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A phase field model is developed to simulate the grain evolution of 17-4PH steel during cyclic heat treatment
(CHT). Our simulations successfully reproduce the grain morphologies of every CHT. In the process of every
CHT, phase transformation recrystallization happens. The recrystallized grains appear mainly on the original
grain boundaries. The average grain size of 13.2 μm obtained by 1040 ◦C×1 h solution treatment for this
experimental steel can be refined to 2.2 μm after five CHT’s. Furthermore, the effects of phenomenological
parameters in our model are discussed.
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1. Introduction

17-4PH steel has a variety of applications because
of its high strength and excellent corrosion resistance.
In order to extend the range of its applications, we
carry out cyclic heat treatment (CHT) to refine its
grains. According to Hall-Petch equation, grain re-
finement is an effective way to improve the strength
of materials. After CHT, the grains of the steel can be
refined, this is because phase transformation recrys-
tallization happens. Although the microstructure of
refined grains can be observed by optical microscope,
the process of the grains evolution remains unclear.
Computer simulation is an appropriate tool to explore
the process of recrystallization.

Several techniques for the computer simulation
of recrystallization have been developed in the last
decade, including Monte Carlo models[1−4], cellular
automata[5−8], molecular dynamics[9,10]. The phase
field method has its own great advantages for the sim-
ulations of the microstructure evolution of materials
during recrystallization. It allows not only to monitor
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the microstructure evolution during recrystallization
but also to obtain the useful information about the
average grains size and the size distribution. Re-
cently, phase-field models were employed to simu-
late dendritic growth[11−13]. Suwa et al.[14,15] devel-
oped a phase field method coupling the unified sub-
grain growth theory to investigate the effects of the
microstructural inhomogeneities on the recrystalliza-
tion kinetics. Wang et al.[16] established a phase-field
model to simulate the realistic spatio-temporal mi-
crostructure evolution in recrystallization of a magne-
sium alloy. Takaki et al.[17] developed a multi-phase-
field model to simulate dynamic recrystallization dur-
ing grain deformation. It should be emphasized that
all of these methods are limited to deformation re-
crystallization, while the study on the phase transfor-
mation recrystallization is seldom reported.

In this study, we attempt to develop a phase field
model to simulate the grain refinement of 17-4PH
steel during cyclic heat treatment, which belongs to
phase transformation recrystallization occurring dur-
ing the processes from martensite to austenite trans-
formation. Furthermore, we reveal the effects of the
parameters in the present phase field model on the
evolution of the grain morphologies and discuss the
relations between the phase field parameters and the
experimental parameters.
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2. Material and Methods

2.1 Material and treatments

The as-received 17-4PH steel with the chemical
composition (wt.%) 0.06 C, 17.22 Cr, 3.91 Ni, 3.01
Cu, 0.16 Nb, 0.81 Si, 0.76 Mo, and balance Fe was
used. The steel bar was solution treated (ST) at
1040 ◦C for 1 h and then cooled in water. The CHT
samples with a dimension of 10 mm×10 mm×6 mm
are heated at 885 ◦C for 10 min in salt-bath furnace
and then quenched in water. The CHT was repeated
from 1 to 5 times.

The cross-sectioned samples after CHT were
ground and polished, and then etched in a mixed solu-
tion of 1 g KMnO4+10 mL H2SO4+100 mL H2O. The
grain morphology of the etched samples was observed
on an optical microscope.

2.2 Phase field model

In our simulated system, there exist two kinds
of grains, i.e. the original grains and the recrys-
tallized ones. Two sets of field variables (ηa1, ηa2,
· · ·, ηam) and (ηb1, ηb2, · · ·, ηbn) are employed to de-
scribe various orientations of the original and recrys-
tallized grains, respectively, in which a corresponds to
the original grains, b corresponds to the recrystallized
grains, m and n represent the number of orientation
field variables.

According to the diffuse-interface theories[18], the
total energy, F , of the system can be approximated
as follows:

F =

∫
{f0[{ηi(r)}] +

∑
i

κi

2
[∇ηi(r)]

2}d3r,

i = a1, a2, · · · , am, b1, b2, · · · , bn (1)

where f0 is the local energy density, which is a func-
tion of all the field variables, ∇ηi are the gradient
of field variables, κi are the corresponding gradient
energy coefficients.

According to the Ref. [19–21], we assume the lo-
cal energy density function f0 in the present system
as follows:

f0({ηi}) =
∑
i

[β(−α2

2
η2i +

1

4
η4i )] + γ

∑
i

∑
j>i

η2i η
2
j ,

i, j ∈ {a1, a2, · · · , am, b1, b2, · · · , bn} and j > i (2)

where α, β and γ are phenomenological parameters.
Every term in the first summation in the right side of
Eq. (2) is a double-well potential with the wells lo-
cated at ηi=α or ηi=−α. The cross terms are added
to ensure that the local energy density function has
2(m+ n) degenerate minima.

