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Martensitic Transformations in Fe-Mn and Fe-Mn-Si Alloys

Susumu RYUFUKU* and Y5 TomoTa™*

Abstract — The athermal and stress induced martensitic transformations and their effect on tensile
behavior in Fe-14 to 27 wt%Mn binary and Fe-12 to 33 Mn-6Si ternary alloys are examined and discussed
by using a regular solution model.

In Fe-Mn system, as-quenched microstructures of Fe-14Mn, 16 to 25Mn, and 27Mn are mixture of fcc
austenite (y) + hep epsilon martensite (¢) + bce martensite (o), ¥ + €, and 1y single phase, respectively.
These results are in good agreement with previous works. On the other hand, those of 12Mn-6Si, 17 to
27Mn-6Si, and 33Mn-6Si, are v + € + &, ¥ + ¢, and 7 single phase, respectively. Therefore, the Si addition to
Fe-Mn system extends the temperature region of y = € transformation.

Tensile properties in Fe-Mn and Fe-Mn-Si alloys are characterized by stress induced martensitic trans-
formations during deformation. The stress induced transformation pathsie.,y>e€, v~ o and e > o/,
are dependent upon Mn content.In 16 to 20Mn, stress induced e->a’transformation decreases the work
hardening rate (dg/de) rapidly at the early stage of deformation. However, the accumulated o' laths become
obstacles against y - ¢ transformation or slip at the later stage, so that (do/dé) increases. In 14Mn which in
as-quenched structure contains much &, o obstacle extremely increases (d/d€) at the early stage. On the
other hand, although the shape of (do/d€) vs. € curve in 33Mn-6Si alloy is similar to that in 17Mn-68i, stress
induced transformation process in 17Mn-6Si alloy is identical with that in 16 to 20 Mn while only v ~ €
transformation occurs in 33Mn-6Si.

The behavior of martensitic transformation during cooling can be well explained by the regular solu-
tion model. It is predictable by this simple model that the transformations which wouldn’t occur by cooling
(for example, o formation in 16Mn) will take place easily by small deformation.

Fe —Mn& &Il 2 RIED R CARLBENE L, &

FHEmED 5 Ni %A Mn TRETA2RADB AT VL ZHRE

. & THADSEENTEIH, AETIEFe—MnFRELD

BESICHENT, NiEMudebiod—27+4 My)  EEBSEDPESAEEDEE S 4 OFT R

LEATHETHY Fe —Ni & Fe—Mn D 2 LR IKER HENTWVS, B, HIREEEAL L LTDFe—Mn—

LTS, Fe—Ni 2L E{HE SIS NI O SIE@DIDIICHEME L LTOLIB ST HIEM B &
(IR B 8P 8 DEEME DTN LT B DS S & LChEHSh>2H 5,

il

w RIRASE KB T B e B TS5 ( B chsREr )
Graduate Student, Department of Metallurgy, Faculty of Engineering,
Ibaraki University, Hitachi 316, Japan

s JRINACS T4 8 T3 ( 5L aaREr )
Department of Metallurgy, Faculty of Engineering, Ibaraki University,
Hitachi 316, Japan

65



66 KWK FLEBHARER £34% (1986)

Fe—MnRALOHENEEII LT V1 PEEOD
BEAZTBEENE . Fe—MnREEICBWTES
DIBwNT VA PEBICEIERED S, Tabb,
7 (fee)—>e(hep) T NFvH4 b, r—a’ (bee) ™
NFVHA L, BEU e—a ElEns 00, ns
TNT VA PR, BEREE (2 E) oxBE
W2 500 L 5T, ZOEEEHEANABOEKTH
b, THHLLBEDETICESR, A — VA TERYE
D OEEBEICEDS LNy ORK T Y b E—%TF
e T vy A PEBICKESABR T v E - (B
) OBmAELHTLE D, ETBHMFe—Mnic Si
P Co ZWMT S A —NVEDTHYD, £DOMn & T
BE Dol v F oY, MEBEE IS Z 05T E 5@,
FRICSi OB M EREBRERIKBE L EZ SN B 5,
<1>THEOR—vEE b, <2> 7 ORBXRIET
ANFE=DED, <3>77 b v/ ZAOBRENEL,
KR LTS LOSHRE 7069 EEbN T30, —
7, BERAMELCOEMy #@TIE, wATF A M
BOREOMIFE LT V44 NERESBE ) W,
I IO A S R EBERIZTO),

