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Table 1. Parameters used in phase field simula-

tion!10],

Parameter Value Unit

ke = 5.0 x 10715,
ke, ky J-mz/mol
ke =1.0x 10715

Vim 7.09 x 1076 m3 /mol
T 873 K
Y 214 GPa
3
LIXLyXLz 64 x 64 x 64 nm
w 5.0 x 103 J/mol

O, _ -5
DX = 4.7 x 1075,
0,y _ -5
D&Y =4.3x 10
Dy = 1.49 x 1074,
DY (p = a,7) m?/s
Dy =178 x 1073
DY B =5.35 x 1074,

DB =220 x 1073

0

Qe =2.44 x 105,
07 _ 5
ol =2.80x 10

Quis = 2.63 x 10°,

QY (p=a,7) J/mol
' Wl =2.64 x 10°

QY= 2.71 x 105,

QY B = 2.67 x 10
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Fig. 1. Three-dimensional phase-field simulation of precipitation phase of Fe-15%Cu-3%Mn-1%Al alloy when aged at 873 K:

(al)—(ad) t* = 17000; (b1)—(b4) t* = 18500; (c1)—(c4)

£% = 20000; (d1)—(d4) £ = 22500.
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Fig. 2. Evolution curves of Cu-rich phase structure order

parameter in Fe-15%Cu-3%Mn-1%Al alloy when aged at
873 K.
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Fig. 3. Three dimensional evolution diagrams of Cu rich phase in quaternary alloy Fe-15%Cu-3%Mn-zAl alloy aged at
873 K: (al)—(dl) z = 1%; (a2)—(d2) z = 3%; (a3)—(d3) z = 5%; (al)—(a3) t* = 21000; (b1)—(b3) t* = 22000; (c1)—(c3) t* = 25000.
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Fig. 4. Gibbs free energy curves in Fe-15%Cu-3%Mn-zAl
(z = 1%, 3%, 5%) alloy when aged at 873 K.
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Fig. 5. Curves of Cu-rich precipitate phase particle density

in Fe-15%Cu-3%Mn-zAl (z = 1%, 3%, 5%) alloy aged at
873 K.
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Fig. 6. Average particle radius of Cu-rich precipitates in Fe-
15%Cu-3%Mn-zAl (z = 1%, 3%, 5%) alloy aged at 873 K.
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Abstract

Low carbon steel plays an important role in many applications due to its high strength. Its high strength
comes from the strengthening effect of nano-Cu-rich phase precipitates. In order to effectively adjust the
microstructure of Cu-rich phase precipitates and obtain Fe-Cu-based steel with the best properties by adding
different alloying elements (Mn, Al), it is necessary to understand the precipitation process of Cu particles. In
this paper, based on the Ginzburg-Landau theory, the previous phase field model is modified, and the
continuous phase field method is used to simulate the precipitation mechanism of nanometer Cu-rich
precipitates and the inhibiting of the effect of Al content on Cu-rich precipitates of Fe-15%Cu-3%Mn-zAl (z =
1%, 3%, 5% mass fraction) alloy at 873 K isothermal aging. Combining with the free energy derived from
thermodynamics database, the microstructure evolution corresponds to the real alloy system. By calculating the
composition field variables and structural order parameters, the evolution of phase separation and precipitated
phase morphology in aging process are simulated. Moreover, the influence law of morphology, quantity density,
average particle radius, growth and coarsening of Cu-rich precipitated phase are discussed. The results show
that in the early stage of aging process, the nano-Cu-rich phase precipitates through the spinodal decomposition
mechanism, and is randomly distributed in the iron matrix. Furthermore, due to the difference in atomic
diffusion rate, the core-shell structure with Cu-rich phase as a core is formed. With the aging time extending,
the structure of Cu-rich phase precipitates changes from bce to fcc. Because of the synergistic effect between Al
and Cu, the diffusion of Cu is slowed down. Besides, with the Al and Mn atoms precipitating, Al/Mn clusters
are segregated around the Cu-rich precipitates, forming the Al/Mn intermetallic core-shell structure, and
gradually wrapping the Cu-rich phase uniformly. During the evolution of the precipitation stage, the Al/Mn
clusters are isolated around the Cu-rich precipitation phase, forming a gradually uniform Al/Mn intermetallic
phase core shell structure covering the Cu-rich phase, which is to hinder the buffer layer from forming in the
precipitation stage of the reservoir. In addition, with the Al content increasing, the Al/Mn intermetallic phase

promotes the growth of the buffer layer and hinders the Cu-rich precipitate phase from growing and coarsening.

Keywords: phase field method, Fe-Cu alloy, Cu-rich precipitation phase, coarsening kinetics
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