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A phase-field model integrated with the thermodynamic databases was constructed to investigate the impact of Ni
content on the precipitation kinetics and phase transformation of the Cu-rich phase in Fe—Cu—Ni alloy at 773 K. The results
demonstrated that the Cu core—Ni shell structures form via the decomposition of Cu—Ni co-clusters, which is consistent
with previous experimental results. As the Ni content increases, both the volume fraction and number density of Cu-rich
precipitates increase, while their size decreases. With the increase in Ni content, the transformation from o Cu to 9R Cu
is accelerated, which is the opposite to the result of increasing Mn content. Magnetic energy can increase the nucleation
rate of the Cu-rich phase, but it does not affect the phase transformation driving force required for its crystal structure

transformation.
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1. Introduction

Fe—Cu alloys are known for their low cost, excellent
weldability, corrosion resistance, and high strength, making
them ideal structural materials for fuel cells, shipbuilding, and
automotive industries.!'™] The antimicrobial properties and
high strength of Fe—Cu alloys are derived from the precipi-
tation of a Cu-rich phase during the aging process. ¢~ How-
ever, the crystal structure of the Cu-rich phase undergoes com-
plex changes during prolonged high-temperature service, re-
sulting in a decrease in the yield strength of Fe—Cu alloy.!!=14!
At present, it has been determined that a bcc ¢¢-Cu phase is first
precipitated in the a-Fe matrix, which then gradually trans-
forms into a metastable 9R phase, and then finally forms a sta-
ble fcc y-Cu phase.l'*!7] However, the factors affecting the
phase transformation of the Cu-rich phase are still unclear.

Controlling the alloy composition is an effective method
to improve the mechanical properties of Fe—Cu alloys. A large
number of experiments have been conducted to study the ef-
fects of different alloying elements (Mn, Ni, and Al) on the
precipitation of the Cu-rich phase.!'®-28] However, the influ-
ence of Ni on the precipitation of the Cu-rich phase remains a
topic of debate. Results of 3-D atom probe tomography anal-
ysis indicate that the addition of Ni significantly decreases the

(290 In contrast, some

nucleation number of the Cu-rich phase.
studies have shown that Ni markedly enhances the nucleation
rate of the Cu-rich phase.*3%! So far, there is no consensus on

this issue. In addition, the effects of Ni on the phase trans-
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formation of the Cu-rich phase remain unclear. As is well
known, the influence of a Cu-rich phase with different crys-
tal structures on the mechanical properties of Fe—Cu alloys
varies. For example, peak aging is caused by a bcc o-Cu
phase that is fully coherent with an o-Fe matrix, but when it
transforms into the fcc y-Cu phase, the Vickers hardness and
yield strength of the material significantly decrease.[!>!°1 The
9R-Cu phase can improve the hydrogen embrittlement resis-

tance of steels.!'*

I Therefore, understanding the role of Ni in
the phase transformation of the Cu-rich phase is of great sig-
nificance for improving the mechanical properties of Fe—Cu
alloys.

The nucleation, growth, and coarsening of the Cu-rich
phase occur simultaneously during the aging process, com-
plicating experimental observations. The phase-field method
can reproduce the evolution of the microstructure in real-time,
overcoming the limitations of experimental methods, and has
been widely applied in fields such as solidification, phase

131-34] Numerous

transformation, and spinodal decomposition.
studies using the phase-field method have been carried out on
the precipitation process of the Cu-rich phase, including the
formation of core—shell structures,3°3°! the stability of Cu-
rich phase,®”! as well as the impacts of temperature,3!-38!
alloying elements,?**! and strain*>*3 on the precipita-
tion evolution of the Cu-rich phase. However, in most
studies, 333640431 the selected Cu content (15-20 at.%) is too
high, which can alter the nucleation mechanism of Cu-rich

phases and thus affect their precipitation kinetics.*3! Addi-
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tionally, these studies mainly focus on the nucleation, growth,
and coarsening of Cu-rich phases. The factors affecting the
phase transformation of the Cu-rich phase are still poorly un-
derstood.

