off-set engineering yield strength
% Breaking strength

Elong.: Elongation

R.A.: Reduction in area

s
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"TABLE II: CRYOGENIC MECHANICAL PROPERTIES OF PROCESSED
Fe-tn ALLOY sTEELS (97100
test temp.: -196°C
homina] Compositioh Treatment 00.2{%ts|Elong{ R.A. K1C
(Mpa)i(mPa)l (%) | (%) | (MPa/m)
Fe-12Mn-0.2Ti So]ution?Annea1ed 883 |1351] 25 54 59
' Tempered(500°C/10h) | 952 {1358] 33 62 77
cold-work (50%) plus |
tempered (600°C/4h) | 1179/1503] 38 66 100
‘Fe-8Mn-0.2T1 Solution-Annealed 965 | 1044| 4 6 -
Thermal-Cycled* 967 | 1054| 26 70 -

%ut

s: Ultimate tensile strength

*;  (750°C/2h + 650°C/2h)/2 cycles
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TABLE III. CHEMICAL ANALYSIS AND TENSILE PROPERTIES OF
03K13A119 STAINLESS STEEL (38)

CHEMICAL COMPOSITION (wt %)

Fe C W P S Si Cr N Cu MoV _Ti_ N B
bal.0.055]19.0]0.020/0.011]0.38|13.40] 0.82] 0.07] 0.01] 0.10| <0.01] 0.16] 0.0005]

Tensile Properties (transverse orientation)

Test | %0.2 | Cuts Elong. | R.A)
temp. (MpPa) (1iPa) (%) (%)
(°c)

,
g 27 319 666 60 74
-196 71 ma | - 23
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. TABLE IV. MECHAMICAL PROPERTIES oF Fe—Mh-Cr-Ni»(32)
-~ Nominal - Test _
Composition temp. 9.2 uts Elong. | - Cy
(°C) (MPa) (MPa) { . (%) (Joules)
-0.15-0.1N
Fe-25Mn-5Cr-1Ni 25 210 630 60 -
: -196 540 1200 40 - 146
Above + 0.11Nb 25 340 730 | 60 , -
' -196 730 1250 25 80




10.

11.

16

REFERENCES

See e.g. A. W. Pense and R. D. Stout, "Fracture Toughness and Re]ated
Characteristics of the Cryogenic Nickel Steé1s", Welding and Researcn
Council Bulletin 205, May 1975.

S. Nagashima, T. Qoka, S. Sekino,.H. Mimura, T. Fujishima, S. Yano,
and H. Sakurai: Trans. ISIJ, Vol. 11, p. 402 (1971).

M. J.ISChanfein, M. J. Yokota, V. F. Zackay, E. R. Parker, and

J. W. Morris, Jr.: ASTM STP 579, p. 361 (1975).

K. A. Yushchenko. V. I. Belotzerkovetz, and 0. G. Kvasnevskii:
unpublished work at E. 0. Paton Electric He]dfng Institute of the
Académy of Science of the Ukrainian SSR.

D. W. Gomersall and J. Gordon Parr: J. Iron Steel Inst., March 1965,

‘Vol. 203, p. 275.

W. S. Owen, E. A. {ilson, and T. Bell, "High Strength Materials", ed.
V. F. Zackay, John Wiley and Sbns, p. 167 (1965).

A. Holden, J. D. Bolton, and E. R. Petty: J. Iron Steel Inst.,
Sept., 1971, Vol. 209, p. 721. o

M. J. Roberts: Met. Trans., Vol. 2, p. 3287 {1970).

S. K. Hwang, S. Jin, and J. W. Morris, Jr.: Proc."4th International
Conference on the Strength of Metals and Alloys", August 1976, Vol. 2
p. 842.

S. K. Hwang and J. W. Morris, Jr.: Proc. of Soviet-American Seminar
on the Applied Problems of Low-Temperature Materials and the
Manufacture of Vlelded Cryogénic Structures, Kiev, USSR, 1976, in
press, UC-LBL Report, LBL-5782, October 1976. - '
J. D. Bolton, E. R. Petty, and G. B. Allen: Met. Trans., Vol. 2
p- 2915 (1971).



12.

13.
14.
15.
16.
17.
18.
19,
20.
2.

22.
23.

24,
2.

26.

27.
28.

