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Effect of Mo on Phase Separation in Fe-40 at% Cr Alloys
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Effect of Mo on phase separation behavior of Cr in Fe-40 at%Cr-Mo ternary alloys was investigated with use of a model based on the Cahn-
Hilliard eqaution. Simulation result indicates that the addition of a small amount of Mo to an Fe-40 at%Cr binary alloy was found to accelerate
phase separation. With addition of small amount of Mo up to 5 at%, the rate of phase separtion concentration of Cr along the trajectory of its peak
top increases with time. Mechanism of this acceleration behavior of Cr was analyzed by using a theory on asymptotic behavior of substitutional

element in ternary alloy proposed by the present authors.
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1. Introduction

Control of microstructural evolutions associated with
phase separation is important for materials design of Fe-
based alloys. Nanoscale microstructures resulting from heat
treatment sometimes deteriorate properties of Fe-based
alloys. For example, the ferrite phase in duplex stainless
steels is thermomechanically unstable at service temperatures
and hardens and embrittles due to the formation of modulated
structure via phase separation.”

Behavior of phase separation in ternary alloys® is known
to be different from that of binary alloys. According to
numerical simulations of phase separation in Fe-Cr binary
and Fe-Cr-Mo ternary alloys by Suwa and Saito,” the
addition of Mo to the Fe-Cr binary alloys accelerates
decomposition. Figure 1 shows variations in the average
areas of the Cr-rich phases in an Fe-40 at%Cr binary alloy
and an Fe-40 at%Cr-5 at%Mo ternary alloy with time. This
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Fig. 1 Variations in the average areas of the Cr-rich phases in an Fe-
40at%Cr binary alloy and an Fe-40 at%Cr-5 at%Mo ternary alloy with
time.?

figure indicates that the decomposition of Cr in the ternary ¢, 2 [ of 82cey cuo

alloy is faster than that in the binary alloy. The Monte Carlo o a2 (E AP Lermo EY) ) 6]
simulation result¥ of phase separation in Fe-Cr-Mo ternary "

alloys indicates that the decreasing rate in the number of Fe-  dcy, 2 /9 f 8%cer 8%Cuto
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separation, in the Fe-40at%Cr-5at%Mo ternary alloy is
higher than that in the Fe-40 at%Cr binary alloy.

This paper deals with asymptotic behavior of Cr in Fe-Cr-
Mo ternary alloys induced by the addition of Mo to an Fe-
40 at%Cr binary alloy. Mechanism for acceleration of phase
separation is investigated by using a theory on asymptotic

where cc,(x, t) and ¢y, (x, t) are concentration fields of Cr and
Mo elements, respectively, f” is the local free energy and K¢,
Ky, and Ly, are gradient energy coefficients. Equations (1)
and (2) yield
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2. Model

2.1 The Cahn-Hilliard equation for an Fe-Cr-Mo alloy

We consider one-dimentional case for simplicity. If the
mobilities of Cr and Mo, M¢, and My, are not dependent on
their positions in the space, the Cahn-Hillirad equation for an
Fe-Cr-Mo ternary alloy is given by®®
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With use of the regular solution model, the local free energy,
f’, is written as
I = fre(l = ccr = cmo) + fercer

+ fmoCmo + Srecrccr(l — cor — Cmo)

+ Qremocmo(l — ccr — emo) + QRcrmoCercuo

+ RT[(1 — ccr — emo) In(1 — ccr — o)

+ cerIncer + o Incuol &)
where R is the gas constant, T is the absolute temperature,
Qrecrs Qremo and Q¢ are interaction parameters and fr,,

fcr and fy, are the molar free energies of pure Fe, pure Cr
and pure Mo, respectively. From eq. (5) it follows that

P 1
—5 = —2Qpcr + RT| — +

1
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2.2 Conditions of numerical simulations

Numerical simulations based on the Cahn-Hilliard Equa-
tion were performed for Fe-40at%Cr-Mo ternary alloys.
Concentration of Mo varies between 0 to 15at%. The
mobilities and the gradient energy coefficients for Fe-Cr-Mo
ternary alloys are®

c1 - Dey c1 Dy,
Mo =y Myp==—o— (9
2QF.cr — 4RT 2QFm0 — 4RT
Kcr = E . Cl(% “Qrpecr,  Kyo = E . a(2) - QFemo (10)
1
Lo = Leno = 3 - ay(Qemto — Qrecr — Qpemo) (1)

where ay is the lattice constant, D, is the diffusion
coefficient of Cr in Fe-50at%Cr alloy and Dy, is the
diffusion coefficient of Mo in Fe-50at%Mo alloy. The
following values for D¢,, and Dy, were used for simula-

tion.>19
D¢, = 0.19 exp(— 246000) (12)
RT
Dy, = 0.29 exp(— 264000) (13)
RT

The constant ¢; is an adjustable parameter which modifies
time scale in order that good agreement between calculated
and observed phase separation kinetics is obtained.'" The
constant 0.01 for ¢; was used in the present simulation. The
interaction parameters are'?
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Fig. 2 Variation in the concentration profiles of Cr and Mo in an Fe-
40 at%Cr-5 at%Mo alloy.
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Fig. 3 Cr Concentration profiles of Fe-40at%Cr binary alloy and Fe-
40 at%Cr-5 at%Mo ternary alloy aged at 800K for 20 h.