In this study, a phase-field model was established to in-
vestigate the effect of Ni on the precipitation and phase trans-
formation of the Cu-rich phase in Fe—Cu-Ni alloys during
isothermal aging. This study reveals the formation mechanism
of the Cu core-Ni shell structure, which can significantly im-
prove the mechanical properties of Fe—Cu alloys. A system-
atic analysis of the effect of Ni on the nucleation and crystal
structure transformation of the Cu-rich phase was conducted,
providing theoretical support for the design of high-strength
Fe—Cu alloys.

2. Phase-field model

To study the formation and phase transformation (@ Cu
— 9R Cu) of the Cu-rich phase in ternary Fe—Cu—Ni alloys,
two sets of field variables need to be defined first: concentra-
tion field (¢;) and structural order parameter (S). i =1, 2, 3
correspond to Fe, Cu, and Ni, respectively. S = 0 represents
the o Cu phase and a-Fe matrix, while § = 1 stands for the
9R Cu phase. The matrix phase and the ¢« Cu phase are dis-
tinguished by the distribution of Cu composition. Cu-enriched
regions represent the ¢ Cu phase, while Cu-depleted regions
represent the matrix phase. The total free energy F is a func-
tion of ¢;, S, and temperature (7)

3
F = /V{i;;Kc(Vci)er;KS(VS)2+Wg(S)
1= h($)IG® (6, T) + H(S)G™ (er, T) bV, (1)

where k. and ks stand for the gradient energy parameters, and
W represents the barrier height of the phase transformation.
2(S) =82 (1—5)% and A(S) = §2 (3 —25). G* and G*® repre-
sent the Gibbs free energies of @ Cu and 9R Cu, respectively.

G°R is expressed by the equation!3®!

GR =0.1G*+0.9G7, )

where G is the Gibbs free energy of ¥ Cu. The Gibbs free
energy (G* and G”) with a magnetic contribution can be de-

scribed using the sub-regular solution (36441

G? = Z G;pCl‘ +RT ZC,‘ Inc; + Z Z Li,jCiCj

i j>i

+Z Z Z L; jkcicjcp +™ G?, 3)

i j>ik>j

where @ = o or ¥, and i = 1, 2, 3 stand for Fe, Cu, and Ni,
respectively.

@_, 4)

G = 4017 — 1.255T, 5)
G$ = 8715.084 — 3.556T, (6)
G} = —1462.44+8.282T — 1.15T InT + 6.4 x 107472, (7)
Gy=Gi =0, ®)
LY, = 39257.976 — 4.1498304T, )
L{; = —956.63 — 1.28726T

+(1789.03 — 1.929127) (¢| —c3), (10)
L§; = 8366 +2.802T, 1)
LY,53=0, (12)
L], = 48232.565 —8.6095425T

+ (8861.8816 — 5.2897513T) (¢ —¢1), (13)

Ly = —12054.355+3.27413T
+ (110821315 — 4.45077T ) (c1 — c3)

—725.805174 (¢ — c3)?, (14)
LY, =8366+2.802T + (—4359.6+ 1.812T) (c2 — ¢3),(15)
L{,5=—73272+30.9T. (16)

The magnetic energy ("G?) in Eq. (3) is defined as[3%+4]
"G? =RTIn(b? +1) f (1), (17)

where R represents the gas constant, b? stands for the average

magnetic moment, T = T /T?, and T? represents the Curie

temperature of ferromagnetic materials. 36441

b% = 2.22¢; +0.85¢3, (18)
bY = —2.1¢1 +0.52¢3 +20¢1 263 + a3 [—0.7316

—03174(cs — C3)} teres [9.55 +7.23(c —c3)

45.93(c; —c3)> +6.18 (¢ —C3)3}, (19)
T% = 1043¢; + 575¢3, (20)
TV = —201cy +633c3 +c1¢3[2133 — 682 (c1 — ¢3)]
+ 0203 [~935.5 — 594.9 (c5 — ¢3)] +7000c; cac3, (21)
1f79t1 | 474 (1
*5{ 1205 T 297 (;* )

15

f(r)= X(§+%+%)}’

(t<D, (22

1 -5 —15 —25
—E(TTOJFETWLﬁ)» (r>1),
518 11692 /1
=20 e (D 23
1125 15975 (p ) 23)

where the values of p in & Cu and y Cu are 0.4 and 0.28, re-
spectively.