Actually, the grain evolution in the present model
depends on the double-well potential in Eq. (2). We

denote f as follows:

f = −α2

2
η2 +

1

4
η4 (3)

When the temperature of the system rises, the to-
tal energy of the system will increase. Therefore, we
assume that phenomenological parameter α is a func-
tion of temperature, i.e. α=α(T ). The curves of the
local energy density (f) as a function of one orien-
tation field variable (η) for different parameters of α
are shown in Fig. 1. We can see that the local energy
density increases with decreasing the values of param-
eters α. Thus the reduction of α value can describe
the increase of the system’s temperature, i.e. the in-
crease of the total energy of the system. It can also
be easily obtained that the two minima of the local
energy density locate at η=±α.

The spatial and temporal evolution of the orienta-
tion field variables is described by Ginzburg-Landau
equations:

∂ηi(r, t)

∂t
= −Li

δF

δηi(r, t)
+ ξi(r, t),

i = a1, a2, · · · , am, b1, b2, · · · , bn (4)

where Li are the kinetic coefficient relative to grain
boundary mobility, t is time, and ξi(r, t) is noise terms
following the distribution of Gaussian. Substituting
the Eq. (1) into the Eq. (4) gives:

∂ηi
∂t

= −Li

[
∂f0 ({ηi})

∂ηi
− κi∇2ηi

]
,

i = a1, a2, · · · , am, b1, b2, · · · , bn (5)

Using the local energy density as Eq. (2), we ob-
tain the final set of kinetic equations:

∂ηi
∂t

= −Li

⎡
⎣β (−α2

i ηi + η3i
)
+ 2γηi

∑
j �=i

η2j − κi∇2ηi

⎤
⎦ ,

i, j ∈ {a1, a2, · · · , am, b1, b2, · · · , bn} and j �= i (6)

Fig. 1 Local energy density curves with different phe-
nomenological parameters of α
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3. Results and Discussion

We employ the parameters in Table 1 and periodic
boundary conditions along both Cartesian coordinate
axes to simulate numerically the grain evolution of 17-
4PH steel during ST and CHT. As well known, above
the transformation point the recrystallized grain is
more stable than the original one. Therefore, we give
the parameter αa a smaller value (0.76) for the orig-
inal grains, and give αb a greater value (1) for the
recrystallized grains. The difference of the local en-
ergy density caused by the two α values can be ob-
served from Fig. 1. The recrystallized grains possess
lower energy and more stable than the original ones.
Moreover, the gradient energy coefficient (κa) of the
original grains is assigned a small value (0.1) to de-
crease the effects of the original grain boundaries on
the formation and growth of the recrystallized grains.

The grains evolution of 17-4PH steel during cyclic
heat treatment is simulated using the present phase
field model as follows:

(1) The first step is to simulate the grains after
ST with a set of orientation field variables (m=30).
Every orientation field variable owns a value on every
grid point in our simulated system. On all the grid
points in a certain grain, the square of a certain ηai,
i.e. η2ai, is equal to 1. In its neighbor grain, the square
of another certain ηaj , i.e. η2aj , is equal to 1. On the
grain boundary from this grain to another, the value
of η2ai decreases gradually from 1 to 0, and the value
of η2aj increases gradually from 0 to 1.

(2) After the first CHT, another set of the ori-
entation field variables is added to describe the re-
crystallized grains (n=10). As initial conditions for
this step, the original orientation field variables are

remained and the new orientation field variables are
assigned small random values between -0.01 and 0.01.
Every orientation field variable for the recrystallized
grains owns a small random value on every grid point
in our simulated system.

(3) To simulate the grains after two times CHT, we
use the grains after the first CHT as the original ones
and add again a new set of orientation field variables
as initial conditions for this step. The total number
of the orientation field variables for this step is 50, in
which there are 30 variables arising from the first step
for simulating the grains after ST, 10 variables from
the second step for the first CHT, and 10 variables for
the second CHT.

(4) Repeating the procedure (3) described above,
we can simulate the grains after every CHT.

Fig. 2 presents the experimental (Fig. 2(a)–(f))
and simulated (Fig. 2(g)–(l)) grain morphologies of
17-4PH steel treated by ST and ST+CHT.