UL L7aD35, Mn BAELE ¥/ L& DFe—Mn 2
TRESDOEMMTHICEE SN THEODICNAT,
SilmMOEBRILIVHFELIHESATOEL, 2
T, AR TIEIMnEDRENL S Fe—Mn 2 TR D3R M
H, £BHEM, BLUORNEOL LoaRA, £ OER
D FIZFe—Mn—Si RICOWNTHERRE 4 INZ 70,

2. EBAE

AHRETHEEB LIcASI3E 4 D Fe—Mn 8L U Fe—
Mn—Sif¢Tho, BAEEEEINEMnBLU S|
DEPETRE T 2L, Fe—Mn2THIZ12Mn, 14Mn,
16Mn, 20Mn, 25Mn, 27Mn CT&Y, Fe—Mn—Si
3L%IL 12Mn6Si, 17Mn6Si, 22Mn6Si, 27Mn
68i, 32Mn6Si, 33Mn6Si TH 3,

(1) HERA1ERK

BRI TE FHEED THEBES S L LB
WA AN L, DO0TTAITvHREBALT Mn ©
SIZBA,BRL, MABRICEAAK , BEHEEDOA v
y M AMEZETH 10mmEIC L, #0% 1473K1CT
1B (864ks YE—{LAFEAETT o/co & OICERRRA
12975 HMIE, 14Mn, 16Mn, 17Mn (2479, 20Mn, 25Mn,
17Mn 6Si, 33Mn6Si (3R (#9400T, Af ALILE)

THEE Lico THIRBIOZV—THEROMITMIFH
BEEILLD @ BERTEZDIHLTHDI V=T
FICeNERT 510D TH B, e DAMEBIERT S
BEIRERINT AR L L2770y BB TMIT 3
MESH 5B, TNELDETHOTENSH30x5X1
(mm ) DEBERBAZ 0 i Lico RICERBRTIXT
NIV AERSHT1273K, 3.6 ks DERAEEK
BEAN LT,

2) X#gEHr X2 REEONE

BEER A (IR IOFE (4 ) —#k4 400—1000 )
ODL | BIRFE GBERB FER=1:9) 0k
W (7 o{bk%E @RIKE=1:9)%M Lic, ¥
FERBBEDILHDIT v F v I F T4 4 —n & F 4B
F MYy LBRTIKER + ColER s ) 7 20T o
foo BERERFEEIC K BN~ LT VA FHSE RIS
TH AT LS BERE TR, DIOL, XlES
Lice, 2T, —AOEBRATr, ¢, > £01€h
SHOEmOEHFE—/7%28IE L, €h oD A&EhET
REEL G UCHMEEE & ofc, MERHERs %
Thsb,

(8) 5liERER

SRR IZT vy e YRTM-1T (BB 1t)EHLT,
BRI CHIREE 5mm/ min TIT o7 BIREKH O
AR DR 2 A |1 B 12 BRI E Y 7 AT e
Tl THRITL, B8 A4 37 LT XMRET & L%
BRI, BUBBRBICROMT 200 FIHE &
DRFT & BT o1,