The concentration evolution of different solutes and the
phase transformation of the Cu-rich phase can be obtained by
solving the Allen—Cahn!*! equation and the Cahn—Hilliard[4%]
equation

as(nt) OF

at :7L.65<r,t)+55(r’t), (24)
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dc;i(n1) OF

— L =V - M- Ve t 25

a1 Vet T @)
where r is the spatial position and 7 is the simulation time.
L is the kinetic coefficient and & represents the random noise
terms.!*7! M; is the diffusion mobility of different solute atoms,

defined as

o Y
M; = coi (1 —coi) {(1 -95) D;;T) + SD;Q(TT) } , (26)
where cq; is the initial concentration and D;P is the diffusion
coefficient.

The size of the selected simulation area in this study is
64dx x 64dx x 64dx (grid size: dx = 0.5 x 107 m). Periodic
boundary conditions are applied. The Ni content in Fe—1Cu—
Ni (at.%) ternary alloys is set to 0.5 at.%, 1.5 at.%, and 3 at.%.
The energy was normalized by dividing it by RT. Aging time
t=t* (12 /DE,), t* = nAt, where n is the number of iterations,
At = 0.01 is the time step, / = 0.5 nm is the characteristic
length,m] and Dgu = 1.5 x 102! m?%/s is the diffusion coeffi-
cient of the Cu atom in an -Fe matrix at 773 K. The param-
eter values required for the phase-field simulation are listed in
Table 1.

Table 1. Simulation parameters. 36381

Parameter Value
T (K) 773
R (J-mol 1.K™1) 8.314
V,u (m3/mol) 7.09 x 1070
W (J-mol~1) 5.0x 103
K, (J-m?mol 1) 5.0x 1071
s (J-m?-mol 1) 1.0x 1071

DY =0 Df exp(—Qf /RT) D& =4.7x107°, D}, =4.3x107°
Op? (m?/s) 0D =1.49x 1074, Dl = 1.78 x 1073
0f (fmol) 0%, =244 x10°, 0L, =2.8x10°

% =2.33x10°, Q% =2.64 x 10°

3. Results and discussion
3.1. The formation process of Cu core-Ni shell structures

Figure 1 shows the compositional evolution during the
Cu core-Ni shell structure formation process in the Fe—1Cu-
1.5Ni (at.%) alloy at 773 K. During the initial aging stage,
Cu-rich and Ni-rich clusters were gradually precipitated in the
matrix under the influence of compositional fluctuations (see
Figs. 1(d) and 1(g)). A closer examination reveals that their
nucleation sites are the same. Owing to the complete overlap
of Cu-rich and Ni-rich regions, the early precipitates can be
identified as the Cu—Ni co-clusters, which aligns with previ-

[3,19

ous reports.>!°1 With the growth of the co-clusters, Ni atoms

within the clusters were gradually expelled and enriched at the
interface between the Cu-rich clusters and the matrix, forming
a core—shell structure, which is also consistent with the exper-

[19

imental results."'] The formation of the core—shell structure

might be related to the mixing enthalpy (ME) between Cu, Ni,
and Fe. MEcyni = +4 kJ/mol and MEcype = +13 kJ/mol.[#8
When ME > 0, it means that there is a tendency for separation
between the two types of atoms. Due to MEcyni < MEcyre,
the separation between Cu and Fe is easier. Additionally, the
co-clusters could reduce the nucleation energy barrier, promot-
ing the nucleation of Cu-rich phase.?**! Therefore, Cu-Ni
co-clusters were preferentially precipitated. As the co-clusters
grow, Cu—Ni co-clusters gradually decompose under the effect
of mixing enthalpy, with Ni atoms segregating at the interface,
and eventually forming a Cu core—Ni shell structure.'®! First-
principles calculations”! also indicated that Ni was energeti-
cally favored to be located at the interface between the cluster
and the matrix rather than in the center of the cluster.

