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Interdiffusion and Reaction Diffusion in the Fe-Mo System

Synopsis:

Kiyohiko NOHARA and Ken-ichi Hirano

Interdiffusion and reaction diffusion in the Fe—Mo system were studied in the temperature range between
800 and 1 400°C with diffusion couples of pure Fe/pure Mo and pure Fe/Mo alloy.

Formation of three intermediate phases, ¢, R, and o, were observed in the diffusion zone,

However, the

Laves phase, 2, could not be found. The layers of three intermediate phases were found to grow according

to the parabolic law showing that the growth was by a diffusion process.

The interdiffusion coefficients

in the intermediate phases were also determined applying Heumann’s method. Quantitative correlation
between the activation energy for the layer growth determined by the temperature dependence of the rate
constant and that of the interdiffusion was found in each phase.

The interdiffusion coefficient in the « phase determined by the Matano analysis was found to decrease with
increasing Mo content, at each temperature. The interdiffusion coefficient in the y phase, ]5r, could be
estimated from the interdiffusion coefficient in the « phase and the growth rate of the « phase and it was found
that the temperature dependence of Dy showed the Arrhenius relationship.

The Kirkendall effect was observed in the diffusion couple of Fe-3.0at% Mo and Fe-7.0at% Mo alloys in
the temperature range between 1 100 and 1 300°C, and it was found that the markers moved toward the Mo

rich side.

Deviation of the y-loop determined by the concentration distribution in the diffusion couple from

that in the equilibrium phase diagram was observed and turned out difficult to be quantitatively investigated

at the present stage.
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Fig. 1. Concentration-penetration curve of Fe-

Mo couple diffused at 1300°C for 1.08
x 105 seconds.
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Photo. 1. Microphotograph of Fe-Mo diffusion
couple diffused at 1100°C for 3.09X
105 seconds.
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Fig. 2. Growth of ¢, R and ¢ phases in Fe-Mo
diffusion couple by reaction diffusion.
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Fig. 3. Concentration dependence of interdiffus-
ion coefficient in « phase of Fe-Mo system.

Table 1. Activation energies and frequency factors
for interdiffusion in «a phase of Fe-Mo
system.,

Mo (at%) Q . (kcal/mol) Dy, o(cm2/ sec)
2.5 61.4 3.6
4.1 62.0 4.2
5.0 62.6 4.0
5.7 62.9 4.8
7.5 64.0 3.8
8.3 64.6 4.0
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Table 2. Kirkendall marker shift and intrinsic diffusion coefficient in Fe-Mo system.

Temperature Time Concentration at marker position| Marker shift Dg, Do
(°C) (sec) (at%Mo) () (em?/ sec) (cm?/ sec)
1300 | 1.06x105 | 4.4 | 45 ’ 1.68%10-9 i&mxww
1200 6.73x 105 4.4 : 48 3.52x10-1w 9.24x 10-10
1100 2.25x108 4.4 | 45 i 6.03x10-11 | 1.78% 10-10
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Fig. 4. Temperature dependence of rate constant
for growth of ¢, R and ¢ phases of Fe-
Mo system.
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Table 3. Experimental values of Ki/D;, 4(I's—1T"4)2,

and (@ +Er) in Fe-Mo system.

E and § and calculated values of Er

\\ Resuli ‘ 1 300°C r Experimental ! Calculated
T “ - 7’, 5. Ei Q o Er B Q+Er
Phase ~. Ki/Di | 4(I'p—Ta) | (keal/ mol) | (kcal/mol) | (keal/mol) | (keal/ mol)
: 1.56x10-t | 1.79x10-* | 83.1 | 80.3 3.5 83.8
R | 8.10x10-2 | 6.52x10-2 | 109 | 826 . 301 1127
o | 1.60x10-2 | 2.08x10-2 135 0.7 57 454

4-3 a MPOBVELE

1150°C i 343 2 ISR D. DiREREIT
DWTOEMFEERE Fe XUt Mo o H 2 IREHRE

Di re BXU Di Mo DIRERFHI DVWTOFELD
EREERY L LTH .