3 RBERBRBIUEZE

(1) 29 (athermal ) & HE

REMIBHBA Fig 1 IR (alld 16MnilB s
+e 2MBATHD, Ktansy, Bnerkl, £DHE
Bix (111) 7 /(0001 )e ) &RBRAWT DM
((111) ytrace ) Th B, (111) WIEHH/STHAS 4
HBOHBOTHMER T (111) 1 trace b4 FRAFLE
LE5, TOMBITHHEHICEI TS, (D) &(c)id 16Mn
THERKCMIHFRIC LD efilEm Lica’ & rdic
BEEER LI ZRLTED, EHICTRRTH B0
BEOHMVRKELAHE LTCBDMEOHKELE L AN
2TV, 14Mn TEHAHDAILL>THIhED2E
HD7APERT S an/ic, COLDK2HE
HDTRZAT v 4 MCoOTIITFEL® 0% 255



B, KM Fe—MnBLUFe—~Mn—Si RAELD7 LT v 4 PERE 67

Fig. 1 Typical optical microstructures. (a) Fe-

16Mn alloy as quenched, (b) Stress
induced o within € plates in Fe-16Mn
alloy, (c) Stress induced o' within v in
Fe-16Mn alloy, (d) Fe-17Mn-6Si alloy

as quenched.
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Fig. 2 Relationships between  constituent

phases and Mn content in Fe-Mn and
in Fe-Mn-Si system.
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Fig.3 True stress - true strain curves, work
hardening rate - true strain curves and
the changes in constituent phases of
deformed specimens in Fe-Mn alloys.
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Fig. 4 True stress - true strain curves, work
hardening rate - true strain curves and

the changes of constituent phases of
deformed specimens in Fe-Mn-Si alloys.
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Fig. 5 The change in microstructure by defor-
mation in Fe-16Mn.

Fig. 6 The change in microstructure by defor-
mation in Fe-33Mn-6Si.

IHBETENIONEITHA D, T7EbHE, Figh
12 WTCBIERR] (FEAIREE ) L RE A5y + € 248D
AR T4y 01T e OAERR L7 o 7o [RW y fHEI D
3, BRI (B0941.3% ) Ob) TEIMIFRTe

PHEEAT | TCICER Lz o ICH7cis e 3O ir L
DR B LA (FREEYICIS o TN LERE
RS 58, CoBR ARG OBEEOZL (Fig
3 TFH ) &g 2R ( Figs ) &5tk



70 KRAFLEMHATER #3458 (1986)

DN 5 & & bicar bER Ub» 5. 2

(11.0% ) D(eHis b L INTHR e > BEINERE
ROER Licar i3 e B opDd TR EWCHENT 5, ¢
DOEPide o FEDILHDTHY, 7 ORDIEr—e
Ey—o EEDICHTH D, Btk (259% ) DT
It OREHEREAERORHICHER OB IZEN,
B (111) r &8 LTWB, DXIZ, 17Mn OMIME
(LSRN TIZMEZ 16Mn DZ N L O SERHSEATH
SEN, MEOMAMIT 16Mn DZ T EFL 0,
MOEAEBE LI E CABANRETIR e BSIBATIA
Wy B 75D Fig 2 ORFRERF I T 5, #
A OEAEH B E, a0 BEMUELZ LD 2 OEERS
Bc, MBBENIESE—K LTS, 20MnDmT
EhERiRIE, MBosBNC &5 THEE LNEBIRER
NIV, MM OEMTid e M LET a0 IERHE
Bl o T LENS, 25Mn O 0 LRELIRh 7 JMIHS
B & SEE T, COARETI Y + ¢ OHEHIC
e HIEI Le i C BT ISR BT 510 TH 5, @
DEFIZFEAEZ LN, BERIC, 14Mn DN THE
(LRI, EROMICECE AL T &30 s
Bh, UL bZOMAMEIIS5GPa EELe JALTBEALR
HETS9B LERBD o 2T TILEHERYNWENOr—e
EREDTNY OEFTBHESNE 1L THA Do TDX
542, Fe—Mn2 R CTIIE&BHERB DO Mn & 108
RIIRET 3700, N¥FMBEFH S LO Mn B OHEE
KL oTRECENMTEIENFe—NIiRERULBET
H5b,