Aging time

t* =60

t* =30

1.0e-05
Cu

Bl 1.0+00
[ G
|
[ 02
50003

8.7e-02
008

— 006

[0.02
(h) 1.0e-05
Fig. 1. Temporal evolution of composition fields for Fe, Cu, and Ni in the
Fe—1Cu-1.5Ni (at.%) alloy aged at 773 K.

3.2. Effect of Ni on the precipitation of the Cu-rich phase

Figure 2 shows the precipitation evolution of Cu-rich pre-
cipitates in Fe—1Cu—xNi (x = 0.5, 1.5, and 3) alloy during
isothermal aging at 773 K. Within the simulation region, the
red spheres denote the precipitated Cu-rich phase, and the blue
region corresponds to the a-Fe matrix. At * = 30, relatively
few Cu-rich phases are randomly dispersed in the matrix in
the Fe—1Cu-0.5Ni alloy, as shown in Fig. 2(a). As aging pro-
gresses, both the number density and size of the Cu-rich phase
increase significantly. With increasing Ni content, the nucle-
ation rate of the Cu-rich phase noticeably increases within the
same time, thereby increasing the number density of the Cu-
rich phase. This could be attributed to the nucleation energy
barrier that needs to be overcome for Cu-rich phase formation
decreasing with the increase of the Ni content.[3%4°]

To quantify the effect of Ni on the precipitation kinetics
of the Cu-rich phase, the evolution of volume fraction, num-
ber density, and average radius of the Cu-rich phase with aging

088103-3
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Aging time

t* =60

(b) '
‘
(©) '
' .
54%
h) i

(

Ni composition (at.%)

Fig. 2. Morphological evolution of the Cu-rich phase in Fe—1Cu—xNi
(x=0.5, 1.5, and 3) alloys aged at 773 K as a function of aging times.
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Fig. 3. The variations of (a) volume fraction, (b) number density, (c) total

free energy, and (d) average radius of Cu-rich precipitates with aging time

in Fe—1Cu—xNi alloys (x = 0.5, 1.5 and 3).
time are shown in Fig. 3. With the increase in Ni, the vol-
ume fraction curve shifts noticeably to the left, and the stable
value of the volume fraction increases significantly, as shown
in Fig. 3(a). The number density of the Cu-rich phase first
increases dramatically, and then decreases after reaching its
peak value, as shown in Fig. 3(b). When the Ni content in-
creases from 0.5 at.% to 3 at.%, the peak number density of the
Cu-rich phase increases by 1.8 times. This is because as the
amount of Ni increases, the nucleation barrier to be overcome
in the Cu-rich phase formation decreases, which increases the

39.491 Meanwhile, as

nucleation density of the Cu-rich phase.!
Ni content increases, the decrease in total free energy becomes
more pronounced (see Fig. 3(c)), which suggests a larger nu-
cleation driving force for the Cu-rich phase. Therefore, the
nucleation rate of the Cu-rich phase increases with the rising
Ni content. The variation of the size of the Cu-rich phase is

illustrated in Fig. 3(d). At the early stages of aging, the size of

the Cu-rich phase increases gradually as the Ni content rises.
When the Ni composition is fixed, the final size of the Cu-
rich phase stabilizes over time, whereas at a fixed time, higher
Ni content leads to a reduction in precipitate size. This is be-
cause as the Ni content increases, the nucleation driving force
of the Cu-rich phase increases, which accelerates the growth
of Cu-Ni co-clusters at the early aging stage. However, as
the co-clusters grow, the Ni atoms are segregated at the inter-
face between the Cu-rich phase and the a-Fe phase, forming
a Ni-rich shell. The Ni-rich shell could serve as a diffusion
barrier, inhibiting the growth of the Cu-rich phase.!"”! Jiao et
al.'! found that as the Ni content increases, the radius of the
Cu-rich phase decreases from 4 nm to 2 nm, while its number
density increases, resulting in a substantial increase in the ul-
timate tensile strength of Fe—Cu—Ni steel to 1.26 GPa. Shen
et al.P also observed a similar phenomenon. This is consis-
tent with our simulation results, indicating that an increased
Ni content effectively enhances the mechanical properties of
Fe—Cu alloys.

