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a b s t r a c t

This study performed a precipitation examination of the � phase using the Vitek diffusion equation and
thermodynamic simulation in dissimilar stainless steels during multi-pass welding. The results of the
experiment demonstrate that the diffusion rates (D�

Cr and D�
Ni) of Cr and Ni are higher in �-ferrite than

(D�
Cr and D�

Ni) in the � phase and that they facilitate the precipitation of � phase in the third pass fusion
zone. When the diffusion activation energy of Cr in �-ferrite is equal to that of Ni in �-ferrite (Q � �Q � ),
eywords:
ntermetallics
recipitation
iffusion
icrostructure

hase transitions

d Cr d Ni
phase transformation of the � → � can be occurred.
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. Introduction

Austenitic and ferritic stainless steel composites possessing low
arbon content are used extensively in high temperature applica-
ions such as energy conversion systems. For instance, to ensure
conomy in central power stations, sections of boilers subjected to
ower temperatures are constructed from ferritic stainless steel for
conomic reasons [1].

When stainless steels are exposed to temperatures between
73 K and 1273 K for sustained periods of time, several undesir-
ble intermetallic phases, such as �, �, and �, can precipitate [2–5].
he � phase is the most serious of these secondary phases due
o its impact on the mechanical properties, corrosion resistance
r weldability of stainless steels, among other properties [6–9]. It
as been demonstrated that the addition of alloying elements, Cr
nd Mo in particular, can accelerate the precipitation of � phase at
igh temperatures [10]. This also enlarges the precipitation area in
he time-temperature transformation (TTT) diagram, as reported
y Atamert and King [11].
While the � phase was first observed in the Fe–Cr system, it
as also been observed in Fe–V, Fe–Mo, and Cr–Mo–Ni alloy sys-
ems [12]. The crystallographic lattice of the � phase is a tetragonal
tructure with 30 atoms per unit cell. The � phase has been found in

∗ Corresponding author. Tel.: +886 4 22840500x604; fax: +886 4 22857017.
E-mail address: wwu@dragon.nchu.edu.tw (W. Wu).

925-8388/$ – see front matter. Crown Copyright © 2010 Published by Elsevier B.V. All ri
oi:10.1016/j.jallcom.2010.07.084
more than 50 binary transition metal alloys and is of great interest
for both scientific and technological purposes. Scientific interest
is related to the gathering of knowledge regarding the physical
properties of the phase, in particular those involved in the mech-
anism of its formation. Industrial interest originates from the fact
that the � phase often forms in materials that are technologically
important, and its presence drastically deteriorates their properties
[13].

Previous studies on the properties of stainless steel containing
� phase have concentrated on high temperature characteristics,
considering embrittlement mechanisms, fracture toughness, and
corrosion resistance [14] in the heat-affected zones (HAZ) of simi-
lar stainless steels. Very few works however, have addressed the
high temperature properties in the fusion zones (FZ) of dissim-
ilar stainless steels. The precipitation mechanism of � phase in
fusion zones during the welding process is unclear for austenitic
and ferritic stainless steels.

This study uses autogenous welding to manufacture dissimilar
stainless steels and discusses the precipitation behavior of � phase
in the fusion zone of dissimilar stainless steels taking place during
the multi-pass GTAW (Gas Tungsten Arc Welding) process. This is
done via a calculation of the Vitek diffusion equation. The objectives

are to delineate the precipitation mechanism of the sigma phase in
dissimilar stainless steels at various welding passes as well as to
contribute to the understanding of the precipitation characteristics
of the � phase during the multi-pass GTAW process in dissimilar
stainless steels.

ghts reserved.
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Table 1
Chemical composition of the raw samples.

Material Element (wt.%)

Cr Ni Si Mn C Mo Fe

304 S.S. 19.2 10.9 1.0 2.0 0.08 1.22 Bal.
430 S.S. 18.3 – 0.75 1.0 0.12 1.18 Bal.

F
c

2

e
a
f
a
7

a
d
i
a
s
3
t
r
g

n
6
t
(
p
u

of Ni were concentrated on the austenite matrix, as illustrated in
ig. 1. Manufacturing process of the dissimilar stainless steels: (a) top view and (b)
ross-section.

