
Introduction

Recently, society’s most important mis-
sion and goal is to secure an effective en-
ergy source that will contribute to a
reduction in global warming and replace-
ment of the fossil fuels that are gradually
running short worldwide. Among various
possible energy sources, one that is in-
creasingly coming into the spotlight is nu-
clear power generation, due to its merits
of providing a stable and efficient energy
supply system despite its known liabilities
of dangerous radioactivity and nuclear
waste concerns. Among the diverse types
of nuclear power generation, the fast
breeder reactor (FBR, using fast neutrons
that breed Pu-239 from U-238) is well
known as the most advanced thanks to its
superior fuel economy. Thus, much re-
search has been performed in Japan on
the metallurgical behavior, as well as the
structural properties, of materials for the
Japanese prototype fast breeder reactor

Monju from the 1970s to the present day
(Refs. 1–5). For future commercial FBR
plants, further research on welding mate-
rials will need to be performed. In addi-
tion, as present nuclear plants have been
in operation for a long time, repairs of
their aging parts, which mainly involve
welding, are becoming necessary. 

Prior to discussing repair welding
processes for the FBR, it is important to
understand the typical differences be-
tween a FBR and other general types of
reactors (i.e., light water-cooled reactor).
First, a FBR cannot use water as a moder-
ator, rather molten sodium metal is em-
ployed as a coolant, because of its high
thermal conductivity. Second, a FBR has
a higher operating temperature of
773–823 K compared to other reactors,
due to its high degree of heat generation
(Ref. 4). Therefore, before the commer-

cialization of future FBRs in Japan can be-
come a reality, discovering the effects of
the sodium environment and the relatively
high operating temperature on the repair
weldability of components made of
austenitic stainless steel (Types 304, 316,
and 321), the alloy usually chosen due to
its superior corrosion resistance, ductility,
strength, formability, and weldability
(Refs. 6, 7), are very significant issues. Fur-
thermore, an advanced 316FR stainless
steel structural material, which has im-
proved creep fatigue behavior over other
austenitic stainless steels, and which pos-
sesses a higher phase stability during high
temperature at longer exposure times by
using the concept of solid-solution hard-
ening with low-carbon and medium nitro-
gen as compared to conventional
austenitic stainless steel, is likely to be
used for the next generation of commer-
cial FBRs in Japan. However, to the best
of the authors’ knowledge, research on
these issues has not been reported to date.

A particular result of the high-tem-
perature operation of a FBR is the need
for weld repairs to the various main com-
ponents in the nuclear plant. Such prob-
lems arise because welds have poorer
quality than the base metals due to solute
segregation or microstructural inhomo-
geneity (to avoid hot cracking, the weld
metal for austenitic stainless steel is often
intentionally rendered inhomogeneous
by introducing some amount of δ−ferrite
as a result of the rapid solidification rate
during the welding process). These issues
promote the transformation of inter-
metallic phases, which affect various me-
chanical and chemical properties (Ref. 8).
Therefore, in anticipation of the need for
welding repairs to FBRs, the study and
prediction of the aging behavior of the
weld metal is an absolutely necessary
prerequisite.

Consequently, as a first research step
toward developing a process for weld re-
pairs in the newly developed 316FR stain-
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ABSTRACT

Through aging treatments at 873 to 1023 K, sigma- (σ) phase embrittlement in Type
316FR stainless steel weld metal was predicted at service-exposure temperatures (773–823
K) of a fast breeder reactor (FBR) based on a kinetic approach to σ-phase precipitation.
Microstructural examination by scanning and transmission electron microscopies (SEM
and TEM) revealed that the dominant precipitated phases were σ and chi (χ), nucleated at
δ-ferrite/austenite (γ) interfaces or in the interior of the δ-ferrite grains, thereby consuming
the δ-ferrite during isothermal holds at each aging temperature. The total amount of pre-
cipitated phases during isothermal aging sigmoidally increased as a function of the aging
time. The kinetics of the appearance of these intermetallic phases could be expressed ap-
proximately by a Johnson-Mehl type equation. Based on the determined kinetic equation,
the precipitation behavior of intermetallic phases and the degradation of impact toughness
at 773 and 823 K could be successfully predicted.
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less steel needed for the future generation
of FBRs, the objective of the present study
is to clarify the prediction of σ-phase em-
brittlement behavior. This is achieved
through study of the precipitation kinetics
of the σ-phase in the weld metal at the
general service exposure temperature of a
FBR. In particular, the weld metal of typ-
ical austenitic stainless steels can contain
different final microstructure characteris-
tics that are determined by solidification
and subsequent phase transformation, typ-
ically through the AF and FA solidification
modes (Refs. 8, 9). Different solidification
modes strongly affect various properties
such as corrosion resistance, high-temper-
ature cracking behavior, and microstruc-
tural properties, etc. (Refs. 8–12). In this
study, we first examined weld metal in the

AF solidification
mode, solidifying as
primary austenite (γ),
which is generally re-
garded as having a
pronounced high-tem-
perature cracking 
susceptibility.  

