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Effects of tungsten (W) on the precipitation kinetics of secondary phases and the associated resistance to
pitting corrosion of 25 % Cr duplex stainless steels were investigated through microstructural and electrochemical
noise analyses. With the partial substitution of W for Mo in duplex stainless steel, the potential and current
noises of the alloy were significantly decreased in chloride solution due to retardation of the o phase precipitation.
The preferential precipitation of the ¥ phase in the W-containing alloy during the early period of aging
contributed to retarding the precipitation of the o phase by depleting W and Mo along grain boundaries.
In addition, the retardation of the nucleation and growth of the ¢ phase in the W-containing alloy appears
to be attributed to the inherently low diffusivity of W compared with that of Mo.
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1. Introduction

Austenitic-ferritic duplex stainless steel (DSS) is attrac-
tive as a structural material in the fields of energy/ environ-
mental systems where both high mechanical strength and
excellent resistance to localized and stress corrosion are
required. Generally, these alloys have two to three times
higher yield strength and exhibit greater resistance to
localized and stress corrosion than type 300-series austeni-
tic stainless steels at a comparable cost."”

Commercial DSS usually contain 22-25 % Cr, 5-7 %
Ni, 3-4 % Mo and 0.15-0.35 % N, and recent trends for
newly developed DSS are towards increasing the Cr and
Mo contents of the alloys to improve the resistance to
localized and stress corrosion. However, the increase in
Cr and Mo contents in DSS promotes the precipitation
of secondary phases such as sigma (0), chi (), chromium
nitrides, and alpha prime (o) phases when exposed to
temperatures of 300 ~ 900 'C"7. Above all, the ¢ phase,
a body-centered, tetragonal intermetallic compound that is
rich in Cr and Mo with a larger volume fraction than any
other phases is considered as the most detrimental secon-
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dary phase in DSS.

It is well known that the mechanical properties of DSS
can be seriously deteriorated by the formation of small
amount of ¢ phase.3)'6) Thus, the production of thick pipes
or bars with large diameters is limited because of the
precipitation of the ¢ phase in the interior of products
where cooling rate is relatively slow after solution annea-
ling treatment. The precipitation of o phase also depletes
surrounding phases of Cr and Mo, leading to a reduction
in corrosion resistance of DSS.””

Kim et al. previously reported that the resistance to
pitting and stress corrosion of 25 % Cr DSS was signi-
ficantly degraded with aging at 850 °C.'" They suggested
that the deterioration in resistance to localized corrosion
of the alloy is due to the precipitation of ¢ phase at
austenite (y)/ferrite (@) or ferrite (@)/ferrite () boundaries,
and additionally the precipitation kinetics of such a phase
can be delayed by partial substitution of tungsten (W) for
molybdenum (Mo) in DSS. In spite of a large body of
previous studies on the effects of secondary on the corro-
sion resistance of DSS, few attempts have been systema-
tically made to study how tungsten affects the precipitation
of secondary phases and the associated initiation and
propagation of pitting corrosion. In addition, to gain infor-
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mation on the initial stage of pitting, especially on metas-
table pitting, near the secondary phase is very important
to understand the effect of such phase on the localized
or stress corrosion of DSS.

Recently, electrochemical noise measurement (ENM)
technique has been widely used in studies on the pit
stability of conventional austenitic stainless steels."™? In
particular, the potential or current transients in the time
domain are closely associated with the mitiation and
following repassivation of metastable pits. However, thus
far, research on pitting in DSS using electrochemical noise
measurements (ENM) has rarely been conducted.

The aim of the present study is to investigate the effects
of precipitation kinetics of secondary phases and the
associated susceptibility to pitting corrosion through mic-
rostructural and electrochemical noise analyses.

2. Experimental

The alloys used in this work were melted in a vacuura
induction furnace, and cast in 25 kg ingot. The chemical
compositions of the alloys are presented in Table 1. The
alloys were designed to have chemical compositions of
Fe-25Cr-Ni-3Mo-0.25 N and Fe-25Cr-7Ni-3W-1.5Mo-
0.25N respectively, with same PREN (42=%Cr+3.3
(%Mot+0.5%W)+30%N) value. Fach alloy was named
3Mo and 3W-1.5Mo according to its Mo and/or W com-
positions. The alloys were prepared in the form of a
hot-rolled sheet 4 mm thick after homogenization heat
treatment for 2 h at 1250 “C. Then, the alloys were solution
annealed for 2 h at 1050 'C, and finally aged respectively
for 10 min, 20 min, 1 h, and 10 h at 850 °C. The specimens
were ground with silicon carbide paper up to 2000 mesh
finish before electrochemical tests. Some specimens were
polished to 1T um finish before testing for metallographic
observations.