. Experimental procedures

Two types of stainless steels, namely 304 and 430, were
mployed in the experiment. Both are representatives of fully
ustenite containing a small number of ferrite phases and fully
erritic microstructures, respectively. Their chemical compositions
re listed in Table 1. The dimensions of the raw materials were
0 mm × 25 mm × 3 mm.

The composites of dissimilar stainless steels were created using
n automatic GTAW process. The appearance of weld metal from
issimilar stainless steels is shown in Fig. 1. The multi-pass weld-

ng (304/430, 304-1, and 304-2) were preformed without filler at
welding current of 100 A and an arc voltage of 11 V with a travel

peed of 120 mm/min. A series of symbols for 304/430, 304-1, and
04-2 were defined as the first, second, third pass welding, respec-
ively. After the multi-pass welding, the samples were cooled to
oom temperature in air and mounted by molding epoxy, then
round using SiC paper and polished with Al2O3 powder paste.

The mounted samples were etched using a color etching tech-
ique with Murakami (10 g K3Fe(CN)6 + 10 g KOH + 100 ml H2O) for
0 s in order to observe the �-ferrite, � phase, and � phases in the

hird pass fusion zone (304-2). An electron probe micro-analyzer
JXA-8900R JEOL, EPMA) was employed to observe the �-ferrite, �
hase, and � phase. Their chemical compositions were identified
sing a wavelength dispersive spectrometer (WDS).

Fig. 2. Optical micrographs of �-ferrite, � phase, and � phases in the third pass fusion z
Compounds 506 (2010) 820–825 821

The peak temperatures and the endothermic and exothermic
peaks were examined suing differential scanning calorimeter (NET-
ZSCH DSC 404 C) in order to discuss the precipitation of � → � + �2.
The specimens were heated from 600 ◦C to 1300 ◦C with a heat-
ing rate of 20 ◦C/s. Subsequently, the diffusion parameters were
calculated using the Vitek diffusion equation to explain the phase
transformation of the � → �. These diffusion parameters included
diffusivity (D) and activation energy (Q).

The computer simulation was performed using Thermo-Calc
software (TCW Version 2.2). The FEDAT database was utilized to
simulate the phase diagram in the sample of the third pass fusion
zone during the � → � phase transformation for the purpose of
further proving a series of experimental results.

3. Results and discussion

3.1. Precipitation of � phase in the third pass fusion zone

In order to observe the precipitation behavior of the � phase in
the third pass fusion zone of the 304 stainless steels that occurred
during the dissimilar welding. A color metallographic technique
using Murakami’s reagent was used to distinguish between other
precipitates. The Murakami etching solution is an effective etching
technique for revealing primary (� and � phases) as well as sec-
ondary phases (� and �2 phases) in austenitic stainless steels. In
Fig. 2(a) and (b), �, �, and �2, phases were colored blue, red, and
ivory, respectively. It was discovered that the � phase precipitated
at the inner �-ferrite particles in agreement with previous reports
[15,16]. The Cr contents in �-ferrite were consumed by the � phase
forming at the �-ferrite. Based on what has been described above,
the phase transformation of � → � + �2 occurred in the fusion zone
subsequent to the third pass welding.

3.2. EPMA mapping and WDS quantitative analysis of � phase in
fusion zone

Because diffusion of Cr and Ni elements has a significant effect
on the properties of stainless steels, it can be used to predict the
precipitation of �-ferrite, � phase, and �-austenite. A mapping anal-
ysis was performed on Cr, while Ni was assessed by EPMA, in order
to further elucidate the � phase precipitation in the fusion zone
of the third pass welding. A secondary electron image (SEI) and
the Cr and Ni concentration profiles of the fusion zones are pre-
sented in Fig. 2(a)–(c). The results reveal that the � phase has an
enriched level of Cr while the other regions show a depleted Cr pro-
file, as shown in Fig. 2(b). Regarding Ni mapping, the distributions
Fig. 2(c). Based on these results, the � phase displayed Cr-rich and
Ni-depleted profiles. However, the other positions showed greater
concentrations of Cr surrounding the � phase was identified as
�-ferrite after the multi-pass GTAW process.

one during the � → � phase transformation of: (a) bright field and (b) dark field.
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Table 2
WDS analysis of precipitates in the fusion zone of the third pass welds.