Da, D¥re B3IV Do 1EFT Mo jREOHM
KON CEHIEA L, £ LT 2.5at9%Mo L LIz B\»
TH, DEpe<Da<D¥ro, DA ERE . HE
PhskiRE D & BT YRELEE D* L 13 Darken ORIV
I oTHETDITBh, |

ba (NMO) = (NMoDﬁ,Fe"'NFeDﬁ,Mo)
dln yyo

_ ©
x<1 + dln NMQ ) ¢(NMODII,FG

A NpeD¥E pgo) =+ -ovvemeeeesermemeeenennnn (1)

LD 121U, Da(Nuo) 1 Nyo 1T 3513 5 a tEB D1
EIAERTH D, Nuo B3I O N 13F N Fh Mo 3
L Fe DEFHE, rvmo W ZOHBKROELPTD Mo
DEEFRRTH 5. o HEBEES BEEFENESE R
T, (11) KRk 2B8NEHRT ¢=(1+d In
TMo/d In Nyo) 13EIE 1 L Wvw & LTIVWDT,
D¥ g <D o TdIUE DE pe<Da<Dijmo E155Th
A 5. Fig. 7Tk 2.5at%Mo L) _EDOHMAL T Z DR
Do TWw5S. 9 1at%Mo LTOMRKTIE DE re>
Dfmo E75DTNWEHDT D po>De>DE vo L78BHT
H55. 1150°C 1 1} 2 a-r FHEER MV FgRiEr
T 1.5atMo L XhTnads, #bT5X51CH
BRI DIRE S HDB T T e~y RERIRE LY 2.5at%
Mo Th b, 2.5at%Mo LATD atfld D, #kdd
LT ELV. E-DE, BXUDE, B 2.5at%Mo LT
D a A LTRELERD LN TVWicw. L2 T,
2.5at%Mo DITORE®D® a i LTIRIDRKIC L5
REPTY &I TERW. 1150°C BIAOHERE T
DNTCHITEREKTHS.
44 7y HPOBRELH

AR O FEIRER OE Mo BEHEIICIE 7 v — FHFF
TETD. D7D Fe L& Mo 7 575 B iR B % st

THB5LBE-FEHMBII Tig. loX 5k h r fE1E
bhvd. UL LH&EBIRES OIRE -EEEfRiRIC MaTa-
No DA EEREM LT r P OBE G Dy &E
ERDDBENTERVDT, 2T Dy ARBEIC
EIFLAEVWLDEEE LT atBOE W, L3 Tlzskd b
iz Do 28 Dy wskdic.

PREGT X B a ORI B LCKEA D oD

Wo=20a Dot

fot2 L e BEKTOERTHS. %7 Fig. TIZTRL
PR G LT RAMSEB I 519,
(CGs—Car) exp (—1a)
Vel erf ()
(Cra—Co)exp(—~13)
(Ve (Ba/ B} a1 —ext (I'a Doy D}
- (13)
LIchiDT W OERIEL, TTRRESIATWS D,
ZHAWT(12) XXy I 2k, Tz (13)RicttA
TBZLRK XOT Dy 2RkDBEENTESD. AL
Cer; Cras Co BXU Cs 1+ Fh Fig. 7 wR_RL7-
IREEREDT. choofEx 1000, 1100, 1200 3k
U 1300°C iz CHREL U 7o BARt D IR - BB thss s & pesE
L, E&BECHTS De & LTI Fig. 3 KRah
TWETF — 2 P LT 5 FYEERDI. 20X
312 LTU)R & Dskdr Dy DIRERFMED SO X
S5k 7 L=v ADEEGERAE L
Dy=2.9%10exp(—77.2kcal - mol-1
/RT) cm?/ sec
Ham® 134f Fe & Fe-0.5 atopMo S4&%ihsnts LT
LS HTIC X O CiRE-IEgk i & ko, Dr % BRI ik
FLEWEEELT 1150, 1200 3108 1260°C 12 %5
5 Dr sk, klzBTW5.
D;=0.068 exp (—59.0 kcal - mol-1

CaT_CTa=

JRT) cm2/ sec «-evoveeremmmniiecninii, (15)
Thbb, BHEELLCCE#HE ALY -3 FTh

DERBERI DEFLLAAEL, $AEEROEIZ &
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Table 4. Intrinsic diffusion coefficient as compared with self-diffusivities in Fe-Mo system.