Materials and 
Experimental Procedures

Materials

The base metal used in this study for
aging treatments and Charpy impact tests
was Type 316FR austenitic stainless steel.
The 316L types were only employed by the

plate material for the Charpy impact tests.
The chemical compositions of these mate-
rials are given in Table 1.

Aging Treatment of Weld Metal

Prior to performing aging treatments,
bead-on-plate welds were prepared using
a gas tungsten arc welding (GTAW)
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Fig. 1 — Schematic illustration of the machining and detailed dimensions
of specimens for the Charpy impact test.

Fig. 2 — SEM micrographs of a cross section of bead-on-plate one-pass
weld metal.

Table 1 — Chemical Compositions of Materials Used (mass-%)

C S P Cr Ni Mo Si Mn N Al O Fe

Type 0.0085 0.0009 0.023 17.56 12.02 2.15 0.44 0.79 0.088 0.011 0.007 Bal.
316FR
Type 0.0150 0.0040 0.031 17.28 12.11 2.04 0.70 0.92 0.024 —  — Bal.
316L

Table 2 — Aging Conditions Used in the Present Study

Temperature (K) Aging Time (h)

873 0.5 1 5 10 50 100 394 — 526 — 1127 —
923 0.5 1 5 10 50 100 — 500 — 1000 — 1532
973 0.5 1 5 10 50 100 — 500 — — — —
1023 0.5 1 5 10 50 100 — — — — — —
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process. The dimensions were 120 × 40 ×
3 mm. Detailed GTAW conditions were as
follows: arc current, 110 A; arc voltage, 14
V; and welding speed, 1.67 mm/s. We spec-
imens were aged by heating as indicated in
Table 2, and after the aging treatment,
they were quenched with water.

Microstructure Analysis

The content of δ−ferrite in the as-
welded and aged specimens was measured
using the magnetic induction method
(Feritscope®) in the central area of the
bead surface. To clarify microstructural
changes caused by the aging treatments,
specimens were observed by scanning
electron microscopy (SEM) equipped with
electron backscatter diffraction (EBSD)
under an acceleration voltage of 20 kV
after electrolytic etching with a 10% aque-
ous solution of KOH using an applied volt-
age of 100 mV. The specimens were also
observed by transmission microscopy
(TEM) under an acceleration voltage of
200 kV after jet polishing with a solution
of perchloric acid (5%) and acetic acid
(95%), using an applied voltage of 50 V. 

Charpy Impact Test

Details of the machining and the di-
mensions of welding specimen are indi-
cated in Fig. 1. Smaller Charpy impact test
specimens of size 55 × 10 × 3 mm were
machined from welded plate as also indi-
cated in Fig. 1. The aging treatment for
Charpy impact test specimens was heating
at 1023 K for 0, 0.5, 1, and 10 h to differ-
entiate δ−ferrite decomposition behavior,
while the tests themselves were conducted
on the as-welded and aged samples at
room temperature according to JIS Z
2242, Method for Charpy pendulum impact
test of metallic materials. Four specimens
were tested for each aging time and their
average taken as the absorbed impact en-
ergy value. After the impact test, the frac-
tured surfaces of the specimens were
observed using SEM.

Change in Microstructure with
Aging Treatment

Figure 2 shows typical microstructures
for Type 316FR weld metal after the
GTAW process. The cell morphology as-
sociated with the solidification behavior is
clearly visible. All the δ-ferrite was located
at the cell boundaries or triple points of
austenite (γ) with elongated or globular
shape. These δ-ferrite distributions were
generally identified as being diagnostic of
the AF solidification mode, and the aver-
age volume fraction of δ-ferrite was about
3 % (FN < 3), measured by a Feritscope.