Electrochemical potential and current noises of the
alloys were measured in 10% FeCl; - 6H,O solution at
60 'C with a sampling time of 1 s for data acquisitior,
and then quantitatively analyzed by the maximum entropy
method (MEM)‘IS) To measure the critical pitting tem-
perature (CPT) and electrochemical noise, a zero resistance
ammetry (ZRA) was used, as reported in reference.'®""”
The working electrode with an exposure area of 0.5 cm’

Table 1. Chemical compositions (wt. %) of the duplex stainless
steels.

Cr Ni Mo W N Fe
3Mo 2460 6.60 3.12 - 0.25 bal.
3W-1.5Mo 2482 6.79 1.60 325 0.25 bal.
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was coupled with a thin platinum (Pt) wire with a tip
diameter of about 100 pm, and both electrodes were
connected via a ZRA. Thin Pt wire was used as a cathode
to reduce the contaminating noise from the cathode and
to minimize the shift of corrosion potential of the working
electrode affected by the inert noble electrode.'” Elec-
trochemical cell was enclosed in a shielding box composed
of inner layer of styrofoam insulator and outer layer of
copper shield to maintain the solution temperature and to
protect the system from external noises. During the CPT
measurements solution temperature was increased at & rate
of 0.8°C - min.

Microstructure and phase composition of the alloy were
examined by scanning electron microscope (SEM) with
back-scattering detector and by an attached electron-dis-
persive X-ray spectroscope (EDS).

3. Results and discussion

3. 1 Influence of tungsten (W) on the precipitation kine-
tics of secomdary phases

Fig. 1 shows the back-scattered electron (BSE) images
of 3Mo (Fe-25Cr-TNi-3Mo-0.25N) and 3W-1.5Mo (Fe-
25Cr-7TNi-3W-1.5M0-0.25N) alloys aged at 800 C. In
addition, the volume fractions of secondary phases in the
alloys are represented in Fig. 2. Compared with 3Mo alloy,
Mo was partially substituted by W in 3W-1.5Mo alloy.
With aging for 20 min, fine x phase precipitated conti-
nuously along grain boundaries in 3W-1.5Mo alloy, while
relatively larger o phase appeared mainly at grain boun-
dary triple points in 3Mo alloy. x phase can be easily
distinguished from ¢ phase, since it is brighter than o phase
in BSE image due to its higher Mo and/or W contents
than ¢ phase. In addition, the volume fraction of x phase
in 3W-1.5Mo alloy and that of o phase in 3Mo alloy
increased with increasing aging time to 20 min. In the
3W-1.5Mo alloy aged for 1 h, 0. phase was also visible
around ¥ phase in company with an increase in volume
fraction of X phase. There was also an increase in volume
fraction of o phase for 3Mo alloy. However, the volume
fraction of X phase in 3W-1.5Mbo alloy decreased with an
aging for longer than 1 h. Instead, the volume fraction
of ¢ phase increased significantly. With an aging for 10
h, the volume fraction of ¢ phase in 3W-1.5Mo alloy
exceeded that in 3Mo alloy, while the X phase in 3W-
1.5Mo alloy almost disappeared. The 3'W-1.5Mo alloy was
free from the precipitation of ¢ phase until aged for 20
min, and the volume fraction of o phase of 3W-1.5Mo
alloy was much smaller than that of 3Mo alloy even with
an aging for th. Instead, ¥ phase was mainly found in
3W-1.5Mo alloy in an early stage of aging, while such
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20 min

10 h

(a) 3 Mo

(b) 3W-1.5Mao

Fig. 1. Back-scattered electron images of (a) 3Mo and (b) 3W-1.5Mo alloys aged respectively for 20 min, lh, and 10 h at

800 °C.

phase was not visible in the 3Mo alloy. The precipitation
of X phase appears to be closely associated with the
retardation of the precipitation ¢ phase.

Table 2 shows the chemical compositions of ¢ and x
phases in the 3Mo and 3W-1.5Mo alloys aged for 20 min
at 800 ‘C. The o phases of each alloy were richer in Cr,
Mo and/or W than matrix. For the t phase observed only
in 3W-1.5Mo alloy, the Cr contents were lower, but Mo
and W contents were higher than the ¢ phase instead. In
particular, the ¥ phase exhibited much higher W contents,
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8.09 % compared to that, 3.47 % in the ¢ phase, while
the difference in Mo contents between ¢ and 1 phase was
relatively small. Accordingly, during aging, W appears to
preferentially segregate in 1 phase rather than in ¢. In other
words, W should be a strong stabilizer for x phase.
Two possible mechanisms were suggested in the pre-
vious study to explain the reason why the precipitation
of 0 phase is delayed for the W-containing alloys in early
stage of aging.l)’m) Since the formation of 0 phase in the
3W-1.5Mo alloy requires high concentrations of Mo and/or
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Fig. 2. Effect of aging at 800 °C on the volume fractions of
o and x phases of 3W-1.5Mo and 3Mo alloys.

Table 2. Chemical compositions of secondary phases in 3Mo
and 3W-1.5Mo alley aged for 20 min at 800 C.