WIC3TERIEDNTHRTH B, FigdicphT 17
Mn6Si & 33Mn6Si DIMTREALE i 4 0 R IIEE
PN LI L2 AMUTH B ZDORRITIRIL S,
Tixht | EEMEAEEOE, S D5 L DIHIHEE
e—a FREICIZEDTHEITr > e BRBIZLBZHD
LEZOND, BERBIICIESE Lda/ de 12 17Mn6S1
TIEPDIETT5DIC LT 33Mn6Si TidAEIIC
%EHB, 17TMn6Si ORI OE(CIZ G e 55
Tl pER L, £0%Ide M L>3d e &
T EDT B, M s b EERGRICIT e BN LE
SHCRZBS @ 3 e WAHMODTRR LI, &
iy hICEEER Lo a0 R 517, 17Mn
6Si% 17Mn BT B & @ DBIME ¢ DEPHEE
PHREDOTTRIPREICEHIMEA L TH UM K&K
8 oTW3B, —H, 33Mn6Si DERMEDOE THEA
REOrBEEAMIFRE c 2 NS¢ 5DHTH B, C

DIRA OMBEDIEE Fig 6 1RT . BEAKEE(R)TIZIZ
T HARIS o/ D8, BRGROICIZ—F I AL e 1]
EERBIER LTS, COr—eild bis dBRE
W& > TIT LR IZEICT D %0 #95 BEF Lizb)T
BT e MIB/HRRIC L >TIF (111) 7yl -T2
FHKERLTWE, reeilk 2REBRRA %A
SHBIE DB O BEREORR L BED A
b be BEHEL LADOTT NI AT e HERR LTH
WER Lz FRD e Ele)D & 2 1CR%E LT mIELED
BLEGT 2D EEZ 5NB, (AT e WmEHICL
STAREBH LTS, ThERL 7— e 8 Lbig
57 25Mn ST B &, 25MnidBEAIREE T ¢ A
HERR LS5 4 FEICEEBICERT 2 HERERSOT
MTHEE y > e BHICEL 5T do/de pEET RS
EAHHNT0, BRNIS e BEBETHT O ENLE]
BRI BT LEALELTHEH, ERICESLNE 4 &
e DERT 2 33Mn6Si DIF S A TRIP BRICEHT
BOE—HEDBHIEO RS LI oTINVB,

Fe—Mn 2 CRClE 30wt % Mn LI LIS/ 5 EHEAL
BISRE MLy, SR S THERT 2 e B3
1IN 10% CH O, §EoT St DI MASE Mn il
THIHFR 7 ¢ BEE(RESETD T EDbh B,

EEBICBIREBEREE LMy SEEOEFRLE Pig 7 £ 8
IZF EdTc, Fig7133IEE S & Mn §EEOBEFREE
LTk, 2eR0iEd 16Mn DEIATEE DL D,

1200

1100
1000}
900}
800L
700¢
600,

Tensile Strength (MPa)

5001

400 L L L .
10 15 20 25 30 35

Fig. 7 Relationships between tensile strength
and Mn content in Fe-Mn and in Fe-Mn-
Si alloys.
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alloys.

4. BAFHERE

F PO HEMEEIMICE 2T, Fe—Mn 2t
Foa (bee), 7 (fee), BLTD € (hep) DEHHAT AV
F—#ERDTAHD, FARBEMETRBERDOG=
H-TSCBHMEHTANF—-THAGg 2 MAICHDT
H509, Fibb,

G=H-—TS+ 4Gg (1)

H=xp, Hre + xp Hy @

S=xp, Spe T xyy Syy + 4 Scon 3)

48con == R (xp, Inxp, + xyr Inxy ) ()
zo7,

Xpe , Xy - HKEALUEMOFEFHE, G: HEx
FNF—~ H!ITZVELE— S:zviamE—,
AS ¢on - BLE (configuration) T ¥ bobE—, RIE
e (1.987cal /mol ), BLU, 4G - B
(excess ) AT 2 ¥ —Th %,

