
The split of dendritic precipitates with interfacial anisotropy in solid
transformations in alloys

Lei Liu a, b, *, Zheng Chen a, b, Yongxin Wang a, b, Mingyi Zhang c

a State Key Laboratory of Solidification Processing, Northwestern Polytechnical University, Xi'an 710072, China
b School of Materials Science and Engineering, Northwestern Polytechnical University, Xi'an 710072, China
c Institute of Fluid Physics, China Academy of Engineering Physics, Mianyang 621900, Sichuan Province, China

a r t i c l e i n f o

Article history:
Received 7 June 2016
Received in revised form
5 September 2016
Accepted 24 January 2017
Available online 30 January 2017

Keywords:
Split
Misfit strain conversion
Dendrite
Interfacial anisotropy

a b s t r a c t

The dendritic precipitates may be obtained during isothermal treatment at the MSC temperature for a
long time in solid transformations in the modeled alloy. The split of dendrite may occur while the
temperature declines successively from the MSC point during quenching. The dendritic morphology is
determined by the intensity of the interfacial anisotropy, and the split is related to the competition
between the interfacial energy and the misfit strain energy. The doublet and octocube are possible while
the dendritic particle is small, but if dendritic particle is large, the octodendrite may be obtained. The
split of dendritic particles during aging is induced by the MSC effect which may be expressed by the MSC
function which is determined by three parameters, the MSC rate b, the MSC delay t0 and the initial value
of the MSC function a. The phase transformations during isothermal treatment at MSC point are spon-
taneous and equilibrium processes, however, phase transformations from MSC to the lower temperature
during quenching are the spontaneous but non-equilibrium processes.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Yoo et al. [1] have discussed the morphology of precipitates in
phase transformations without applied stress or applied strain in
two kinds of commercial Ni-base alloys by dilatometry. In their
work, the morphology evolution of precipitates is related to the
heat treatment. The different cooling rates during quenching result
in the different morphologies. It may be concluded from Grosdid-
ier's work [2] that the morphology evolution of the g0 particle in Ni-
base alloys is correlated to aging temperature. From Liu's work [3],
the critical size of precipitates for splitting is at least 40l
(l ¼ 1:22 nm), which implies a problem that how the misfit strain
energy behaves while the radius of the particle is less than 40l. How
the particle grows to 40l without misfit strain energy is very
important.

Kamara et al. [4] discover that the crystal lattice parameters of a
certain phase is related to the temperature, and the crystal lattice

parameters of different phases obey different rules. As examples,
Kamara et al. have studied four kinds of Ni-base alloys. It implies
that the temperature dependent crystal lattice parameters of g0 and
g may intersect at some temperature in some Ni-base alloys. If the
temperature dependent crystal lattice parameters of g0 and g

intersect at some point, the misfit strain might be zero at the
intersection. The calculations with themolecular dynamics method
[5] and the first-principles method [6,7] have confirmed that the
misfit strain of some Ni-base alloys may be zero at some temper-
ature. If Ni-base alloys are isothermally treated at the intersection
for a long time, the precipitates may grow only controlled by the
interfacial energy but not by the misfit strain energy. The inter-
section of the temperature dependent lattice parameters is called
the misfit strain conversion (MSC) temperature. If the MSC point
exists, it may be concluded that the misfit strain is zero at MSC
temperature, and the misfit strain energy varies successively along
with the decline of the aging temperature during quenching.

Because the growth of the precipitates is only controlled by the
interfacial energy when the alloy is isothermally treated at the MSC
temperature, the precipitates may grow into dendritic morphology.
The purpose of this work is to simulate the growth of the dendritic
morphology and the split of dendritic particles considering theMSC
effect.
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2. The temperature dependent elastic strain energy

2.1. The temperature dependent elastic strain

For the isostructural phase transformation from pseudo f.c.c. (g)
to L12 (g0), the transition of the crystal lattices may be expressed by
the redistribution of the concentration during ordering [3,8,9]. For
convenience in the following discussion, the disordered matrix
phase is named as g, and the precipitate phase which separates out
from the matrix is named as g0. The temperature independent
elastic strain energy induced by themisfit between g and g0 may be
obtained from the theory of microstructural elastic field derived by
A. G. Khachaturyan [10,11]. There are three contributions to the
misfit strain energy, the misfit from different phases, the in-
homogeneity of the elastic constant, and the extra applied strain or
stress.