Temperature D%, D, D, Dy, Do Dy Do
°C) (cm?/ sec) (cm?/ sec) (cm?/ sec) (cm?2/ sec) Dre Dt D%,
1300 1.70x 10-2 1.68x10-¢ 3.90x10-9 3.87x10-2 2.31 0.988 0.992
1200 3.60x10-10 3.52x 10-10 9.40x 10-10 9.24x10-10 2.63 0.976 0.985
1100 6.10x 10-1 6.03x10-1 1.80x10-10 1.78x 10-10 2.94 0.990 0.987

Concentration
)
Concentration

Temperature Distance

Fig. 7. Schematic illustration of concentration-
distance curve in a two phase system for
calculation of interdiffusion coefficient in
7 phase of Fe-Mo system.

EERFERI D 0% kEV. ZOXSEBERILLA
a AR OMEBEIC ST 5D LERECEYS5 25 D
DTH2T, rHCKHTHEE L TRHZFANE LD
TH5H. Fi-, ALBERRY 593§l Fe + Fe-4.54at9,Mo
BEEWE E LTXB<A 207 F 54 F— it k2T
IRE-FEAE AR 2ok, afl B XU 7 MBI i) D AHE A
AUREUE GruBE D AR 53k, 7 M LT

D;=0.036 exp(—57.2 kcal - mol-!
/RT)cm?/sec +-erevvivviininininninnin (16)

L7 L= AREETVS. ZOERED HaiMm 00
LRI r MR T A EE LTRZIANBEVWIDOTSH
5.

7 AR DB PRRUERE & B S IRRUREL R LT
DARrRkeN OR2AFHETD &

D= (NmoD¥, re+ Nre DF, mo)
X (1+d1n pao/d In Nygo)eooooeoovevvennenes (17)

LI %. Nuo WEIERI/INE VDT, 7 ABEE ) EARE
BERTHD LETIE, Dr=Dfmo E7BRTTH
5. FEEOLV KX D>THREI N4 Fey ##H D Mo
AMMIREARE Df vo EFWIRICE D Dr 2 HELT
BHE, MEEIEDIL—FHLTWS.
45 Hh—br F-LBHREAELREY

Table 4 (AL CTRDIz Fe-Mo &4 afihd Fe
FEU Mo DREIEIEBIRE Dre XU Dyo DIEE %
hbHDH, 4.4at%Mo iBE (v —h —DOIFET HBD
IREE) W4T % Fe 35X 08 Mo O BT IABRE DE. B X
U DE, Off, * UTERBRFRE BB

>

Z 1100, 1200 3 XU 1300°C iz oW TR3. AR L

Te& S~y Bk« = — 5~ Mo iBEA &
CHBEIL, Dwmo/Dre>1, TH 5. & L THEUEEE
W2 E Dmo/Dre DMK E L e H1BEMARD i,
E7 Dpe/D¥e XU Dyo/DE. 11X 0.976~0.992 2 \»
Thi 1LiI&bDdTiiv. DArRkeN® 2 T (1D &
BE LT

Dpo=Dfep L Dyo=DEop v (18)
BIE D 2. L7cpsoT, Table 505 — 41z Fe &4
afBiZ BV TIE ¢6=0.976 THLZ LA FRLTEY, a
FEPSERRBIEHRIC B E B HEENS. Dpe XU
Do DIREHRFME 7 v=v 20 Bffic Lzt o &
PRREN, LTRLRRRE SR

Dpe=4.8 exp(—63 kcal. mol-!

