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Technical Reference on Hydrogen Compatibility of Materials
High-Alloy Ferritic Steels:

Duplex Stainless Steels (code 1600)

1. General

A duplex stainless steel is an alloy containing a two-phase microstructure of face-centered
cubic austenite (y) and body-centered cubic ferrite (o), where the phases each consist of at least
12 wt% Cr. Generally, duplex stainless steels have compositions in the range 18-26 wt% Cr, 4-7
wt% Ni, and in many cases 2-3 wt% Mo with some nitrogen. The so-called super duplex
stainless steels have alloy contents at (or even slightly greater than) the high end of these ranges.
Duplex stainless steels are typically used in applications that benefit from their high resistance to
stress corrosion cracking, good weldability, and greater strength than other stainless steels [1].

Given this two-phase microstructure, duplex stainless steels provide a mixture of the
properties of each phase so that they are tougher than the ferritic steels and stronger than the
(annealed) austenitic steels by a factor of about two. This implies that their compatibility with
hydrogen also reflects a combination of the phases. Ferrite is highly susceptible to hydrogen-
assisted fracture and has high diffusivity and low solubility for hydrogen. Austenite is generally
much less susceptible to hydrogen-assisted fracture, but has a very high solubility and very low
diffusivity for hydrogen. Consequently, the resistance to hydrogen-assisted fracture increases
with austenite content [2]. A further consequence of the difference in transport of hydrogen in
these two primary phases is that a fully ferritic steel recovers much of its ductility in a few days
when removed from a hydrogen environment, while the presence of 15% austenite results in
much less recovery after removal from a hydrogen environment [2]. No detectable recovery of
ductility is noted in 2205 (35% austenite) thermally precharged with hydrogen then subsequently
stored at ambient temperature for 3 years [2].

In general, duplex stainless steels with internal hydrogen experience significant losses in
ductility as measured by reduction of area in smooth tensile tests [2-6]. Susceptibility to
hydrogen-assisted fracture appears to be greater for material that has been strain-hardened
compared to annealed material [6]. Ductility losses when tested in low-pressure hydrogen gas are
less severe, although quite significant considering the hydrogen fugacity at low pressure. Effects
of gaseous hydrogen on fracture are also manifest in notched specimens [7, 8] and fatigue [9,
10].

1.1 Composition and microstructure

Table 1.1.1 lists the approximate compositional specification ranges for a number of duplex
alloys. Table 1.1.2 provides the compositions of several heats of duplex stainless steel used to
study hydrogen effects. Table 1.1.3 summarizes the nominal tensile properties and austenite
content of materials from several studies on hydrogen effects.
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1.2 Common designations

Duplex stainless steels are often designated with four digits: the first two digits represent the
weight percent of chromium, and the second two digits represent the weight percent of nickel;
thus 2205 nominally has 22% Cr and 5% Ni. However, a number of duplex stainless steels have
registered trademarks and tradenames associated with them such as Uranus 50, Zeron 100, and
Ferralium 255. The more common alloys and their tradenames are summarized in Table 1.1.1.

2. Permeability, Diffusivity and Solubility

Hydrogen gas permeation experiments on duplex alloys have not been found in the literature.
Perng and Altstetter, however, have performed gas phase permeation experiments on highly
cold-worked type 301 and type 304 stainless steels that resulted in microstructures with large
fractions of o’ martensite [11]; martensite and ferrite are expected to have relatively similar
hydrogen transport properties since both phases are body-centered cubic (while austenite is face-
centered cubic). Their results show the diffusivity of the 301 austenite-martensite composite
increases with content of martensite and approaches the value measured for a ferritic stainless
steel at high concentrations of martensite. The permeability of the 301 composite is also
generally between the fully austenitic alloys (low permeability) and the ferritic stainless steel
(high permeability), except at the highest martensite contents where the permeability in the
composite is greater than the ferritic stainless steel. The hydrogen solubility is the quotient of the
permeability and the diffusivity, thus the hydrogen solubility of the composite material is again
between the low solubility exhibited in the ferritic stainless steel and the high solubility in the
austenitic alloys.

