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Effects of Alloying Elements (W, Mo) on the Localized Corrosion and
Formation of Sigma (o) Phase of Duplex Stainless Steels

Joon-Shick Kim, Chan-Jin Park and Hyuk-Sang Kwon
Department of Materials Science and Engineering

Korea Advanced Institute of Science and Technology

Effects of tungsten addition on the corrosion and formation kinetics of second
phases of 25Cr-7Ni-xMo-yW-0.25N (x=1.5~3, y=0~3) were investigated by
mechanical and electrochemical methods. For the designed alloys, the resistance to
pitting and stress corrosion increased as the W/Mo (wt%/wt%) ratio increased, Dur-
ing aging at 850°C, the alloys were rapidly embrittled by the precipitation of ¢
phase with the rate of embrittlement being delayed significantly with an increase in
W content. Among the designed alloys, the alloy containing 3W-1.5Mo exhibited
the highest resistance to pitting and stress corrosion in the solution annealed condi-
tion, and also the highest resistance to the embrittlement induced by aging at 850C.
The degree of degradation in the corrosion and mechanical properties of the alloys
during aging was closely associated with the amount of ¢ precipitates. Tungsten re-
tarded the nucleation and growth of the ¢ phase during aging, thereby delaying the
degradation in corrosion and mechanical properties of the alloys. The retardation of
the precipitation of ¢ phase by W during aging is due to its inherently slower diffu-
sion rate compared with that of Mo. Furthermore, W in the alloys caused a prefer-
ential precipitation of the chi (x) phase along the grain boundaries, and hence in-
hibited the nucleation and growth of the phase by depleting the W and Mo around
the 1 precipitates.

Keywords : duplex stainless steels, tungsten, molybdenum, pitting resistance equivalent, em-
brittlement, sigma phase, chi phase.
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Table 1. Chemical compositions of duplex stain-
less steels(wt% ) and those of austenite and fer-
rite phases which involved in sach of the duplex
stainless steel

Name Cc N Mo W N Fe PRE

overal 2526 639 272 0 0232 bal 41.2
3 Mo a 2677 493 343 - - bal
4 23.27 825 236 - - bal

overall 2529 6.89 155 286 0260 bal 429
IW-15Mo @ 2695 472 215 398 - bal
b4 2346 847 120 221 - bal

overal 25.70 7.00 194 205 0251 hal 43
2W-2Mo a 2688 493 280 265 - bal
y 2310 873 165 185 - bal
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Fig. 1. Effects of the substitution of W for Mo
on the anodic polarization response in deaerated 4
M NaCl solution at 80 C.
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Fig. 2. Current vs. time curve to measure the
critical pitting temperature of solution annealed
3Mo polarized to 600 mVg g in deaerated 4 M
NaCl solution.
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Fig. 3. Effect of W on critical pitting tempera-
ture of 25Cr duplex stainless steels polarized to
800 mV g in deaerated, 4 M NacCl solution.
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Table 1. Maximum stresses and strain to fail-
ure ratio of 3Mo, 3W-1.5Mo and 2W-2Mo alloy
strained at a rate of 2.4x107%s in boiling 42
% MgCl, solution

Maximum Stress Strain to Failure Ratio
Name

(MPa) (&1, 50 /84, air)
3Mo 245 0.063
3W-1.5Mo 376 0.057
2W-2Mo 341 0.088
500 T T T
Deaerated beiling
42% MgClI,
a0l e 3W-1.5Mo
cae eesens 1 2W-2Mo
fa ...... 3Mo
Q. 300
2
o 5
§ 200f
100 +
0 L " 1 Py
o) 1 2 3 4