Area Element (wt.%)

Cr Ni Si Fe

1 (�) 35.74 4.24 5.85 55.72
2 (�) 34.57 4.13 5.76 56.53
3 (�) 35.32 4.45 5.82 57.44
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4 (�) 25.05 5.37 6.43 63.43
5 (�) 18.76 8.34 3.34 65.48
6 (�) 18.68 8.63 3.21 64.86

Elemental quantitative analyses with Fe, Cr, and Ni were per-
ormed utilizing a wavelength dispersive spectrometer (WDS) in
rder to verify the results of EPMA mapping. The results are pre-
ented in Table 2. The points #1–3 were identified as � phase,
ecause they showed the most enriched Cr levels among all regions.
evertheless, point #4 displayed higher Cr and it determined as �-

errite. Furthermore, the � and � phases showed higher Si than
-austenite. It was found that Si can enhance precipitation of � and
phases after the third pass welding. Lin et al. [17] also pointed out

hat Si is an efficient stabilizer for the �-ferrite and � phases, but
ccelerates their formation. Therefore, Si plays an important role
f enhancing �-ferrite transformation to � phase. Furthermore, it
resented a Ni-rich and Cr-depleted tendencies on points #5–6 and

as identified as �-austenite. In this research, the � phase was a

e–Cr–Si intermetallic compound, as described above.
Schematic diagrams explaining the mechanism of � → � in the

usion zone of third pass welding are shown in Fig. 3(a)–(d). Fig. 4(a)

Fig. 3. The EPMA mapping analysis of � phase after the third pass welding: (a) SE

ig. 4. Schematic showing the � → � phase transformation in the fusion zone of the third
iffusion of � and � phases induced �-austenite formation.
Fig. 5. DSC thermal analysis of the third pass fusion zone.

shows the initial state of � → � phase transformation. The Cr and Si
elements then diffused from �-austenite to �-ferrite and � phase
subsequently formed at � particles at the same time, as shown in
Fig. 3(b). Moreover, Ni also diffused to the matrix from �-ferrite
and �-austenite precipitation occurred when the � phase formed,
as indicated in Fig. 3(c).
3.3. Diffusion calculation

The formation of a � phase includes temperature and elemen-
tal diffusion. Hence, this section will determine the precipitation

I micrograph, (b) Cr concentration profile and (c) Ni concentration profile.

pass welds: (a) initial state, (b) � phase formed at the inner � particles and (c) Ni
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Fig. 6. The Fe–Cr–Ni phase diagram (60% Cr).

emperature of a � phase using a differential scanning calorime-
er (DSC) in an AISI 304 multi-pass welding system, as shown in
ig. 5. The diagram shows two exothermic and two endothermic
eaks with peak temperatures of 861 ◦C, 934 ◦C, 678 ◦C, 893 ◦C,
espectively. This is for the purpose of plotting the composition

f the � phase in this study (35 wt.% Cr, 4 wt.% Ni) to the Fe–Cr–Ni
hase diagram shown in Fig. 6. Here, the solidification order was
→ � + L → � → � + � → � + � + �. The abovementioned results are
arked out in Fig. 5. It was determined that the � phase precipi-

ig. 7. Simulation of phase regions on the � → � + �2 phase transformation drawn from t
ontents: (a) Cr content, (b) Ni content and (c) Si content.
Compounds 506 (2010) 820–825 823