The temperature dependent crystal lattice parameter aðc; TÞ,
which is related to the solute concentration cðr; tÞ and the local
temperature Tðr; tÞ, is assumed by

daðc; TÞ ¼
�
vaðc; TÞ

vc

�
c0;T

dcðr; tÞ þ
�
vaðc; TÞ

vT

�
c;T0

dTðr; tÞ; (1)

With the assumption that the crystal lattice parameter of the
alloy satisfies the Vegard's law, Eq. (1) is simplified by

aðc; TÞ ¼ aðc0; T0Þ þ ε
c
0ðTÞaðc0; T0Þdcþ ε

T
0ðcÞaðc0; T0ÞdT ; (2)

where aðc0; T0Þ is the crystal lattice parameter of the alloy with
respect to the average concentration c0 at referential temperature
T0, Tðr; tÞ is the temperature of the alloy at position r,
Dcðr; tÞ ¼ cðr; tÞ � c0ðr; tÞ is the inhomogeneous part of the local
solute concentration,

ε
c
0ðTÞ ¼

a
�
cp; T

�� aðcm; TÞ
aðcm; TÞ

�
cpðTÞ � cmðTÞ

� ; (3)

is the temperature dependent eigen misfit strain which is induced
by the difference of the crystal lattices between the matrix and
precipitates at temperature T. In the isostructural phase trans-
formations, the misfit strain is induced by the inhomogeneity of the
solute concentration cðr; tÞ at temperature T [3]. εT0ðcÞ is the thermal
expansion coefficient due to the variation of the temperature of
certain phasewhich is specified by certain concentration cðr; tÞ, and
it is defined by

ε
T
0ðcÞ ¼

�
1
a
va
vT

	
T0
: (4)

The local stress free strain ε
0
ijðc; TÞ between the matrix and the

precipitate may then be given by

ε
0
ijðc; TÞ ¼ ε

c
ijðTÞDcðr; tÞ þ ε

T
ijðcÞDTðr; tÞ; (5)

where

ε
c
ijðTÞ ¼ ε

c
0ðTÞdij and ε

T
ijðcÞ ¼ ε

T
0ðcÞdij; (6)

in which dij is the kronecker-d function. The total elastic strain may
be obtained

ε
el
ij ðr; TÞ ¼ ε

a
ij þ dεijðr; TÞ � ε

0
ijðc; TÞ; (7)

where ε
a
ij ¼ εij þ ε

a
ij, in which εij defined by

Z
V

dεijðr; TÞd3r ¼ 0 (8)

is the homogeneous part of the total strain, εaij the applied strain,
and dεijðr; TÞ the inhomogeneous part of the total strain which is
defined by

dεijðr; TÞ ¼
1
2

"
vuiðr; TÞ

vrj
þ vujðr; TÞ

vri

#
; (9)

where uðr; TÞ is the local displacement field.

2.2. The temperature dependent elastic constant

With the assumption that the elastic constants Cijklðc; TÞ are
functions of the solute concentration cðr; tÞ and the temperature
Tðr; tÞ, the elastic constants may then be given by

dCijklðc; TÞ ¼
�
vCijklðc; TÞ

vc

�
c0;T

dcþ
�
vCijklðc; TÞ

vT

�
c;T0

dT (10)

Under the first order approximation of the inhomogeneity of
solute concentration Dcðr; tÞ and the inhomogeneity of tempera-
ture DTðr; tÞ, Eq. (10) may be given by

Cijklðc; TÞ ¼ Cijklðc0; T0Þ þ DCc
ijklðTÞDcðr; tÞ þ DCT

ijklðcÞDTðr; tÞ
(11)

where Cijklðc0; T0Þ denotes the average elastic constants of the alloy
at concentration c0 and temperature T0,

DCc
ijklðTÞ ¼

Cp
ijklðTÞ � Cm

ijklðTÞ
cpðTÞ � cmðTÞ (12)

is the inhomogeneous part of the elastic constants induced by the
local concentration inhomogeneity, and

DCT
ijklðcÞ ¼

�
vCijklðc; TÞ

vT

�
c;T0

(13)

is the rate of the elastic constant to the change of the temperature.

2.3. The temperature dependent elastic strain energy

The temperature dependent total elastic energy may be
expressed as

EelðTÞ ¼ 1
2

Z
V

Cijklðc; TÞεelij ðr; TÞεelklðr; TÞd3r: (14)

With the assumption that the distribution of temperature is
homogeneous all over the aging system, the temperature satisfies

vTðr; tÞ
vrj

¼ 0: (15)

Substituting Eq. (7) and Eq. (11) into Eq. (14), and considering
the homogeneous temperature condition Eq. (15) the total elastic
energy Eel may be given by Refs. [9,10]
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