3.3. Effect of Ni on the phase transformation of the Cu-
rich phase

Figure 4 shows the effect of Ni on the phase transfor-
mation from ¢ Cu to 9R Cu in the Fe—Cu-Ni alloys aged
at 773 K. When the Ni content is 0.5 at.%, the formed Cu-
rich precipitates were all the oo Cu phase before t* = 120, as
shown by the orange circles in Fig. 4(b). When t* = 120, only
a small amount of o Cu completely transforms into the 9R
Cu phase. With the increase in Ni content, the incubation pe-
riod for the phase transformation of the Cu-rich phase is sig-
nificantly shortened. At ¢* = 100, a large amount of o Cu
transforms into the 9R Cu phase in the alloy with a Ni con-
tent of 3 at.%.
promotes the crystal structure transformation of the Cu-rich

This indicates that an increased Ni content

phase, which is the opposite of the result observed with the
addition of Mn. !l The critical nucleation radius of 9R Cu de-
creases gradually as the Ni content increases (see Fig. 5).

To further reveal the effect of Ni on the transformation
of o Cu into 9R Cu, figure 6 illustrates the variation of Gibbs
free energy of the two phases with Ni content. When the Cu
content is low, the free energy of 9R Cu is greater than that
of o Cu, which means that & Cu is more energetically stable
than 9R Cu. Therefore, the o¢ Cu phase was first precipitated.
As the Cu atoms are gradually enriched into the o Cu phase,
the Gibbs free energy of 9R Cu gradually becomes smaller
than that of o Cu. This indicates that 9R Cu is more sta-
ble, and consequently, o Cu will eventually transform into
9R Cu. The energetically preferred composition of 9R Cu is
shown to be significantly sensitive to changes in Ni content. In
Fe—1Cu—0.5Ni alloy, when the Cu content reaches 0.188, the
Gibbs free energy of a Cu begins to exceed that of 9R Cu. As

088103-4
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Fig. 4. Structural phase transformation of the Cu-rich phase in Fe—1Cu—
xNi alloys (x = 0.5, 1.5 and 3) at 773 K.
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Fig. 5. Critical radius of the ot Cu to 9R Cu phase transformation in alloys
with different Ni compositions.

the Ni content increases to 3 at.%, this critical Cu content de-
creases to 0.125 (see Figs. 6(a) and 6(c)). The driving force for
the phase transformation originates from the free energy dif-
ference between oo Cu and 9R Cu (i.e., AG = G°R — G%). As
the Cu content increases, AG continues to decrease, and the
higher the Ni content in the alloys, the greater the magnitude
of the decrease, as shown in Fig. 7(a). This suggests that the
phase transformation driving force strengthens with increas-
ing Ni content. When the Cu content is less than the critical
composition, AG > 0, which means that & Cu is more stable
energetically and cannot spontaneously transform into 9R Cu.
However, once the Cu content exceeds the critical composi-
tion, AG < 0, ¢ Cu can gradually transform into the 9R Cu.
As the Ni content increases, the critical Cu composition gradu-
ally decreases, thereby promoting the spontaneous transforma-
tion from ¢ Cu to 9R Cu. Since the phase transformation (x
Cu — 9R Cu/y Cu) occurs after the Cu concentration reaches
100 at.% (i.e., pure Cu), 332! the Ni content plays a significant
role in the change of the phase transformation driving force
for pure Cu, as shown in Fig. 7(b). It is readily seen that as the
Ni content increases, the driving force increases, accelerating
the transformation from o Cu to 9R Cu. By comparing the
effects of Ni and Mn on the driving force for phase transfor-
mation, it can be concluded that the driving force provided by
Ni is consistently greater than that provided by Mn. As the Ni
content increases, the phase transformation driving force grad-
ually strengthens, promoting the occurrence of phase transfor-
mation. However, an increase in Mn content leads to a gradual
reduction in the driving force, thereby inhibiting the transfor-
mation of the Cu-rich phase, which is exactly opposite to the
effect of Ni (see Fig. 7(b)).[#1:33]
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Fig. 6. Gibbs free energies of @ Cu and 9R Cu phases in the Fe—Cu—Ni alloys with different Ni compositions at 773 K: (a) 0.5 at.%, (b) 1.5 at.%,