Figure 3 shows SEM micrographs of

precipitation behavior during aging at 873
and 1023 K for various holding times. The
precipitates appeared in the interior of the
δ-ferrite, and increased in number with an
increase in aging time. The precipitates
were mainly classified as belonging to two
types, one nucleated at the δ-ferrite/γ in-
terface and one within the δ-ferrite. These
precipitates can be easily identified on the
basis of backscattered electrons (BSE)
contrast in SEM. As reported elsewhere,
these precipitation behaviors may totally
consume the δ-ferrite.

Figure 4 presents TEM micrographs
that reveal two types of precipitates iden-

tified as the sigma phase (σ: FeCr) and the
chi phase ( χ: Fe18Cr6Mo5) through bright
and dark images, selected area diffraction
pattern, and its key diagram analysis. It
follows that the predominant precipitates
in 316FR stainless steel weld metal during
long-term aging were σ and χ phases.
Based on these results, EBSD analysis was
performed. Figure 5 shows representative
BSE micrographs of SEM and EBSD mi-
crographs. Therefore, one type nucleated
at the δ-ferrite/γ interface was σ-phase and
another within the δ-ferrite was χ-phase
in Type 316FR weld metal during aging
treatment.
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Fig. 3 — SEM micrographs of the weld metal after aging at 873 K for 10 and 100 h, and 1023 K for 1 h.

Fig. 4 — TEM micrographs and diffraction patterns of intermetallic phases (σ and χ phases).

Table 3 — Kinetic Parameters Determined for the Prediction of Aging Behavior

Determined Prediction Parameters
Temperature (K)

k (/s) n k0 (/s) Q (kJ/mol)

873 1.2 × 10–6 

923 2.9 × 10–6 0.320 2.1 × 109 258
973 3.0 × 10–5

1023 1.8 × 10–4
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Prediction of Intermetallic Phase
Precipitation

In order to predict the precipitation of
intermetallic phases in Type 316FR weld
metal during the practical operation of a
FBR, we have adopted a kinetic approach
to the isothermal aging treatments.

Effect of Aging Conditions on
Intermetallic Phases Precipitation

As mentioned above with reference to

Fig. 3, σ- and χ-phases were dominantly
precipitated in the δ-ferrite grains, thereby
decomposing the δ-ferrite. They are also
representative intermetallics, which is as-
sociated with degradation of impact
toughness. Therefore, the amount of in-
termetallic phases both σ and χ precipi-
tated could be approximated by the
decomposed fraction of δ-ferrite (y) ex-
pressed as follows:

(1)

where fi is the initial amount of the δ-fer-
rite prior to aging and ff is final amount
of the δ-ferrite after aging. Based on this
relationship, Fig. 6 shows the change in
the decomposed δ-ferrite fraction as a
function of the aging temperatures and
holding times. The fraction of the inter-
metallic phases increased sigmoidally
with an increase in the aging time at any
aging temperature, and approached the
saturation point for long-term aging at
973 and 1023 K. 

Kinetic Equation for the δ-Ferrite 
Decomposition

In order to determine the kinetics of
decomposition in δ-ferrite, we employed
three approaches commonly used to de-
scribe the phase transformation kinetics in
various nucleation and growth systems
(Refs. 15–22): a parabolic law (the diffu-
sion-controlled growth theory proposed
originally by Zener), and the Johnson-
Mehl and Austin-Rickett equations.

In the first case, the parabolic law is ex-
pressed by

(2)

where y is the decomposed fraction of δ-
ferrite indicated in Equation 1, k is the
parabolic rate constant, and t is the ex-
posure time (aging time in the present
study). 

On the other hand, the kinetic equa-
tion of phase transformations in metals
can be also generally expressed as

(3)

where y is the decomposed fraction of δ-
ferrite indicated in Equation 1, k is the

=
−

y
f f

f
f i

i

=y k t

( )= −−dy

dt
k t y1n n m1

MAY 2013, VOL. 92136-s

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

Fig. 5 — Backscattered electron micrographs of SEM and EBSD micrographs of the weld metal after
aging at 873 K for 100 h.

Fig. 6 — Fractional change of decomposed δ-ferrite
with aging time at various aging temperatures.

