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The correlation of defect energies with precipitation of the ferromagnetic phase near M23C6 carbide dur-
ing creep tests at high temperature in Type 304 austenitic steel was examined by estimating the defect
energies near the carbide, based on micromechanics. As one of the defect energies, the precipitation
energy was calculated by assuming M23C6 carbide to be a spherical inclusion. The other defect energy,
creep dislocation energy, was calculated based on dislocation density data obtained from transmission
electron microscopy observations of the creep samples. The dislocation energy density was much higher
than the precipitation energy density in the initial stage of the creep process, when the ferromagnetic
phase started to increase. Creep dislocation energy could be the main driving force for precipitation of
the ferromagnetic phase.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Type 304 austenitic steel is a high temperature material that is
applied in structural components of nuclear power plants. Though
it exhibits paramagnetism at room temperature as a metastable
state, it was reported that its magnetic properties changed during
creep tests at high temperature, and magnetization was detected.
This phenomenon has not been observed in the grip (stress free)
portion. It has been confirmed that the change in magnetic proper-
ties in the gauge portion originates from transformation from the
fcc phase to the bcc phase, which is particularly observed near
M23C6 carbides [1,2]. The region near the carbide is known as a
stress concentration zone, where cavity formation has been ob-
served in the late stage of the creep process; hence, it has been pro-
posed that the formation of the ferromagnetic phase is related to
creep damage. The amount of the ferromagnetic phase starts to in-
crease before cavities are observed [2]; therefore, it is useful to cor-
relate the magnetization with creep damage, since there is a
possibility of developing a non-destructive evaluation technique
in which creep damage can be estimated by detecting changes in
the magnetic properties.

For understanding the formation mechanism of the ferromag-
netic phase in Type 304 steel, it is necessary to examine the defect
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energies in the material; the distribution of defect energies affects
the total free energy change associated with the formation of nu-
clei and makes certain locations preferred nucleation sites [3,4].
In the creep process in Type 304 steel, there are two types of defect
energy in the region near the M23C6 carbide: elastic strain energy
originating from the precipitation of the carbide (precipitation en-
ergy), and elastic strain energy from creep dislocations trapped by
carbides during the creep process (dislocation energy). Both of
these defect energies can be expressed in a form as energy per unit
volume, and can be incorporated into the typical driving force for
nucleation of the ferromagnetic phase in the classical nucleation
theory.

The purpose of this study is to examine the correlation of the
defect energies with the precipitation of the ferromagnetic phase
during the creep process. Defect energies near M23C6 carbide are
estimated based on micromechanics [5], and dislocation density
near the carbide, essential for calculating the dislocation energy,
is measured from transmission electron microscopy (TEM) obser-
vations of creep samples. The formation mechanism of the ferro-
magnetic phase is discussed considering both the equilibrium
phase stability of the material and the estimated defect energy
densities.

2. Experimental procedures

The chemical composition of the Type 304 austenitic steel used
in this study is listed in Table 1. Specimens with a gauge diameter
of 10 mm and gauge length of 50 mm were prepared. Creep
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Table 1
Chemical composition of Type 304 steel used in this study.

Element C Si Mn Ni Cr Fe

Mass% 0.05 0.60 0.87 8.94 18.59 Bal.
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rupture and creep interrupt tests were carried out at 873 K under
172 MPa, in air.

Extraction residue analysis was performed to determine the
amount of M23C6 carbide precipitating during the creep test. The
carbides were quantitatively extracted by potentiostatic electroly-
sis in 10%AA–1%TMAC–methanol electrolyte [6].

Thin foils were prepared from the interrupted creep samples for
TEM observation with a twin-jet electropolisher, using a solution
of 10% perchloric acid and 90% ethanol at 233 K. Dislocation den-
sity in the material was measured by intersection analysis from
TEM micrographs as

q ¼ 2N
Ld

; ð1Þ

where N is the intersection number of dislocations in a line with a
length of L, and d is the foil thickness [7]. In this study, M23C6 car-
bide was regarded as a spherical inclusion (X), and the dislocation
density in the matrix near the carbide was measured in the region
between the spherical M23C6 carbide with radius of R and the
sphere with radius of (R + l), as indicated by the shadowed area in
Fig. 1, where l is the distance from the interface between the carbide
and the matrix.