Qpecr = 18.6kJ/mol,
Qemo = 8.0kJ/mol.

QFeMo =18.2 kJ/IIlOl,
(14)

3. Result and Discussion

3.1 Effect of Mo on Phase Separation Behavior of Cr

Numerical simulations based on the Cahn-Hilliard Equa-
tion were performed for Fe-40at%Cr-Mo ternary alloys.
Concentration of Mo varies between 0 to 15 at%.

Variation in the concentration profiles of Cr and Mo in an
Fe-40 at%Cr-5 at%Mo alloy is shown in Fig. 2. The forma-
tion of Cr rich regions by phase separation is clearly seen in
this figure. A modulated structure of Mo with similar
wavelength to that of Cr is observed. At the later stage of
phase separation the bifurcation of Mo peaks are observed.

Figure 3 describes Cr concentration profiles of Fe-
40 at%Cr binary alloy and Fe-40 at%Cr-5 at%Mo ternary
alloy aged at 800 K for 20 h. It is shown that the addition of
Mo accelerates decomposition at the initial stage of spinodal
decomposition.
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Fig. 4 Concentration profiles of Cr in Fe-40 at%Cr-Mo ternary alloys with
0 to 15 at%Mo aged at 800K for 10h.
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Fig. 5 Concentration profiles of Cr in Fe-40 at%Cr-Mo ternary alloys with
0 to 15 at%Mo aged at 800K for 20 h.

Concentration profiles of Cr in Fe-40 at%Cr-Mo ternary
alloys with 0 to 15 at%Mo aged at 800 K for 10 h are shown
in Fig. 4. The accrelation of phase separation with addition of
Mo is small in this period. However, as shown in Fig. 5, the
addition of Mo up to 5 at% increases peak height of Cr peaks
at aging time of 20h. It indicates that velocity of phase
decomposition is increases with increase of Mo if Mo
concentration is up to 5 at%. With the addition of Mo higher
than 10at% delays decomposition of Cr. Figure 6 shows
concentration profiles of Cr in Fe-40at%Cr-Mo ternary
alloys with 0 to 15 at% Mo aged at 800 K for 40 h. Although
areas of Cr rich regions are increased peak heights of Cr
peaks decreases with addition of Mo. This implys that the
addition of Mo delays phase separation of Cr in Fe-40 at%Cr-
Mo ternary alloys.
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Fig. 6 Concentration profiles of Cr in Fe-40 at%Cr-Mo ternary alloys with
0 to 15at%Mo aged at 800K for 40 h.
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Fig. 7 Variations in peak heights of Cr in Fe-40 at%Cr-Mo ternary alloys
with 0 to 10 at% Mo accompanying phase separation.

Variations in peak heights of Cr in Fe-40at%Cr-Mo
ternary alloys accompanying phase separation are shown in
Fig. 7. Acceleration of phase decomposition with addition of
Mo at the initial stage and the slow down at the later stage is
shown in this Figure.

3.2 Asymptotic Behavior of Cr and Mo in Fe-Cr-Mo
Ternary Alloys
In order to analyze the effect of Mo on phase separation
behavior in Fe-Cr-Mo ternary alloys, we deal with asymp-
totic behavior of the Cr and Mo at peaks of c¢, with use of
egs. (3) and (4) Functions G¢, and Gy, are difined as

ocer Ocyo 8020 acy,, Fecr Femo 3f 3cer Pf Peum
GCr tvx’ CCrs CMos ——» ) ) ) ) = Cr —2
ax T oox oox? T ax? 7 oox* T ot acr, 0x? dccrocy,  0x2
a3f/ acCr 8CM0 a3f/ 8CCr : 83f/ acMo g 846‘Cr 84CM0
2 27 7L —Kep = Lpgy —Mo 15
+ dct, dcy, Ox Ox + 8630( ox ) * 8cC,826M0( ox ) ot Moot (15)
G P 8cCr 8CM() 82CCr 8szo 84cCr 84cMa a2f/ 82CCr 82](‘/ 8szo
0 s X CCrs CMo> 7 » 5 =
M MO T T T o T o ot T ot Yol decrdcm, 0x> | ac3, ox2
83f/ aCCr aCMU a3f/ aCCr g an/ aCM() : 84CCr a4CM0
2 —— | —— | —Lcs — K, 16
oo, ax x| ackdem ( o ) t o, ( o ) Mo oA T MO g (16)

These functions satisfy the following conditions:
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Applying the mean value theorem of differential calculus for compound fuction,'® we obtain the following equation for an

intermediate value ¢ in the open interval (8%cc,/dx?, 0)

djhcr O 1) = MC’[% a;ccg “&n+ ac?;];Mo 8::24 + BCfSE{c/%,, (8314)2
— K¢, % — Lermo %} (20)
% (xp. 1) = My, [% a;c;, €N+ ;;2‘]; ; 82821;40 + ;)zij;; <82’;1”>2
oo a;;f’ — Kuo a;%} 1)