Table 4 — Activation Energy for Diffusion of Alloying Elements in δ-Ferrite

Activation Energy (kJ/mol)

Diffusion of Cr in δ−ferrite 267
Diffusion of Ni in δ−ferrite 262
Diffusion of Mo in δ−ferrite 283
Diffusion of Fe in δ−ferrite 296

Fig. 7 — Applicability of kinetic approaches for the decomposition behavior of δ-ferrite.
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temperature-dependent rate constant, t is
the time (ageing time in the present
study), n is the time exponent parameter
calculated by regression analysis depend-
ing on the nucleation mechanism and the
growth processes, and m is the impinge-
ment exponent. Equation 3 with m = 1
and m = 2 corresponds to the Johnson-
Mehl equation (Equation 4) and the
Austin-Rickett equation (Equation 5):

(4)

(5)

The applicability of these kinetic equa-
tions can be confirmed by parabolic, John-
son-Mehl (log ln (1/1–y) = n log t+n
log k) and Austin-Rickett (log (y/(1–y) =
n log t+n log k) plots.

Figure 7 shows the results of applying
the three kinds of kinetic approaches.
There was a good linear relationship be-
tween the aging time and the fraction of
decomposed δ-ferrite in the Type 316FR
weld metal in the Johnson-Mehl plot re-
gardless of aging temperature, while the
other plots failed to adequately describe
the δ-ferrite decomposition behavior. In
particular, the Austin-Rickett plot devi-
ated from a linear relationship in the final
stages of precipitation, and the parabolic
plot showed also totally nonlinear behav-
ior at every aging temperature. In other
words, δ-ferrite decomposition behavior
during aging of Type 316FR weld metal
was best described by the Johnson-Mehl
kinetic equation.

To predict the decomposition behavior
during long-term service exposure of a
FBR, the remaining constants in the John-
son-Mehl equation (n and k) need to be
determined. These values were found
from a simple regression analysis of the

Johnson-Mehl plot in Fig. 7. Moreover, it
is well known that the dependence of the
precipitation rate k in Equation 4 can be
generally expressed by an Arrhenius equa-
tion as follows:

(6)
where k0 is the frequency factor; Q is the
activation energy; T is the temperature;
and R is the gas constant. 

Equation 6 can be transformed into the
following to describe an Arrhenius plot:

(7)
Figure 8 shows the Arrhenius plot,

showing a simple linear relationship be-
tween the reciprocal temperature and the
logarithm of k, allowing the determination
of the activation energy for the decompo-
sition of δ-ferrite and the k0 constant.

All the parameters determined in this
way are shown in Table 3. The fitting con-
stant n was independent of the aging tem-
perature, but the precipitation rate
constant k increased as a function of aging
temperature.

Literature report (Ref. 23) of the acti-
vation energy for diffusion of the main al-
loying elements present within the
δ-ferrite is shown in Table 4. Their similar
activation energies suggest that the de-
composition of δ-ferrite in this study
would be strongly influenced by the diffu-
sion of these alloying elements.

Prediction of δ-Ferrite Decomposition at
Service-Exposure Temperatures of a FBR

Using the determined kinetics of the
Johnson-Mehl equation, the decomposi-
tion behavior of δ-ferrite during in-ser-
vice exposure of FBR at practical
operation temperatures (773 and 823 K)
was predicted. Figure 9 shows the predic-

tion results, showing a sigmoidal relation-
ship between operating time and the de-
composed fraction of δ-ferrite. There was
a large difference in the decomposition
behavior between operating temperatures
of 773 and 823 K. Specifically, it took 15
months to reach 50% δ-ferrite decompo-
sition at 773 K, but it took only 1 month at
an operating temperature of 823 K to ar-
rive at the same point. In other words, a
50 K difference in the operating tempera-
ture caused about a 15 times faster de-
composition rate. The decomposed
fraction of δ ferrite at other points on the
aging time curve is also listed in Table 5.
According to these predictions, about
90% of the δ-ferrite will have decomposed
after only 5 years of operation of a FBR at
823 K, while about 66% of the δ-ferrite
will have decomposed at an operating
temperature of 773 K. Furthermore, after
50 years of FBR operation, in Type 316FR
weld metal, δ-ferrite will be completely
decomposed at 823 K. Consequently, the
operating temperature of the FBR should
be closely considered from the viewpoint
of δ-ferrite decomposition behavior, be-
cause it could seriously affect not only var-
ious mechanical and chemical properties
during service, but also the weldability of
any required repairs.

Prediction of Impact Toughness Behavior
in Weld Metal

In order to predict the embrittlement be-
havior resulting from the decomposition of
δ-ferrite in Type 316FR weld metal during
practical operation of a FBR, Charpy im-
pact tests were performed for specimens
with different fractions of decomposed δ-
ferrite. To predict this behavior, one as-
sumption that impact toughness of weld
metal is only governed by fractional change
of δ-ferrite decomposition was employed in
this study.