tates from 400 ◦C to 934 ◦C. Some researchers [18,19] have pointed
out that the precipitation temperature of the � phase is between
600 ◦C and 1000 ◦C. Specifically, the measured results of peak tem-
peratures located within the precipitation temperature range of the
� phase were determined via DSC analysis. At these peak tempera-
tures, the elemental diffusion behavior was significant on the � → �
phase transformation, e.g. Cr, Ni and Si during the multi-pass weld-
ing. This is due to the fact that these elements are beneficial for the
formation of the � and � phases. Hsieh et al. [20] have reported
that the Si can accelerate the � → � at high elevated temperatures
in stainless steels. It focuses on � → � through the use of various
diffusion theories drawing from DSC analysis results. Vitek et al.
[21] pointed out that the diffusion of empirical equations on the
study of the diffusion couple in stainless steels, labeled the “Vitek
model”, as illustrated in Eqs. (1)–(4). These formulas can be used
to respectively calculate the diffusion coefficients of Cr and Ni in
�-ferrite and �-austenite in most stainless steels:

D�
Cr = 2 exp

(−28, 866
T

)
(1)

D�
Ni = 2.3 exp

(−35, 722
T

)
(2)

D�
Ni =

(
D�

Cr
1.3

)
(3)

D�
Cr = 3.4D�

Ni (4)

The meanings of symbols for the Vitek Model are described as fol-
D�
Cr : Diffusion coefficient of Cr in �-ferrite, cm2 s−1

D�
Ni : Diffusion coefficient of Ni in �-austenite, cm2 s−1

he FEDAT database of Thermo-Calc software with an increase of various elemental
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Table 3
Diffusivities of the Cr and Ni in �-ferrite and �-austenite at various peak temperatures in accordance with the Vitek model.

Peak temperature (◦C) Diffusivity (cm2 s−1)

D�
Cr D�

Ni
D�

Ni
D�

Cr

−13 1. −16 −13 −16
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678 1.31 × 10
861 1.74 × 10−11

893 3.52 × 10−11

934 8.14 × 10−11

D�
Ni : Diffusion coefficient of Ni in �-ferrite, cm2 s−1

D�
Cr : Diffusion coefficient of Cr in �-austenite, cm2 s−1

.4. Thermo-Calc simulation of the ı → � phase transformation

The phase transformation of � → � was examined using the
teel database (FEDAT) of Thermo-Calc software (Version 2.2.1.1).
he purpose of this simulation was to prove the previous exper-
mental results and then observe the phase regions change of �
hase (56%Fe–35%Cr–4%Ni–6%Si) when in a temperature range of
etween 500 ◦C and 1300 ◦C.

The Cr content was regarded as a variable under a fixed
omposition (56%Fe, 4%Ni, and 6%Si). The effect of Cr content
n phase region was discussed. When temperature ranged from
00 ◦C to 1300 ◦C, the changing order of the phase region was:
+ � → � + � + � → � + � → �, as shown in Fig. 7(a) and Eq. (5). How-
ver, the phase region was located in the � + � + � area when
emperature was 630–800 ◦C. This result showed the same ten-
ency as seen in DSC thermal analysis. The phase transformation of
→ � could occur in the third pass fusion zone. The results of DSC
nalysis showed that it was located in the � + � + � phase region
hen the peak temperatures were 861 ◦C, 893 ◦C, and 934 ◦C. The
aximum simulated temperature was 830 ◦C due to the fact that

r is not a main element used to enlarge the � + � + � phase region
nder high temperatures:

+ � → � + � + � → � + � → � (5)

he Ni content was placed into a variable under a fixed composition
56% Fe, 35% Cr, and 6% Si) and the effects of the Ni content on phase
egion were discussed, as shown in Fig. 7(b) and Eq. (6). Compared
ith Eq. (5), the 2nd phase region was � + � because Ni is a strong

ustenite stabilizer. The Ni content increased gradually and led to
he � phase precipitation so that the precipitated range of � phase
nlarged in the 1st phase region. Similarly, the single � phase region
xisted at a temperature range between 1100 ◦C and 1300 ◦C:

+ � → � + � + � → � + � → � (6)

imilarly, we regarded Si content as a variable under a fixed com-
osition (56% Fe, 35% Cr, and 4% Ni) and discussed the effect of Si
ontent on the phase region, as shown in Fig. 7(c) and Eq. (7). The
rst and second step phase region changed from � + � + � (below
27 ◦C) into � + �. Hsieh et al. [22] have shown that Si can acceler-
te the phase transformation of � → � so that no �-ferrite can be
ound in the second step phase region.