Here we consider the case in which the concentration of Cr
in an Fe-Cr-Mo ternary alloy, ccr and cy, satisfy the
following conditions
82 f/

The mechanism for bifurcation formation of peaks can be
explained by a theory proposed by the present authors.>®

Equation (21) along a peak top of c¢, can be approximated
by

o f
>

0, —=>0 22
= act,, (22)

Ccr = CMo»

dCMo ~ 32](‘/ 82CCr
~ My ——
dt ? dcerey, 02

From eq. (23) it is indicated that the behavior of Mo at a peak
position of Cr depends on the sign of f}.,,,, = 8*f"/dcc,0cuo.
The sign of f[,,,, may change from negative to positive in
lower temperatures at which the equilibrium concentration of
Cr is high. This indicates that bifurcation of peaks will occur
at the later stage of phase decomposition as shown in Fig. 2.
Now let us consider asymptotic behavior of Cr at peak tops
of c¢,. Once peaks or bottoms of ¢y, form at peak tops of c¢;,
the third term of eq. (20) is zero. The fourth order derivative
terms attribute to the interfacial energies of Cr and Mo in the
Fe matrix. The contribution of these terms at the peaks of c¢,
is assumed to be smaller than the first and the second terms.
Then at peaks of c¢,, eq. (20) can be approximated by

32f/ 32CCr aZf/

dcz, ox*  dccdem, Ox?

(23)

dCCr 82CMo
— (x,, 1) = M¢y
dt (xp ) C [

} (24)

The sign of f{,, = 9*f'/dcZ, is negative within the spinoal

region. The values of f/,, and f/,,, = 0*f'/dcc,dcy, are
given by eqs. (6) and (8), respectively. The first term in
the right hand side of eq. (24) describes the phenomena of
uphill diffusion, which is the major feature of phase
decomposition in binary alloys. The second term represents
the effect of Mo on variation in c¢, induced by the addition
of Mo.

From eq. (8), if the effect of Mo on the term 3°c¢,/dx? in
eq. (24)is neglected, from egs. (6), (8) and (24) the variation
of dc¢,/dt with addition of Mo is approximated by an
equation

dec, dee
[ e (xp,r)] —[i (xp,r)]
dt Fe—Cr—Mo dr Fe—Cr

1 1 Bchr
~ Mc,RT —
1- Ccr — CMo 1- Ccr axZ

Pf aszo:|

25
dccrocy, Ox2 (25)

Because of a strong repulsion between Fe and Cr atoms phase
decomposition in an Fe-Cr binary alloy is initiated by a
continous process at spinodal region. Variation of the peak
top behavior of the Cr induced by the addition of a small
amount of the Mo will be analyzed with use of eq. (24).
Although there is a small decrease in the absolute value of
fércr» the behavior of Cr is considered to be dominated by the
second term in the right hand side of eq. (25). The interaction
parameter of the Cr and Mo elements in an Fe-Cr-Mo ternary
alloy is difined as
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Wemo = QCrMo - QFeCr - S2FeMa (26)

If the value of W¢,y, is negative and its absolute value is
larger than RT/cr,, f{,y, is negative at the initial time. The
amplitude of ¢y, along the peaks of c¢, increases with time.
Then peaks formation of ¢y, occur at peak positions of c¢,. It
follows that the sign of the second term in eq. (24) is positive.
This accelerates decomposition. At a low temperature, the
value of RT/cp, becomes larger than |Wc,y,| at the later
stage. Then the value of f{,,, changes from negative to
positive and the bifurcation of peaks of cy, will occur.
Because the signs of both #cy,/0x* and f,,,, are positive,
the positive sign of the second term will not change at the
later stage. If the value of f(,,, is negative at the initial time,
phase separation in Fe-Cr-Mo ternary alloys is accelerated by
small addition of Mo.

With addition of large amount of Mo and/or with elapse of
time, the absolute value of the first term(negative) in eq. (25)
becomes larger, then phase separation of Cr is retarded.

The above discussion on the asymptotic behavior of Mo in
Fe-40 at%Cr-Mo ternary alloy can be applicable to minor
elements in ternary alloy systems such as Cr in Fe-40 at%Mo-
Cr ternary alloys.

4. Conclusion

We proposed a mechanism for acceleration of phase
separation induced by the addition of a small amount of Mo
to an Fe-Cr binary alloy. The addition of Mo up to 5 at% to an
Fe-40 at%Cr binary alloy accelerates phase decomposition at
the intial stage. The second derivative of the chemical free
energy, f’, with respect to the concentrations of Cr and Mo,
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ccr and o, fmp, = 82 f' /dccrdcu,, controls behavior of the
Mo along the trajectory of the peak top of c¢, and peak top
behavior of Cr. This mechanisms for acceleration of phase
separation in Fe-Cr-Mo ternary alloys is due to the fact that
there is a repulsive interaction between Cr and Mo.
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