( )
−

=
y

y
kt

1
n

{ }( )= − −y kt1 exp n

=
−⎛

⎝⎜
⎞
⎠⎟

k k
Q

RT
exp0

= − +k
Q

R T
kln

1
1n 0

137-sWELDING JOURNAL

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

Fig. 8 — Plot to determine the activation energy for
decomposition of δ-ferrite at various aging temper-
atures.

Fig. 9 — Prediction of the decomposition behavior
of δ-ferrite in the weld metal at practical operating
temperatures of a FBR.

Fig. 10 — Change of impact toughness as a func-
tion of the amount of decomposed δ-ferrite (aging
at 1023 K).
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Effect of δ-Ferrite Decomposition on 
Impact Toughness

Figure 10 shows the variation of im-
pact absorbed energy as a function of
aging time (i.e., decomposed fraction of
δ-ferrite). The impact energy of the weld
metal gradually decreased with increas-
ing isothermal holding time, namely, the
absorbed energy decreased with an in-
crease in the fraction of decomposed δ-
ferrite. Particularly, the energy value of
weld metal aged for 10 h was about 22 J,
a drastic decline by a factor of two com-
pared with an as-welded specimen. This
is the well-known σ-phase embrittlement
found in stainless steel weld metal (Refs.
6, 7, 19, 24).

Figure 11 compares SEM fractographs
of as-welded and aged weld metal after the
impact test to characterize the differences
in failure mechanism. In the as-welded
specimen, all the failure essentially oc-
curred in the shallow dimpled fracture
mode. However, in the aged specimens
(decomposed fraction of δ-ferrite: 0.35,
0.60, and 0.90), some brittle fracture area
was also detected in the surface, although
the majority of the surface had suffered

shallow dimpled fracture surface. The
fraction of brittle fracture also increased
with an increase in the decomposed frac-
tion of δ-ferrite. In particular, as the
isothermal holding time increased, the
fractographs of the brittle fracture areas
revealed that the fracture surface was
largely composed of a dendrite morphol-
ogy. These fractographs show that the brit-
tle fracture was initiated in a dendrite
region by the precipitation of intermetallic
phases (σ- and χ-phases) in δ-ferrite.
Thus, it was clear that the presence of in-
termetallic phases significantly decreased
the impact toughness of the weld metal.

Predicted Impact Test Results at the 
Service-Exposure Temperature of a FBR

By substituting the results of the
Charpy impact tests shown in Fig. 10 into
the predictions of precipitation behavior
shown in Fig. 9, we were able to predict
the impact toughness during long-term
service exposure in a FBR. Figure 12
shows the predicted results of the ab-
sorbed impact energy. As the result of the
precipitation behavior shown in Fig. 8,
the absorbed impact energy also de-

creased sigmoidally with an increase in
the operating time. It takes approxi-
mately 3 months to reach an absorbed im-
pact energy of 32 J at 823 K, while
approximately 32 months will be needed
to reach the same absorbed energy at 773
K. Therefore, it was clear that impact
toughness behavior is also affected by dif-
ferences in the operating temperature.

Conclusions

In this study, the precipitation behav-
ior and changes in impact toughness dur-
ing actual operation of FBR was predicted
for Type 316FR stainless steel weld metal,
based on the kinetics of δ-ferrite decom-
position. The main conclusions of this
work can be summarized as follows:

1) Type 316FR stainless steel weld
metal contained approximately 3% (FN <
3) of δ-ferrite formed in the AF solidifica-
tion mode. Intermetallic σ-  and χ- phases
were precipitated inside δ-ferrite during
aging treatments at 823, 873, 923, and
1023 K, consuming the δ-ferrite (i.e., frac-
tion of decomposed δ-ferrite = fraction of
precipitated intermetallic phases). As the
aging temperature and isothermal hold
time increased, the amount of intermetal-
lic phases increased sigmoidally.

2) The decomposition of δ-ferrite was
examined by three types of kinetic ap-
proaches — the parabolic law, Austin-Rick-
ett, and Johnson-Mehl equations. Among
these kinetic approaches, the decomposi-
tion behavior was best described by the
Johnson-Mehl type equation. The kinetic
parameters in the Johnson-Mehl type equa-
tion were determined to be n = 0.320, Q =
258 kJ/mol, and k0 = 2.1 × 109/s, regardless
of the aging temperature. 
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Fig. 11 — SEM fractographs after Charpy impact tests as a function of decomposed fraction of δ-ferrite
(aging at 1023 K).