and (c) 3.0 at.%.
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Fig. 7. (a) Variation curves of phase transformation driving force (o¢ Cu — 9R Cu) with Cu composition in alloys with different Ni contents.
(b) Variation of driving force of phase transformation in pure Cu with Ni and Mn content.
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Figure 8 illustrates the effect of Ni on the driving force
for the transformation of o Cu to 9R/y Cu. The driving force
required for the precipitation of 9R Cu is relatively low com-
pared to ¥ Cu. As a result, @ Cu preferentially transitions to
9R Cu, and then gradually transitions to y Cu, which is con-
sistent with the experimental results. 6]

3.4. Effect of magnetic energy on the formation of the Cu-
rich phase

Figure 9 shows the influence of magnetic energy on the
precipitation process of the Cu-rich phase. It is easy to observe
that magnetic energy can drastically increase the nucleation
rate of Cu-rich phases compared to the case where magnetic
energy is not considered. This is attributed to the introduc-
tion of magnetic energy, which further reduces the total free
energy, providing a greater driving force for the nucleation of
the Cu-rich precipitates, thereby accelerating their precipita-
tion. However, as the Ni content increases, the contribution
of magnetic energy to the driving force gradually decreases
(see Fig. 10(a)). By calculating the effect of magnetic en-
ergy on the phase transformation driving force from o Cu to
9R Cu, as shown in Fig. 10(b), it is found that magnetic en-
ergy does not alter the magnitude of the driving force for the
phase transition of the Cu-rich phase. Additionally, the mag-
netic energy can also influence the nucleation mechanism of
the Cu-rich phase. The Cu-rich phase typically precipitates
through two mechanisms: nucleation and growth and pseudo-

n.[33381 A5 shown in Fig. 11, magnetic

spinodal decompositio
energy has a significant impact on the critical values of these
two nucleation mechanisms. When the contribution of mag-
netic energy is considered, the critical Cu content required for
the precipitation of the Cu-rich phase via spinodal decomposi-
tion is also significantly reduced from 9.88 at.% to 7.38 at.%.
This means that when the Cu-rich phase precipitates, the nu-
cleation energy barrier that needs to be overcome is also re-
duced, which is more favorable for the nucleation of the Cu-

rich phase.

Aging time

t* =30 t* =50

t* =70

(e)

Fig. 9. The precipitation of the Cu-rich phase in Fe—1Cu—5Ni alloy under
magnetic energy ("G) at 773 K.
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Fig. 10. (a) The variation of magnetic energy with Ni content. (b) The in-
fluence of magnetic energy on the driving force of phase transformation.
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Fig. 11. The second derivative of the free energy of o Cu phase (G%)
under magnetic energy.

4. Conclusion

A phase field model was employed to uncover the impact
of Ni on the formation and phase transformation of the Cu-
rich phase. Several conclusions are yielded. (1) The Ni-Cu
co-clusters decompose to form the Cu core—Ni shell structure,
which is consistent with the experimental report. (2) Increas-
ing the Ni content can effectively increase the volume fraction
and number density of the Cu-rich phase, and significantly in-
hibit the coarsening of the Cu-rich phase during the later stages
of aging, thus enhancing the precipitation strengthening of the
Cu-rich phase. (3) As the Ni content increases, the driving
force for phase transformation increases, which reduces both
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the time and critical radius required for the transformation of
the o¢ Cu phase to the 9R phase. (4) Magnetic energy re-
duces the incubation time of the Cu-rich phase and increases
its nucleation rate, but has no effect on the driving force for
the phase transition of the Cu-rich phase. Moreover, magnetic
energy reduces the critical composition between different for-
mation mechanisms of the Cu-rich phase.
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