Strain (%)
Fig. 4. Stress vs. strain curves for solution an-
nealed alloys of 3Mo, 3W-1.5Mo and 2W-2Mo in
deaerated boiling 42 % MgCl,. The specimens
were strained at 107%/s by slow strain rate tester.
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Fig. 5. Effects of aging at 850 C on the Charpy
impact toughness of the designed alloy: 3Mo,
3W-1.5Mo and 2W-2Mo.
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Fig. 6. Effects of aging at 850 C on the stress-
strain behavior of 25Cr duplex stainless steel.
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Table 3. Elongation(% )} of 3Mo, 3W-1.5Mo and
2W-2Mo with aging at 850 T

Aging Time(h)
Name 0 05 1 10
3Mo 398 236 136 5.0

3W-1.5Mo 36.0 37.0 29.2 3.6
2W-2Mo 40.8 28.0 14.8 4.4
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@& e 2z $FE ds 850 TN
o] AJEAIZH] mE AAE9 WHE Table 39
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& e ek
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Fig. 7. XRD patterns, obtained by Cu Ka radia-
tion with monochromator, of the designed alloys
aged for 1h at 850 C showing the effects of the
substitution of Mo by W on the growth of ¢
phase.
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(a)

(b)

(c)

Fig. 8. SEM micrographs showing the ¢ phase pre-
cipitate during aging at for 1h 850 ‘C. Each speci-
men was elsctrochemically etched in 10 g KOH+
100 m! H,0 solution under DC 5 V for about 30 s.

THstn Ath x A4S 23 3W-1.5Mo AJ#E A
7 #RET gl Be d3aAEe] W ¥Hrheix|
%2 SAF 25073 e #3dA x A H2e

(a)

(b)

Fig. 9. Back scattered SEM micrographs showing
the phase existed in a) 3 Mo b) 3W-1.5Mo
alloys; aged for 10 min at 850 C.
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MEdel 24 Yz g BAW, 433 Frze
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AXKel, 3Mo ¥ WY W, W T4 ¢
AA oz 4L B} wNn, £Ho2 © Wo
Ex@c. 28y, AANFA 2249 BIe 3Mo
o] A %7} 3W-1.5MoE o} o 3A et

Fig. 10& 850°CAlA 1At Al& A8 § 3Mos}
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(a)

(b)

Fig. 10. Back scattered SEM images of the alloys
aged for 1h at 850 C, clearly showing a) o phase
in 3Mo, b) o and x phases together in 3W-1.5Mo.
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Table 4. Chemical compositions{wt% ) of austen-
ite and ferrite phases in 3 Mo alloy solution-treat-
ed at 1050 C and o phase in the same alloy aged
at 850 C for 1h, measured via EPMA(electron
probe micro analysis)

Fe Cr Ni Mho

ferrite (a) bal. 26.77 493 343
austenite (y) bal. 23.27 8.256 2.36
sigma (6)° bal. 3082 3.3 9.72

Measured by SEM-EDS.

Table 5. Chemical compositions{wt% ) of various
phases in 3W-1.5Mo alloy aged at 850 C for
10 min measured via TEM-EDS

Fe Cr Ni Mo w

ferrite (@) 63.15 27.00 494 172 319
austenite (y) 64.73 22.18 9.37 131 241
sigma (¢)° 5843 2791 433 3.07 6.27
chi (2) 50.05 19.40 444 356 22.54

“Measured by SEM-EDS.
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Fig. 11. Effect of aging at 850 C on resistance
to critical pitting temperature of (a) 3Mo and
(b) 3W-1.5Mo alloy.

Critical Pitting Temperature (°C)
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Fig. 12. Pit morphology of 3Mo alloy aged for 10h
at 850 C after CPT measurement test in
deaerated 4M NaCl solution under 600 mVgce an-
odic polarization.
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Table 6. Chemical composition(wt% ) of ¢ phase
measured via SEM-EDS for 3Mo and 3W-1.5Mo
aged at 850C for 1h

Cr Ni Mo w Fe
oin 3Mo 30.82 3.03 972 - bal.
sin 3W-1.5Mo 30.10 339 7.12 6.57 bal.
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