29.

30.

=2

00048006427
| | Ry
G. A. Charushnikova, Y. E. Gol'dshtein, and Y..G. Razuniov: Méta]’
Sci. Heat Treaf., No. 7, p. 539 (1969). | |
. L. Miller: Submitted for publication in Matériaux et Techniques;
. R. Troiano and F. T. McGuire: Trans. ASH, Vol. 31, p; 340 (1943).
. G. Parr J. Iron Steel Inst., June 1952, Vo]; 171, p. 137.
. Schumann: Arch. Eisenhiittenvesen, Vol. 38, p. 743 (1967)..

R

A

d

H

H. Schumann: Z. Metallk., Vol. 58, p. 207 (1967).

H. Schumann: Arch. EisenhUttenwesén, Vol. 8, p. 647 (1967).
L. I. Lysak and B. I. Nikolin: Tekhnika, p. 304 (1975).

H. Schumann: Kristall und Technik, No. 10, p. 1141 (1974).

P. Y. Vo]oSevich, V. N. Gridnev, and Y. N. Petrov: Phys. Met.

Metallo, Vol. 42, No. 2, p. 372 (1976).

J. A. Venables: Phil. Mag., Vol. 7, p. 35 (1962).

J. F. Breedis and L. Kaufman: Mat. Trans., Vol. 2, p. 2359 (1971).

P. L. Manganon, Jr. and G. Thomas: Met. Trans., Vol. I; p. 1577 (1970).
L. S. Malinov, E. Y. Kharlanova, and L. A. Go}ubbvich: MIfOM.No. 2,

p. 13 (1976).

R. H. Kutz and H. Schumann: Neue Hutte, Heft 11, Jg. 21, p._676)

Nov. 1976. | |

"I. N. Bogachev and V. F. M. Jegolaev: "Héta]]urgia", p. 296 (1973).

T. Kato, S. Fukui, M. Fujikura, and K. Ishida: Trans. ISIJ, Vol. 16,

. 673 (1976).

o

M. M. Be]énkova, I. I. Kodlubik, K. A. Malyshev, M. N. Mikheyal,

V; D. Sadovskii, and P, A. Ustyvgov: Pnys. Met. Meta]io., Vol. 10
No. 1, p. 122 (1980).

L. I. Lysak: Proc. of Soviet-American Seminar on the Applied Problems
6f Low TemperaturebMateria]s-and the Manufacture of Welded Cryogenic

Structures, Kiev, USSR, in press (1978).



31.
32.
33.
34,
35.
37.
38.
39.
40.
4.

42.

43.

18

M. Fujikura, K. Takada, and K. Ishida: Trans. IS1J, Voi. 15, p. 464
(1975). |

H. Yoshimura, N. Yamada, and H. Yada: . Trans. ISIJ, Vol. 16, p. 98 (1976).
K. Chang: M. S. Thesis, Univ. of Ca]ifbrhia, Berkeley, LBL-6278 (1977).
S. K. Hvang 2nd J. W. Morris, Jr.: Proc. of The ICHC/CEC, Boulder,

Col., Aug. 1977 (to.be published in Advancés in Cryogenic Engineering).

D. A.,Safno and J. P. Brunerg ibid.

K. A. Yushchenko, V. Belotzerkovetz, T. Starushchenko, L. V.

Kovanlenko, 2nd G. Sitnichenko: ibid.

A. M. Pense, R. D. Stout, and B. Somers: 1ibid.

R. L. Tobler, H. I. Mchenry, and R. P. Reed: 1ibid.

K. A. Yushchenko: 1ibid. |

T. Kato:. Central Research lLaboratory, Dafdo Steel Co., Ltd., Japan,
Private communicatibn. |

I; Watanabe and J. Tanaka: Technical Research Center, Nippon Kokan K.K.,v
Kawasaki, Japan. Private communicatfoﬁ. . |
Kobe Steel Ltd., Report: "Automatic TIG Welding 9% Nickel Steels with
matching Ferritic Consumable Wire", Kobe, Japan, May 1974. '

S. Nagashima: Fuhdamenta] Researcﬁ Laboratory, Nippon Steel Corp., =

Kawasaki, Japan. Private communication.



Fig.

Fig.
Fig.
Fig.

Fig.

Fig.
Fig.