/RT) sz/ SCC""“"""""""""""""'(lga)
Dyio=2.6 exp(—60 kcal- mol-1
JRT) em2/sec- wreeneeeaiciinrinie. (19b)

Fe-4.4at9%Mo & &Iz 317 2 EE I OERL 2 03
— Qre BX W Qumo EIRBIIHE Do,re 35 5 U Dy o 13
INTNEACIEED Q¥., Q¥o, D¥ re 3L D¥ o &
IL—HLTWBZENRENE. TDOTZ Lk DEE
BEFERZ LA EBRTELZ L2 FRTHOTH S,
Fe-Mo &4 a f8dhD h—4 o F— A5 BORIE 2 T
DTEBIERHD AR ETT o7 Flé LTiz Prvor 59 ¥
X U" HEYQWEGEN 520D 6 DN H 553 Th 5. Prvor
LRI HE Fe & Fe-15at%Mo 7 S RE & BV C 51 — 4
Y F— RO BIEIC X 5T 4atyMo 44 a fHICE
7% Fe XU Mo ORBEIFEEGREEZREL, 1050~
1200°C 23T Dyo/Dre=2 THHT L% FLTW
%. ZOfflx Table 5 OAREBFER L IFIFT—FH LT
5. —7%, HeEgWEGENLXDHi&BIKES % v Tk
7z 8~17at%Mo &4 a MIiT¥ki1F 5 Dyo/Dre DfEI
1100~1300°C iz 5T 1 X D REVHENS V2T —
FDOWOPE L X DAEL, i) DIESLD>EMBEED
bhd. Pivor 653 HEGWEGEN 5% & iz Dpe 3 Xk
X Dyo DIEZXT LTV, EBEHGSEROEE
EHECOVWTRF L TRLT, E bz i ¥ -3
CIREBUIHZ KD T WA VWD THERE R L s+
DI EWTTE V.
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46 7 J—TFICDNT

REIEEC O @ ifer-FEEEdhR % FERAER & i
SECERWCTRTE Fig. 70X 5 a0C, HiE-
PREEMNER S S v W — TORE Cra(r & (r+a) DBER
RE) FXU Cor((r+a) & a DBEERIRE) 2HRET
HILEMNTED. LPLIDISCLTREE N r v
— TOREBFEHPER I RIS 0 : —F Lk
WM Fe-Al 72 2 Fe-Cr B I KW TRNWAEX
5. Fig. 8l3XERBRTHESNI Fe-Mo 7D 1 v
— 7% SinHa 53, FisHer 52035 X ' KiRCHNER £,25)
M @SB L0 X BAlEIZX D) KXo Tk
BDlrr—FEHELELDTHS. Fig. 85857
PESIEEEIC L2 TRESN v H#HE o OO
BHRRROMRK, Cor, 13 1150°C BT HK 2.6
at%Mo IZEL, SivHA L) T XD THRE SN FEEE
WX DEICH~S L5 0.8at9%Mo REv. —7, HEL
e X2 TRD LN Cra 1 1150°C iz 35T 0.7at9%
Mo TH 1, THEC X 3 HIKH~ATIE .

DX S RMREOTHhO RE DWWkl Errert
590 FREfaFN, PoweLL 500 @R, 7
RO REIRGIHRL EELOHFERREINRTWD. FH
Fia @ St Cra R T OIABORE DO MR IC & D YRR
O RED K RAIOMEINEFNC L D LEXDHDT, HEER
BRE Coar & Cra BRI—DAMITTHD Z LI DD,

1400

1300

1200

1100

Temperature (°C)

0 1.0 2.0 3.0
Mo (at % )

Sivua, et al.3? (Equilibrium)
«e«  FISHER, et al.29> (Equilibrium)
—-—- HIRCHNER, et al.25) (Equilibrium)
—QO— Present work (Diffusion)
Fig. 8. Comparison of y-loop in Fe-Mo system
determined by diffusion couple with that
in equilibrium phase diagram.

R ko TEE T Fe-Mo ZD r v — FiEEK
Eo oM KR fhtns. 2o
TEOERMTRITDFROEHE T 2V F — DMK KT
T A F - #RELSA TV VWO TITLR Y. Ei,
FRMiEHSi%E Fe-Mo RUBRA LT r X Tain s
7% Fe FF & Mo BF-HIOMELER /€5 #» —% —23R
BATtHH, REREOThOFERLThOELDLODIZ
DWTHRTH LA THS.