Electrochemical and off-gassing techniques have been used to determine the diffusivity of
hydrogen atoms in duplex stainless steels. Because of the two-phase structure and, generally,
anisotropic microstructure, hydrogen transport in duplex steels can be a function of orientation.
Hutchings et al. [12, 13] found that hydrogen diffusivity in duplex stainless steel (heat H91) was
greater when the hydrogen flux was parallel to the elongated grain structure, however, this effect
was relatively modest: about a factor of two. They also report that the diffusivity is not strongly
affected by austenite content (y) in the range 44% to 15%, but the diffusivity increases rapidly as
the material becomes fully ferritic. The ratio of diffusivity of the duplex alloy with no austenite
and with 44% austenite is about 400 [13]. This trend is consistent with the inverse rule of
mixtures reported for diffusivity by Iacoviello et al. [14] of the form

L=(1_f7)+£ (1)
D, D, D,

This is a variant of the form proposed elsewhere [15], where f, is the volume fraction of

austenite and D,y is the effective diffusivity of the alloy and D; is the diffusivity of the individual
phases. Similar to orientation effects and the effects of austenite content, cold-work was found to
have only a small effect on diffusivity of 2205 duplex stainless steel [16]. The diffusivity values
reported in these and several other studies are given in Figure 2.1.

Degradation of tensile ductility due to precharging with hydrogen can be precluded if the
materials are removed from the hydrogen environment and heated [3]. However, it may take an
extraordinarily long time to recover properties without heating [2, 14]. Significant degradation in
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tensile ductility was found to remain in thermally precharged 2205 (~35% austenite) after 55
days [3] and 3 years [2] at room temperature, but nearly full recovery of ductility was achieved
by heating at 573 K for 4 hours [3]. As described above, the hydrogen diffusivity is relatively
insensitive to phase distribution for expected ranges (y content from 25 to 50% or greater), thus
recovery of properties is not expected to be a strong function of the relative amounts of austenite
and ferrite or their morphology.

The concentration of hydrogen in a 2205 duplex stainless steel with about 35% austenite
content (heat Z91A) was found to be about 20 wppm after precharging in 22 MPa H, gas at
623 K for 48h [2, 5]. Thermal precharging at the same temperature but a slightly lower pressure
(17 MPa) resulted in hydrogen content of 15 wppm [4]. These conditions are reported to be
sufficient to reach uniform saturation in tensile bars with a gauge diameter of 3.2 mm [2, 4, 5].

3. Mechanical Properties: Effects of Gaseous Hydrogen
3.1 Tensile Properties

3.1.1 Smooth Tensile Properties

Room temperature testing of smooth tensile specimens with internal hydrogen (by thermal
precharging in hydrogen gas) shows significant loss in ductility [2-5] as shown in Figure 3.1.1.1
as a function of strain rate. This plot shows the general trend that susceptibility to hydrogen-
assisted fracture is enhanced at low strain rates due to more time for hydrogen redistribution to
susceptible features in the microstructure. In addition, both annealed and strain-hardened 2507
show a significant degradation of tensile ductility: RA as low as 25% for the hydrogen-
precharged material in the strain-hardened condition (Table 3.1.1.1) [6].

Smooth tensile specimens strained in hydrogen gas (external hydrogen) generally show
(Figure 3.1.1.2) an increased susceptibility to hydrogen-assisted fracture as the hydrogen
pressure is increased [3, 5]. Figure 3.1.1.3 compares the absolute RA for a single heat of 2205,
showing that the ductility loss is a function of hydrogen pressure. The higher susceptibility to
hydrogen-assisted fracture at low strain rate in these figures is attributed to the effect of
deformation rate on both hydrogen transport and martensitic transformations [5]: more hydrogen
can be transported in longer tests. The role of martensitic transformations on hydrogen-assisted
fracture in austenitic steels has not been fully resolved, but it appears that martensitic
transformations, while perhaps not necessary for degradation of stainless steels in hydrogen
environments [17], certainly exacerbate hydrogen-assisted fracture when they form [18].

Although it is expected that orientation of the microstructure in duplex stainless steels could
play an important role in hydrogen-assisted fracture, tensile testing of 2205 pipe with internal
hydrogen shows little effect of orientation [4]. Tensile specimens tested in low-pressure external
hydrogen, however, do show some effect of orientation [3-5]. Moreover, banded microstructures
show larger variations with orientation than comparatively isotropic microstructures [4]. For
testing in environmental hydrogen without significant prior hydrogen exposure, hydrogen must
be transported from the surface of the specimen into the lattice. Since hydrogen diffusivity is
much greater in ferrite compared to austenite, the morphology and orientation of the ferrite with
respect to the cross section of the tensile specimen should play an important role on relatively
short time scales, such as those associated with tensile tests. For example, ferrite bands that are
oriented perpendicular to the tensile axis will be more effective at transporting hydrogen to the
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center of a tensile specimen than ferrite bands that are aligned along the tensile axis. Moreover,
orientation effects will probably become more important at lower ferrite content because ferrite
will be less contiguous at lower volume fractions.