3. Calculation method

3.1. Dislocation energy near the M23C6 carbide

The dislocation energy density near the M23C6 carbide was eval-
uated by:

Ed ¼
lb2

4p
ln

r
r0

� �" #
� q; ð2Þ

where l is the shear modulus, b is the magnitude of the Burgers
vector, r0 is the cutoff radius of the dislocation core, r is the outer
cutoff radius, and q is the dislocation density. In this study, r0 and
r are set to r0 = 5b and r = b � 104, and experimentally obtained data
on the dislocation density near the carbide were used in this calcu-
lation. Theoretically, the term ðlb2

=4pÞ � lnðr=r0Þ in Eq. (2) is the
elastic strain energy of a straight screw dislocation per unit length
in an infinite body [8], but in this study, the local dislocation energy
Fig. 1. Schematic illustration of matrix region between a spherical inclusion (X)
with radius of R and a sphere with radius of (R + l), where l is the distance from the
interface between the inclusion and the matrix.
density in the region where a large number of dislocations occur
with complicated configurations was approximated based on Eq.
(2).

3.2. Precipitation energy of M23C6 carbide

Precipitation energy of M23C6 carbide is evaluated based on
micromechanics [5]. The Green’s function for elastically isotropic
and homogeneous inclusion with shear modulus l and Poisson’s
ratio m is given by

Gkmðx� x0Þ ¼
�xk�xm=�x3 þ ð3� 4mÞdkm=�x

16pð1� mÞl ; ð3Þ

where �xk ¼ xk � x0k, �x ¼ ð�xk�xkÞ1=2, and dij is the Kronecker delta func-
tion. The displacement ukðxÞ at position x in the material containing
the inclusion X with uniform eigenstrain e0

mn is given by

ukðxÞ ¼ �
Z

X
Cpqmne0

mn
@Gpkðx� x0Þ

@xq
dx0; ð4Þ

where Cijkl ¼ ½2lm=ð1� 2mÞ�dijdkl þ lðdikdjl þ dildjkÞ are the elastic
constants of the material. The eigenstrain e0

mn is defined as

e0
mn ¼ dmne0sðxÞ; ð5Þ

where e0 is the pure dilatation coefficient, and sðxÞ is step function
which equals 1 within X and 0 outside X. When X is a spherical
inclusion with radius R, the total strain outside X is calculated as

eklðxÞ ¼ 1
2

@ukðxÞ
@xl
þ @ulðxÞ

@xk

� �
¼ � 1

2

R
X Cpqmne0

mn
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@xl@xq
þ @2Gplðx�x0 Þ

@xk@xq

� �
dx0

¼ 1þm
3ð1�mÞ e0R3 dkl

x3 � 3 xkxl
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;
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where x ¼ ffiffiffiffiffiffiffiffi
xixi
p

. Accordingly, the local precipitation energy density
outside X can be calculated as

EpðxÞ ¼ 1
2 CijkleijðxÞeklðxÞ

¼ 2lð1þmÞ2

3ð1�mÞ2
e2

0
R6

x6 :
ð7Þ

From Eq. (7), averaged precipitation energy density Ep in the shad-
owed area in Fig. 1 was calculated as

Ep ¼
2lð1þ mÞ2

3ð1� mÞ2
e2

0R6 1
R3 �

1

ðRþ lÞ3

" #
� 1

ðRþ lÞ3 � R3

" #
: ð8Þ
4. Results

4.1. Change in mole fraction of M23C6 carbide

The results of extraction residue analysis are summarized in
Fig. 2, which shows the change in the mole fraction of M23C6
Fig. 2. Change in mole fraction of M23C6 carbide with creep time normalized by
rupture time (tr).



Fig. 3. TEM micrographs of creep samples: (a) t/tr = 0.186, (b) t/tr = 0.614, (c) t/tr = 0.830 and (d) t/tr = 1 where tr is rupture time (g : 1 11; B : ½0 �11�).
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carbide with the creep time normalized by the rupture time tr

(tr = 780 h). Information on the mass fraction of the carbide ob-
tained from the extraction residue analysis was transformed to a
mole fraction using the molar mass of 54.89 g/mol for Type 304
steel and 44.04 g/mol for M23C6 carbide. The amount of carbide in-
creases with the creep time, and reaches a mole fraction of 0.0073
at t/tr = 1.

4.2. Dislocation energy density near the M23C6 carbide

Fig. 3 shows TEM micrographs taken from the creep samples. In
Fig. 3, the results for four different creep times are shown: (a)
t/tr = 0.186, (b) t/tr = 0.614, (c) t/tr = 0.830 and (d) t/tr = 1, where tr

is the rupture time. From Fig. 3, it is shown that the creep disloca-
tions are trapped by finely precipitated carbides. The carbides are
about 9 nm in radius at t/tr = 0.186 and coarsen to about 23 nm
in radius at t/tr = 1. Furthermore, it is obvious that the dislocation
density near the carbides increases with the creep time.