Furthermore, Si can also enlarge the � + � phase region up to
35 ◦C. Drawing from DSC analysis result, this region was located at
he peak temperatures (678 ◦C, 861 ◦C, 893 ◦C, and 934 ◦C) of � → �.

t can be proven that the phase transformation of � → � occurs at
bove peak temperatures. The �-ferrite can exist at high tempera-
ures ranging from 935 ◦C to 1300 ◦C:

+ � + � → � + � → � (7)
11 × 10 1.00 × 10 3.78 × 10
73 × 10−14 1.34 × 10−11 1.60 × 10−13

13 × 10−13 2.71 × 10−11 3.84 × 10−13

18 × 10−13 6.26 × 10−11 1.08 × 10−12

3.5. Calculation of diffusion coefficient

The peak temperatures (678 ◦C, 861 ◦C, 893 ◦C, and 934 ◦C)
taken from the DSC examination were substituted in Eqs. (8)–(23)
allowing us to acquire diffusivities (D�

Cr, D�
Ni, D�

Ni, and D�
Cr). The

transformation behavior of � → � can be predicted efficiently by
employing the diffusivity calculation from the Vitek model. A series
of calculated results for diffusion coefficients are shown in Eqs.
(8)–(23). Detailed values are listed in Table 3. Overall, it was found
that diffusivities were increased when peak temperatures were
increased from 678 ◦C to 934 ◦C. This can be attributed to ther-
mal activated accelerated diffusion in the third pass fusion zone
that occurred during multi-pass welding. The D�

Cr shows the high-
est value of all the diffusion coefficients. It had many vacancies
to diffuse since both Cr and �-ferrite are BCC structures when tem-
perature ranges between 678 ◦C and 934 ◦C. Consequently, a higher
diffusivity of Cr and Ni in �-ferrite (D�

Cr and D�
Ni) and a lower dif-

fusivity of Cr and Ni in �-austenite will lead to the occurrence of
� → � phase transformation:

D�
Cr (678+273 K) = 2 × exp[−28,866/(678+273 K)] (8)

D�
Cr (860.5+273 K) = 2 × exp[−28,866/(861+273 K)] (9)

D�
Cr (893+273 K) = 2 × exp[−28,866/(893+273 K)] (10)

D�
Cr (934+273 K) = 2 × exp[−28,866/(934+273 K)] (11)

D�
Ni (678+273 K) = 2.3 × exp[−35,722/(678+273 K)] (12)

D�
Ni (861+273 K) = 2.3 × exp[−35,722/(861+273 K)] (13)

D�
Ni (893+273 K) = 2.3 × exp[−35,722/(893+273 K)] (14)

D�
Ni (934+273 K) = 0.56 × 2.3 × exp[−35,722/(934+273 K)] (15)

D�
Ni (678+273 K) = 2 × exp[−28, 866/(678 + 273 K)]

1.3
(16)

D�
Ni (861+273 K) = 2 × exp[−28, 866/(861 + 273 K)]

1.3
(17)

D�
Ni (893+273 K) = 2 × exp[−28, 866/(893 + 273 K)]

1.3
(18)

D�
Ni (934+273 K) = 2 × exp[−28, 866/(934 + 273 K)]

1.3
(19)

D�
Cr (678+273 K) = 3.4{2.3 × exp[−35, 722/(678 + 273 K)]} (20)

D�
Cr (861+273 K) = 3.4{2.3 × exp[−35, 722/(861 + 273 K)]} (21)

D�
Cr (893+273 K) = 3.4{2.3 × exp[−35 722/(893 + 273 K)]} (22)