As shown in Fig. 2(a) and (g), the grains obtained
by ST are coarse, and the grain boundary is relatively
regular. Fig. 2(b)–(f) and Fig. 2(h)–(l) show the
grain morphologies after every CHT, respectively. It
can be seen from Fig. 2(b) and (h) that the original
grains can still be observed. However, there are a lot
of small recrystallized grains formed on the original
grain boundaries rather than inside the grains. In an
original grain, the square of a certain ηai, i.e. η2ai,
is equal to 1. In a recrystallized grain, the square of
a certain ηbi, i.e. η2bi, is equal to 1. On the grain
boundary from the original grain to the recrystallized
grain, the value of η2ai decreases gradually from 1 to
0, and the value of η2bi increases gradually from 0 to
1. The energy of the grain boundary is higher than

Table 1 Parameters in the phase field simulation of the grains evolution for 17-4PH steel

L m n αa αb β γ κa κb Grids Δt Δx

1 30 10 0.76 1 1 1 0.1 1 256×256 0.1 2

Fig. 2 Experimental and simulated grain morphologies of 17-4PH treated under different conditions: (a)–
(f) experimental results; (g)–(l) simulated results; (a) and (g) solution treatment (ST); (b) and (h)
ST + a cyclic heat treatment (CHT); (c) and (i) ST + two times CHT; (d) and (j) ST + three
times CHT; (e) and (k) ST + four times CHT; (f) and (l) ST + five times CHT
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that inside the grain. The grain boundaries provide
some energy for nucleation and reduce the nucleation
work, so the formation of the recrystallized grains is
easier on the grain boundary than inside the grains.
With CHT proceeding, more and more recrystallized
grains appear. Furthermore, as the amount of the re-
crystallized grains increase, these small grains extend
gradually towards the original grain interior. After 5
times CHT in Fig. 2(f) and (l), almost all the grains
become recrystallized grains, and the average grain
size reaches the smallest. Obviously, the simulated
grains agree well with the experimental ones. In addi-
tion, all the recrystallized grains present a similar size
as shown in Fig. 2(b)–(f) and Fig. 2(h)–(l). The rea-
son for this situation is that the recrystallized grains
can grow just to the size within the treatment time
(10 min).

The experimental and simulated average grain size
of the 17-4PH steel under different CHT is shown in
Fig. 3. We can see that the average grain size after
ST is about 13.2 μm, which can be decreased by 50%
after a CHT. The average grain size decreases grad-
ually and finally reaches a minimum around 2.2 μm
after 5 times CHT. This point can be demonstrated
by our following simulations. The average grain size
remains unchanged after 6 and 7 times CHT. This
situation is because that the final average grain size
of 2.2 μm is just the recrystallized grain size in Fig.
2(b)–(f) and Fig. 2(h)–(l).

Fig. 4 shows the effects of phenomenological pa-
rameters of αa on the fraction of recrystallized re-
gion. The fraction of the recrystallized region de-
creases gradually with an increase in the value of pa-
rameter αa as seen from Fig. 4. Under αa ≤0.734
condition, the recrystallization takes place totally, i.e.
both on the grain boundaries and inside the grains.
And for αa ≥0.781, the recrystallization does not take
place. As shown in Fig. 1, local energy density, as well
as the total energy of the system, is determined by
parameter α. The decrease of the parameter αa cor-
responds to an increase in the energy of the original
grains, which provide more energy for the nucleation
of the recrystallized grains and make their formation

Fig. 3 Average grain size of 17-4PH steel treated under
different times of CHT

easier. Therefore, the fraction of the recrystallized
region can be controlled by phenomenological param-
eter α.

To discuss the effects of the gradient energy co-
efficient κb on the recrystallization, we perform the
simulations for different κb. The fraction of recrystal-
lized region is assumed as 100% in these simulations in
favor of the comparison of the results. Fig. 5 indicates
that the average grain size increases with increasing
the value of the gradient energy coefficient κb. As
mentioned in Ref. [20], the grain boundary energies
are represented by gradient energy terms, and can be
adjusted by varying the gradient energy coefficient.
The larger the gradient energy coefficient, the higher
the grain boundary energies. In order to decrease the
total energy of the system, the amount of the grain
boundary has to be decreased, which result in the in-
crease of the grain size. Therefore, we could adjust the
average grain size by varying the gradient energy coef-
ficients κb to satisfy different systems. With different
values of the phenomenological parameter α and gra-
dient energy coefficients κb, the present phase field
can be extended to a variety of systems relative to
recrystallization.

Fig. 4 Effects of phenomenological the parameters αa on
the fraction of recrystallized region

Fig. 5 Effects of gradient energy coefficients κb on the
average grain size
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4. Conclusions

A phase field model is developed to simulate the
grains’ evolution of 17-4PH steel during cyclic heat
treatment (CHT). Our simulation successfully repro-
duce the grains’ morphologies of every CHT.

Both experimental and simulated results show
that the average grain size of 13.2 μm obtained by
1040 ◦C×1 h solution treatment for 17-4PH steel spec-
imen can be refined to 2.2 μm after 5 times CHT.
The recrystallized grains appear mainly on the origi-
nal grain boundaries.

In the phase field model, the fraction of the recrys-
tallized region increases with reducing of phenomeno-
logical parameter αa in local energy function, and the
average grain size increases with gradient energy co-
efficient κb.
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