From the TEM micrographs, the dislocation energy density Ed

was evaluated following Eq. (2) for the shadowed area in Fig. 1,
where the distance from the interface of the carbide was set to
l = 50 or 100 nm. In the calculation, physical parameters of
l = 77.4 GPa [9] and b = 0.255 nm [10] were used; the results of
Ed are shown in Fig. 4 where the dislocation energy density be-
comes high when the analytical area decreases from 100 to
Fig. 4. Change in dislocation energy density in shadowed area in Fig. 1 with creep
time normalized by rupture time (tr). l is the distance from the interface between
M23C6 carbide and the matrix.
50 nm near the carbide; hence, the dislocation energy is found to
concentrate near the carbide. There is a tendency for the disloca-
tion energy density to increase with the creep time, although it
scarcely changes during t/tr = 0.2–0.6.
4.3. Precipitation energy density of M23C6 carbide

Precipitation energy density of the carbide Ep was evaluated fol-
lowing Eq. (8) for the shadowed area in Fig. 1, and the distance
from the interface of the carbide was set to l = 50 or 100 nm to
coincide with the conditions in Section 4.2. The physical parame-
ters in Eq. (8) were set to: l = 77.4 GPa [9], m = 0.290 [9], and
e0 = �0.017 [11]. The calculation results of Ep as a function of the
radius of the carbide are shown in Fig. 5; smaller the distance to
the carbide, higher the precipitation energy density. Furthermore,
it is obvious that the precipitation energy density near the carbide
increases with the coarsening of the carbide.
5. Discussion

For the steel used in this study, the amount of equilibrium
phases, in mole fraction, at 873 K are calculated to be 0.011 for
M23C6 carbide, 0.018 for r phase, 0.335 for bcc (a) phase, and
0.636 for fcc (c) phase, based on the thermodynamic database
Fig. 5. Precipitation energy density in shadowed area in Fig. 1 as a function of
radius of M23C6 carbide. l is the distance from the interface between the carbide and
the matrix.
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(Thermo-Calc Ver. FE-6). In this study, r phase was not detected in
any samples, and this result is consistent with the time–tempera-
ture-precipitation (TTP) diagram reported previously [12].

From the fact that the a phase does exist as an equilibrium
phase at 873 K, it can be said that the ferromagnetic a phase would
precipitate during the creep process if some defect energies were
increasing during creep, as shown in Figs. 4 and 5; this can be
the driving force for the precipitation. In fact, these defect energies
concentrate near the M23C6 carbide; this makes the nucleation of
the a phase near the carbide more frequent event. This result
agrees well with the previous report that the ferromagnetic phase
is particularly observed near the M23C6 carbides [1,2]. In Fig. 4, the
reason that the dislocation energy density is constant for t/tr = 0.2–
0.6 seems to be that the introduction of creep dislocation during
creep deformation is balanced out with recovery of the dislocation.
A previous study reported that the amount of the ferromagnetic
phase started to increase around t/tr = 0.2 in a creep test at 923 K
under 118 MPa [2]. Fig. 4 shows that the dislocation energy density
Ed is 12.2 J/mol when l = 50 nm, and 7.8 J/mol when l = 100 nm at
t/tr = 0.186. On the other hand, from the fact that the carbide is
about 9 nm in radius at t/tr = 0.186, the precipitation energy den-
sity of the carbide Ep is 1.2 J/mol when l = 50 nm, and 0.2 J/mol
when l = 100 nm (Fig. 5). This suggests that the defect energy,
which plays a dominant role in the precipitation of the a phase
during the creep process, is the dislocation energy near the
carbides.

Strictly speaking, the precipitation energy of the carbide should
be assessed considering an anisotropic and elastically inhomoge-
neous body. Furthermore, it has been reported that the carbide
takes energetically favorable shapes, such as rectangle, square, or
rhomboid, in the coarsening process [11]. Thus, the estimated va-
lue of Ep in Fig. 5 may not accurately represent the energy in a prac-
tical alloy. However, especially when the precipitated carbide is
fine, it seems reasonable to assume the carbide is a spherical inclu-
sion; hence, it is certain that the dislocation energy density is sig-
nificantly greater than the precipitation energy density of the
carbide around t/tr = 0.2 in this study.
6. Conclusions

Defect energies near M23C6 carbides during the creep process
were evaluated based on micromechanics, and the correlation of
defect energies with the formation of the ferromagnetic phase
was examined. The precipitation energy density of M23C6 carbide
was calculated by considering the carbide as a spherical inclusion,
whereas the dislocation energy density was evaluated based on the
experimental data on the dislocation density near the carbide. It
was shown that the dislocation energy density was significantly
higher than the precipitation energy density in the initial stage of
the creep process when the ferromagnetic phase started to in-
crease. Thus, dislocation energy plays a dominant role in the pre-
cipitation of the ferromagnetic phase in Type 304 austenitic steel.
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