Alloy 3Mo 3W-1.5Mo

Phase  Overall 0 Overall o 1
Cr 24.6 30.34 24.82 30.92 25.75
Mo 3.12 8.12 1.6 5.22 6.71
W - - 3.25 3.7 8.09
Ni 6.6 4.1 6.79 3.29 5.08
Fe bal. bal. bal. bal. bal.

W, the preferential precipitation of x phase in the alloy
during the initial period of aging can inhibit the nucleation
and growth of ¢ phase by depleting W and Mo adjacent
to the x precipitates. In addition, the retardation of the
nucleation and growth of the ¢ phase in 3W-1.5Mo alloy
may be attributed to the inherent difference in diffusion
rate between W and Mo. It was previously reported that
the diffusion rate of W at 800 'C was 10 to 100 times
slower than that of Mo in iron and ferrous alloys.lg)'zo)

3.2 Influence of tungsten (W) on critical pitting tem-
perature

Fig. 3 shows the effect of aging on the critical pitting
temperature (CPT) of 3Mo and 3W-1.5Mo alloys. On the
whole, the CPTs of 3Mo and 3W-1.5Mo alloys were found
to decrease with increasing aging time. The 3Mo alloy
exhibited poorer resistance to pitting corrosion and severer
degradation in CPT with aging than the 3'W-1.5Mo alloy
did. It is noticeable that the aging time when the first
decrease in CPT was observed corresponds to when the
o phase appeared first. This suggests that the degradation
in CPT is mainly due to the precipitation of ¢ phase in
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Fig. 3. Effect of aging at 800 °C onthe CPT of 3Mo and 3W-1.5Mo
alloys in 10 % FeClz - 6H,O solution.

the alloys. Fig. 3 also shows the slight recovery of CPT
after aging for 1h, especially for 3W-1.5Mo alloy, though
the volume fraction of o phase increased as shown in Fig.
2. This appears to be the replenishment of Cr and Mo
from the surrounding matrix by over-aging.

3.3 Influence of tungsten (W) on electrochemical noise

Fig. 4 shows the effect of aging on the potential and
current noises for solution annealed and the aged alloys.
The corresponding PSD plots were also shown in Fig, 5.
For the solution annealed condition, the potential of
3W-1.5Mo alloy was stable overall near at 630 mV while
the potential of 3Mo alloy fluctuated between more active
490 and 520 mV. Furthermore, the mean current of 3Mo
alloy was measured to be higher than that of 3W-1.5Mo
alloy. The PSD in low frequency also confirmed that the
electrochemical noises resulting from film reakdown
process were reduced by the partial substitution of W
(3W-1.5Mo) for Mo (3Mo alloy) in DSS. With increasing
aging time to 20 min, the potential and current of both
alloys fluctuated more severely than those of the solution
annealed alloys. With aging for longer than 1h, both 3Mo
and 3W-1.5Mo alloy exhibited stable pitting corrosion
behavior. Potertial belonged to active region and current
exceeded the value of 100 pA. The PSD of 3Mo alloy
was higher than that of 3W-1.5Mo ealloy in most aged
condition except the highly aged for 10 h. The higher PSD
indicates the higher severity of localized corrosion, and
the localized corrosion is closely associated with the
precipitation of secondary phase, especially ¢ phase. The
precipitation of ¢ phase was delayed by the partial
substitution of W for Mo. This was also confirmed in
electrochemical noises by the reduction in electrochernical
noises and associated PSD by the partial substitution of
W for Mo.
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Fig. 5. Potential and current PSD corresponding to the potential and current noises of 3Mo and 3W-1.5Mo alloys which were
solution annealed and aged for 10 min, 20 min, 1 h and 10 h.
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4, Conclusions

1. W in DSS appears to be a strong stabilizer for
phase with high contents of Mo and W. The preferential
precipitation of the 1 phase in the W-containing alloy
during the early stage of aging contributed to retarding
the precipitation of the ¢ phase by depleting W and Mo
along grain boundaries. In addition, since the o phase in
the 3W-1.5Mo alloy contained relatively high content of
W, the nucleation and growth of the o phase may be
delayed due to the inherently low diffusivity of W com-
pared with that of Mo.

2. CPTs of the 3Mo and 3W-1.5Mo alloys decreased
with aging due mainly to the precipitation of ¢ phase.
However, the degradation of CPT was retarded for the
3W-1.5Mo alloy compared with that for 3Mo alloy, resul-
ting from the delay in the precipitation of the ¢ phase
by the partial substitution of Mo for W in the alloy.

3. The potential and current noises, which were asso-
ciated with the initiation and the following repassivation
of metastable pitting, and the corresponding PSD of 3Mo
and 3W-1.5Mo alloys increased with aging due to the
precipitation of ¢ phase. However, 3W-1.5Mo alloy
showed better resistance to the initiation of pitting corro-
sion than 3Mo alloy in an early period of aging due to
the retardation of the precipitation of o phase.
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