Fig. 12 — Predicted results of the absorbed impact
energy during long-term operation of a FBR.

Table 5 — Predicted Results of the Decomposed Fraction of δ-Ferrite at Some Major Time
Points in Fig. 9

Decomposed Fraction  of δ−Ferrite

Operating time (years)
773 K 823 K

5 0.66 0.90
10 0.74 0.95
30 0.85 0.98
50 0.89 0.99
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3) The δ-ferrite decomposition behav-
ior at practical operating temperature (773
and 823 K) found during FBR service was
predicted using the above determined pa-
rameters. The decomposition rate of δ-fer-
rite at an 823 K service temperature was
15 times faster than that at 773 K.

4) As the isothermal holding time in-
creased, the impact toughness decreased
during the aging treatment at 1023 K. In
the fractographs obtained after impact
tests, the fraction of brittle fracture region
increased with an increase in decomposed
δ-ferrite. 

5) By combining the predictions of δ-
ferrite decomposition behavior with the
experimental results of the Charpy impact
test, we were able to predict changes in im-
pact toughness during in-service of a FBR.
We predict that it will take approximately
3 months to reach an absorbed impact en-
ergy of 32 J at 823 K, while approximately
32 months will be needed to reach a the
same absorbed energy at 773 K. In other
words, the rate of decrease of the ab-
sorbed impact energy at an 823 K operat-
ing temperature was 10 times faster than
that at 773 K.

Acknowledgment

The present study includes the result of
“Core R&D program for commercializa-
tion of the fast breeder reactor by utilizing
Monju” entrusted to University of Fukui by
Ministry of Education, Culture, Sports, Sci-
ence and Technology of Japan (MEXT).

References

1. Furukawa, T., Kato, S., and Yoshida, E.
2009. Compatibility of FBR materials with
sodium. Journal of Nuclear Materials 392(2): 249
to 254.

2. Iida, K., Asada, Y., Okabayashi, K., and
Nagata, T. 1987. Construction codes developed
for prototype FBR Monju. Nuclear Engineering
and Design 98 (3): 283 to 288.

3. Iida, K., Asada, Y., Okabayashi, K., and

Nagata, T. 1987. Simplified analysis and design
for elevated temperature components of
Monju. Nuclear Engineering and Design 98(3):
305 to 317.

4. Nakazawa, T., Kimura, H., Kimura, K.,
and Kaguchi, H. 2003. Advanced type stainless
steel 316FR for fast breeder reactor structures.
Journal of Materials Processing Technology
143–144(20): 905 to 909.

5. Nogami, S., Hasegawa, A., Tanno, T.,
Imasaki, K., and Abe, K. 2011. High-temperature
helium embrittlement of 316FR steel. Journal of
Nuclear Science and Technology 48(1): 130 to 134.

6. Gill, T. P. S., Vijayalakshmi, M., Ro-
driguez, P., and Padmanabhan, K. A. 1989. On
microstructure-property correlation of ther-
mally aged Type 316L stainless steel weld metal.
Metallurgical and Materials Transactions A
20(6): 1116 to 1124.

7. Ibrahim, O. H., Ibrahim, I. S., and Khal-
ifa, T. A. F. 2010. Effect of aging on the tough-
ness of austenitic and duplex stainless steel
weldments. Journal of Materials Science and
Technology 26(9): 810 to 816.

8. Inoue, H., Koseki, T., Okita, S., and Fuji,
M. 1997. Solidification and transformation be-
havior of austenitic stainless steel weld metals
solidified as primary austenite: Study of solidi-
fication and subsequent transformation of Cr-
Ni stainless steel weld metals — 1st Report.
Welding International 11(11): 876 to 887.

9. Inoue, H., Koseki, T., Okita, S., and Fuji,
M. 1997. Solidification and transformation be-
havior of austenitic stainless steel weld metals
solidified as primary ferrite: Study of solidifica-
tion and subsequent transformation of Cr-Ni
stainless steel weld metals — 2nd Report. Weld-
ing International 11(12): 937 to 949.