S HILIEREIBE, RASELH T EH R F
HETHZELRHEBLT, ThoEIEEIOTEL B
L, T DROBNFHTFERGRESRLA-IOTH
5. Thwx, Fe-Mo R0 afr Fi&Bex & 2725
A BITLEOTMCE ST r/(r+a) BERE (r+a)
[a HEROBEIE VTR —FRTHENE T LM
K%< DMEHEC L O>OTHEIPDLNTWBEDT, TN
B&G LB ETHLRIROBERBROND DO LR XN
5. FEEE, MBI E BB XS r v— FOHKDOTH
ANyo (= Nyo (JEHTFE) — Nmo (FEHi75)) % PoweLL BiT
X Bk

ANyo=(d In N2/dNyo) Nyo
(1 +NMo) (N,,_j\fg) (20)

ZRAWTHE LR QORI N} REVEAEIKEEIC
BT HEILRECEIRRDO-DOFERLz bo ¥ —
ETEHEIL = 2 0 E =2 B3k B, F 7o N R TRAR
TREENSREIDOTWHHSOEILRET Ny OfF, B
CIEBUERE, MEIERES X O EILoEEHas (B
MEHIDOFHEL L I THBLTHEHER10sec BEL
HEEXNDD) LEPLKDBZIENTESL. Thic
IhiE, (+a)/a EERCO>WVWTCIE 4N, DOEERI{H
LEHEERAREDTIEVWED, 1/(+ea) HERICD
WTIE INygo DS &GHIEDTVnS. LD
T, PERRERIC X BAREEFIREE S P EEIC X DIRECA L
THEAARICTRS & LA ARZEILBC X > THBATS
DORFRBHICEBETHH Z EXHMLNS.

o, Langer L3IEF-OMRGRRSHBE T v ¥
—~DIRECHTHELBCHFT D LD ELFELT, JE
FEEANFORELERT A LT XD, PREEEE Vi
HBiCkiTs REREO HRO Thi kddRE B
fo. RMOBHECHES T 2EFEHMD ENTER W
DT, Lancer BORZEEMBCHED L CEZWRET
ZITH ZEIETERVE, EERICE Fe-Mo ZD 7 v
—~FPOEE v/ (r+ea) FEZEMofIZ, £7- (r+a)/a
REIE Mo filiz, FhFhTFHEREROE» TR
TREMED B D3, KEBERLThOoFmB—HT+545
HHEZD S B.
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DEDXSIEFZRD ¥ v~ TFTOTHOBRIZ DOV,
THhOFMERZXOR S X EBICT+H5HHTH T &
BBEOL ZARETHS.

5. &%

Fe-Mo ZDABT AL 35 X O HISHEBI D EEIC X 2T
BoONHEREENTH EROE SIS,

(1) % Fe Xih Mo 7 57¢ % phErey % 800°C X b
1400°C ¥ CORERMBTHAIES L, FHEIRER
BWTFOFENRTINT VS ¢, REXU o DEMED
B P BT 5 & RS R, SnaA 5
DEDFEEXIRE L AR bR h ot

(2) whiERoRREOERL T v ¥ — & hiiiEd
DOMEYRE DO EML = 2 v ¥ — L DX, HREERS IO
Z OB EME ORI YRR R OIRE R & O BAER
AR DIREREM X > CHHE .

(3) afEWEH (F9 2.5at%Mo Ll L) OEEIARGR
¥(ix Mo jRE oz ST BRI L, TomEH(L
T ROV X — 5 X ORBIECEI R I BEnd 5.

(4) 7 HrRORMEIEEIREE o ORI IREER
B a HOE,IS BAXDORETHRE L. TOHKE,
Dy=2.3%x10exp(—81.7 kcal- mol-1/RT) cm?/sec, 7x
57 Lv=v 2R E LN

(5) Fe-3.0ateuMo & Fe-7.0at9oMo &0 5l b
e BT~ F—ov - = — 5 — 135 Mo fllilic
BHE)Lz. w—h—0 BBER WA Labvy,
Fe-4.4at9,Mo &41C k13 5 AE&OBNFEHERFIE 1 12
E b TITVZ EpbhrDT.

(6) EEhD IRESHirD ¥ v—TH REZH
7oo EEHREERC K1 D DT HT 7/ (7 +a) FEER
W4 Fe fllic, (r+a)/a MEREH Mo filic$h 5 &
L Avhoi.
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