M@, B), WXERAT B L,

G=xp, Gpe + xy Gu + 4 Gg
+RT(xp, Inxp, + xy lnxy )

r o aBROBRI AL RS 4GTTC ICOVTIRGT,
G DA FHIUL L 5T,

rea__ _ >
4G"* =G —GT =xp, 4Gy,

rra a T
+xy 4Gy + 4Gy — 4Gg
ZZT

>

4 Gg - AG};_; = Xpe XM ‘QFeM 6)

7>

Qg HESERST A — 4

x=xy=(1—xp ) &L, EREFERD L DI
FExNhb,

ra

4G =G"-G'= (1-x) 4G,
m
>a >
+ x Gy Fx (1—x) 2wt
1t oT, Fe—Mn 2tk D a (bee), 7 (fee), BLT
¢ (hep) DHB I ALF —ZEEFKROLIICERSND,

rTra

roa r>a
AGremn = (1—x) 4Gpe + x4GMn

9

rra
+x(1—x) £2FeMn )]
r>e 7>E rE
AGFeMn =(1-x) A4Gpe + xdGyp
7€

+ x(1—=x) ‘QFeMn

rea 7€

o (A Mn OEFHHE, AGpe , 4Gpe

T,



72 KBARETHETNFEER £345E

ra

AGi %, AGy, &, &4 Fe EMn O 7 — a KlEE
LU r— e ZREOHEMRT 7 VF —#£4FK L Breedis &
Kaufman (C X 2% A5 EICT 5, ABELEM/ YT
F ‘QFT::I\;n 12T Kaufman (£ —1600cal /mol—
EEEZTHDD, AEEFERICE S o CEERDORE
EAFIA LCEE U D&M, bbb, (Ms
+As)/ 250 Ty (THOGHELLLAEE ) 4H
FELUHER (o) IKEUAZERT 2HETH L, APIEE
DF—BEEDE, Qforn = —2130+4587.50
(cal/mol ) &730 , AHE—PHRICK 5 —2590+5470
x L3 —H Lo BROTERNS, TOFMNEED
EREEFHOMnKFHICRCE 2 BEIC/E->T, EHE
BT e s 3Twt B LI EDOEMn A& THE Sh,
T & e DHEEREOFEELFERICEZ D& LT HE
B ENTHDY , SRFHREFROOLEDNS,
—%, QFT:;ZM IZD2WV T 1 Breedis & Kaufman IZ & %
—6500+3.7T ( cal/mol, TIZHEIRE )% B,
BECHah r BREMESL DT, AGhom (2,
T)&E AGpoym (@, T EROBNENST A — 5%
AN THEER OB (A VF—B/N)ICEDE Fe—
Mn RERASE L CTHI LA, BEDOLOOD &
FO—EDB NI T=Tp T 4Gppn (=, To)
=0&700, T —aiipAH &nTs 3 (Fig9)s

1500
— Breedis etal.
< —~— Present study
~ (method from
@ 1000F Nishizawa et al.)
=1
o
I+ ¥>a
P,
]
g
o 500
—
A

.50 75 100
Mn(at®b)

Fig. 9 To-x curves of Y=« and y%¢€ in Fe-Mn.

7T eDTy — alfiffiC o T id Breedis & Kaufman
DEDEFRDTTEE RN SDDMEERT . 15
BB DER A D ¢ 1FRIE Tlde = 053, BETlda = 030
ThH b,

rra

ST, 4Gpemn

rre

£ AGio, ORES LU Mn &

(1986)

LG (I /mol)

%0

2%
ok
S )
AV e

1600° »®

; .
o 500 1000
Temperature (K)

Fig. 10 Relationship among free energy differ-
ence (y—e€), temperature and Mn
content in Fe-Mn alloys.

77T

i
L0077 755252
75 '){” 775

AG(J/mol)

L "
[ 500 1000 15000

Tempoerature (K)

Fig. 11 Relationship among free energy differ-
ence (y—a), temperature and Mn
content in Fe-Mn alloys.
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