10. Inoue, H., Koseki, T., Okita, S., and Fuji,
M. 1998. Epitaxial growth and phase formation
of austenitic stainless steel weld metals near fu-
sion boundaries: Study of solidification and
transformation of Cr-Ni stainless steel weld
metals — 3rd Report. Welding International
12(3): 195 to 206.

11. Inoue, H., Koseki, T., Okita, S., and Fuji,
M. 1998. Solidification and transformation be-
havior of Cr-Ni stainless steel weld metals with
ferritic single phase solidification mode: Study
of solidification and transformation of Cr-Ni
stainless steel weld metals — 4th report. Weld-
ing International 12(3): 282 to 296.

12. Kou, S. 2003. Welding Metallurgy, second
edition. P. 216-232, A John Wiley & Sons, Inc. 

13. Hsieh, C. C., and Wu, W. 2012. Overview

of intermetallic sigma (σ) phase precipitation in
stainless steels. ISRN Metallurgy 2012: Article
ID 732471, 16 pages.

14. Escriba, D. M., Materna-Morris, E., Plaut,
R. L., and Padilha, A. F. 2009. Chi-phase precip-
itation in a duplex stainless steel. Materials Char-
acterization 60(11): 1214-s to 1219-s.

15. Wang, Z., Mao, X., Yang, Z., Sun, X.,
Yong, Q., Li, Z., and Weng, Y. 2011. Strain-
induced precipitation in a Ti micro-alloyed
HSLA steel. Materials Science and Engineering
A 529(25): 459 to 467.

16. Starink, M. J. 1997. Kinetic equations for
diffusion-controlled precipitation reactions.
Journal of Materials Science 32(15): 4061 to
4070.

17. Badji, R., Bouabdallah, M., Bacroix, B.,
Kahloun, C., Bettahar, K., and Kherrouba, N.
2008. Effect of solution treatment temperature
on the precipitation kinetic of σ-phase in 2205
duplex stainless steel welds. Materials Science
and Engineering A 496(25): 447 to 454. 

18. Johnson, W. A., and Mehl, R. F. 1939.
Reaction kinetics in processes of nucleation and
Growth. Transactions AIME 135: 416 to 458.

19. Sasikala, G., Ray, S. K., and Mannan, S.
L. 2003. Kinetics of transformation of delta fer-
rite during creep in a Type 316(N) stainless steel
weld metal. Materials Science and Engineering A
359 (25): 86 to 90.

20. Sello, M. P., and Stumpf, W. E. 2011.
Laves phase precipitation and its transforma-
tion kinetics in the ferritic stainless steel type
AISI 441. Materials Science and Engineering A
528(25): 1840 to 1847.

21. Lee, E. S., and Kim, Y. G. 1990. A trans-
formation kinetic model and its application to
Cu-Zn-Al shape memory alloys — 1. isothermal
conditions. Acta Metallurgica et Materialia 38(9):
1669 to 1676.

22. Sutou, Y., Koeda, N., Omori, T.,
Kainuma, R., and Ishida, K. 2009. Effects of
aging on bainitic and thermally induced marten-
sitic transformations in ductile Cu-Al-Mn-based
shape memory alloys. Acta Materialia 57(19):
5748 to 5758.

23. Magnabosco, R. 2009. Kinetics of sigma
phase formation in a duplex stainless steel. Ma-
terials Research 12(3): 321 to 327.

24. Lee, D. J., Byun, J. C., Sung, J. H., and
Lee, H. W. 2009. The dependence of crack
properties on the Cr/Ni equivalent ratio in AISI
304L austenitic stainless steel weld metals. Ma-
terials Science and Engineering A 513–514(15):
154 to 159.

139-sWELDING JOURNAL

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

Authors: Submit Research Papers Online

Peer review of research papers is now managed through an online system using Editorial Manager software. Papers
can be submitted into the system directly from the Welding Journal page on the AWS Web site (www.aws.org) by click-
ing on “submit papers.” You can also access the new site directly at www.editorialmanager.com/wj/. Follow the instruc-
tions to register or log in. This online system streamlines the review process, and makes it easier to submit papers and
track their progress. By publishing in the Welding Journal, more than 68,000 members will receive the results of your
research. 

Additionally, your full paper is posted on the American Welding Society Web site for FREE access around the globe.
There are no page charges, and articles are published in full color. By far, the most people, at the least cost, will recog-
nize your research when you publish in the world-respected Welding Journal. 

Chun 5-13 layout_Layout 1  4/16/13  3:10 PM  Page 139