Fig.

 FIGURE CAPTIONS

(b) tensile propérties and

(c) ductile-brittle transition temperatures.

. The effect of Mn content in Fe-Mn alloys on

(3)

19

The impact toughness of Fe-Hn steels of high Mn concentration.

The effect of Mn on the stacking fault enefgy of steels.

(a) Phase transformations during, continuous heating and cooling,

(4)
(20-21)

The effect of Ni on the phase composition of Fe-Mn alloys

quenched to room temperature,(26-27)

Structural diagram of Fe-Mn-Cr system at 27°C.
(30)

Structural diagram of Fe-Mn-C system.

(28)

The effect of processing techniques on the suppressioh of

ductile-brittle transition temperature of an Fe-121n-0.2Ti

alloy stee].(g—lo)

Temperature dependence of fracture toughness for three steels

proposed for LNG tankage construction,

(38)



We:ght Percert Mz~ 2-ess
8 2

800}

T

———Frie 3rcinter e

— o e e

600
S
o
@
5 %
E
§ r
€
2 200
-
o <4z
i
e ==
207 L L L _:
[) 4 ° 12 5 2z 24
Atomic Percent Manj z~ese
weght Percent M-~ zcrews
65 4 ] 2 [ iz i3
b T T T T
. ——02% Ofse
- “LL Yeld Stress s ~ 2
E — == Uttimate / AN -
Tensile Stress ~ - »
N 22 / -
& 128+ =
4
~ M
" <
' =
2o v
wn E3
@ @
¥ €
£ act =
(o3 &
g acf
:=) =
3 =
» “r 2
2 Body Centered Cubic a o
20k aoca’ hexagerat ¢
(b) - | 1
] L - L — Il
[o] L] 8 R’ 5 24
Atomic’ Percent Mz~ jz-ese
Weight Percent Mcrgeonese
4 8 12 6 22 24
50 T T T T T
- : —00
s o S
o o0 <
® i e
5 3
<= 2
] -]
H H
a so- a
s €
® —00 2
<
-] L §
2 00 é
) 13
- -
- 4200
2 ®
= =
S -0k <
@ | @
® ; ©
= - =
3 03
Q 200 [~]
(c)
I i N i e ; -1
-250! v
[+] 4 8 12 6 20 2¢

Atomic Percent Manganese

XBL 778-2815

FIG. 1

20



IMPACT STRENGTH, kgm,/cm?

0 U g uUa8 o429

21

D

O
.—{
—]

S

Mn, %

XBL 778-60!16
FIG. 2



Y N o ®
o 3 2

STACKING FAULT ENERGY, y;, erg/cm?

O

22

O .

\\ v | |
K Schumann, etal - N
\ 2 |

v | y

\\ \\ Volosevich,etal

XBL778-6015



00 g ud48U 5430
23

100 " N — T T - I.
\ | | —— Kutz, et al.
\ ——=— Bogachev, etal.
o 751 O%Ni -
uJ,
Z 50 ‘ n
Z 501 \
© \
u ;
0 \\
g A\ . ,
a 251 \ 7
\
\
0 I \
5 20 25 30
XBL 778-6014

FIG. 4



6 0 00

[
LY

FIG. 5

XBL 778-2816

24

NS



0

g

o

. i
Iy A

. L

2!

154

Jg H 4 35

|

25

FIG. 6

XBL778-6017



I

140

100

80

CVN
(ft-1b)

60

40

20

26

C.w.

+

Two Phase Annealing
(600°C/ 4 hr)

Two Phase
Decomposition

(500°C/10 hr)

As Solution Treated (AS)

1 1 1 1 |
-200 =150 =100 ~-50 o)
Test Temperature (°C)

30

XBL 762-6408A



FRACTURE TOUGHNESS, K1¢ (J), MPa-m/2

250

N
o
©)

o
o

50

27

_

9 % Ni Steel

~5 % Ni Steel

TL Orientations, Rolled

1

Plate

100

TEMPERATURE ,°K

FIG. 8

200

300

XBL778-6013



L L%

This report was done with support from the Department of Energy.
Any conclusions or opinions expressed in this report represent solely
those of the author(s) and not necessarily those of The Regents of the
University of California, the Lawrence Berkeley Laboratory or the
Department of Energy.




TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY

UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