D�
Cr (934+273 K) = 3.4{2.3 × exp[−35, 722/(934 + 273 K)]} (23)
3.6. Precipitation mechanism of the � phase

According to the results of the microstructure observation,
diffusion calculation, and Thermo-Calc simulation, we constructed
a schematic diagram to explain the above results. This is shown in
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Fig. 8. Schematic diagram showing the mechanism of � → � + �2 eutectoid decom-
position in the: (a) initial state, (b) diffusion of Cr and Ni in the �-ferrite, (c) formation
of � nucleus and (d) precipitation of � phase and secondary austenite (�2) in �-
particle.
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ig. 9. Diffusion activation energies of the Cr and Ni in � and � phases at various
eak temperatures.

ig. 8(a)–(d). No diffusion of Cr and Ni occurred without welding
nd the �-ferrite was stable at this stage, as shown in Fig. 8(a).
he relationship between diffusion showed the D�

Cr > D�
Cr and

�
Ni > D�

Ni, so that the Cr and Ni could be diffused into the �-ferrite,
s shown in Fig. 8(b). This means that Cr and Ni had higher diffusion
ates in �-ferrite than in the � phase. Hence, the diffusion path of
r and Ni was diffused toward to the �-ferrite. When the diffusion
elationship was D�

Cr > D�
Cr,, the diffusion rate of Cr was higher in

-ferrite than in the � phase, as shown in Fig. 8(c). This generated a
igh Cr concentration region in �-ferrite which became a beneficial
ite to form � phases. In addition, Ni had a higher diffusion rate in
-ferrite than it did in the � phase when the diffusion relationship
as D�

Ni > D�
Ni,. Consequently, it was shown that higher Ni content

an be reserved in �-ferrite and that the secondary austenite
ormed in the �-particles at the same time, as displayed in Fig. 8(d).
.7. Calculation of diffusion activation energy

Both the diffusion coefficients (D�
Cr, D�

Ni, D�
Cr, and D�

Ni) and recip-
ocal peak temperatures ((1/TP1), (1/TP2), (1/TP3), and (1/TP4)) can

[
[
[
[
[
[
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be used to calculate diffusion activation energies (Q �
Cr, Q �

Ni, Q �
Cr, and

Q �
Ni). The diffusion activation energy can be used to estimate the

ability of diffusion on the � → � phase transformation of AISI 304
stainless steel at various peak temperatures in the third pass fusion
zone. The calculated results of diffusion activation energies are
shown in Fig. 9. It was observed that the diffusion activation energy
of Cr in �-ferrite was equal to that of Ni in �-ferrite (Q �

d Cr�Q �
d Ni).

This means that the equivalent diffusion energy barrier for the
diffusion of Cr and Ni in �-ferrite is something to overcome in
the � → � phase transformation. Similar results were found for Cr
and Ni diffusion in �-austenite (Q �

d Cr�Q �
d Ni). Therefore, the ele-

mental diffusion of Cr and Ni was deemed efficient towards the
�-ferrite while it caused the precipitation of � phase in �-ferrite
particles.

4. Conclusions

In this study, an examination method was investigated that
used the Vitek diffusion equation and thermodynamic simula-
tion for studying the phase transformation of � → � in the fusion
zones of dissimilar stainless steels that takes place during multi-
pass welding process. Some significant results are summarized as
follows:

(1) The phase transformation of � → � occurs at peak temperatures
of 678 ◦C, 861 ◦C, 893 ◦C, and 934 ◦C in the third pass fusion zone
of dissimilar stainless steels from DSC analysis and Thermo-Calc
simulation.

(2) The diffusivities of D�
Cr and D�

Ni had higher values than that of
D�

Cr and D�
Ni, so that phase transformation of the � → � can occur

according to Vitek diffusion equation calculations.
(3) When the diffusion activation energies of Cr in �-ferrite and

�-austenite are equal to that of Ni in �-ferrite and �-austenite
(Q �

d Cr�Q �
d Ni�164 kJ/mol) and Q �

d Cr�Q �
d Ni�204 kJ/mol), phase

transformation of the � → � can occur.
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