3.1.2 Notched Tensile Properties

Notched tensile foils of Ferralium 255 (heat P88) suffer a significant reduction in notch
tensile strength and elongation to fracture when tested in 0.11 MPa hydrogen gas compared to
testing in air at ambient temperature [7]. At temperature > 373 K, there is no difference in
properties measured in air and 0.11 MPa hydrogen gas [7].

3.2 Fracture mechanics

3.2.1 Fracture toughness

A significant reduction in the fracture toughness of thermally-precharged 2507 was reported
for material in the strain-hardened condition (Table 3.2.1.1) [6]. Although a fracture toughness
(Kic) of 48 MPam'” in the thermally precharged condition is significantly lower than the
material in the absence of thermal precharging, this value is consistent with threshold stress
intensity factors measured for low-alloy steels [19] that are used in high-pressure hydrogen
service.

3.2.2 Threshold stress-intensity factor

Altstetter et al. determined crack growth rates and threshold stress-intensity factors in
notched sheet specimens of Ferralium 255 (heat P88) where plane stress conditions prevailed [7,
20]. Specimens were tested in up to 0.22 MPa hydrogen gas [7] and precharged to uniform
concentration in molten salts at temperature of 538 K (i.e., internal hydrogen) [20]. These studies
found that threshold values decreased as hydrogen pressure increased. The threshold values were
also greater at elevated temperature for tests performed in hydrogen gas, particularly for tests at
348 K and 373 K [7].

Classic microvoid coalescence was observed on the fracture surfaces of precharged
specimens at low hydrogen contents, while the amount of flat cleavage facets was greater for
specimens with greater hydrogen content [20]. Threshold stress-intensity factors with internal
hydrogen were relatively unaffected by testing temperature in the range 273 and 323 K [20].

3.3 Fatigue

Fatigue testing of a 2507 super duplex stainless steel (M92) in flowing hydrogen gas (i.e.
hydrogen at approximately one atmosphere pressure) resulted in crack growth rates that are
almost an order of magnitude higher than in argon for AK > 25 MPa m'"? with R = 0.5 (ratio of
minimum to maximum K and load) [10]. The crack growth rates, however, were similar for
small stress intensity range (AK), less than about 15 MPa m'? [10]. The upper and lower bounds
of crack growth rates as a function of AK from Ref. [10] are shown in Figure 3.3.1. Crack growth
rates also tended to be faster for greater R ratios although they become similar at AK >
30 MPam'? [10]. Fractography in this study showed that the ferrite failed by cleavage. A
subsequent study [9] found that temperature in the range 298 K to 453 K had little effect on
fatigue crack growth rates in flowing hydrogen.
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3.4 Creep
No known published data in hydrogen gas.

3.5 Impact
No known published data in hydrogen gas.

3.6 Disk rupture testing

Disk rupture tests have been performed on duplex alloys referred to as 326 [21] and IN744
[22]; these alloys appear to be similar to one another with nominally 26Cr-7Ni and no
molybdenum. Duplex stainless steel is classified as displaying little or no sensitivity to hydrogen
in these studies and particularly attractive due to its high-strength [21]. This is at odds with the
tensile and fracture mechanics data outlined in previous sections, perhaps due to the relative
short-time scales associated with the disk rupture tests precluding substantial hydrogen transport
in the lattice.

4. Fabrication

4.1 Primary processing

The resistance to hydrogen-assisted fracture of a 2205 duplex stainless steel (heat E96) was
found to increase with austenite content in tensile testing in external hydrogen (0.2 MPa
hydrogen gas) and with internal hydrogen (thermal precharging in 25 MPa hydrogen gas at
633 K) [2]. The observation that austenitic phases in duplex steels are more resistant to
hydrogen-assisted fracture than ferritic phases is consistent with the view that austenitic stainless
steels are relatively resistant to hydrogen-assisted fracture compared to ferritic steels [23].

4.2 Heat Treatment

Heat treatment was used to produce between about 5 and 50% austenite in duplex stainless
steel 2205. The RA (both with internal and external hydrogen) was found to drop from greater
than 50% to less than 20% as the amount of austenite was reduced (Figure 4.1.1) [2]. The trend
for strain rate effects was similar for all microstructures (see Section 3.1.1). The effect of
austenite content, however, must be balanced with the fact that the yield strengths of the
microstructures with high austenite contents were somewhat lower (600 MPa compared to
750 MPa) than the microstructures with low austenite content (Table 1.1.3); hydrogen effects
tend to be more pronounced in higher strength alloys.

4.3 Properties of welds

Laser welded notched tensile specimens from 2205 plate (heat Y05) were tested in 0.2 MPa
gaseous hydrogen and reported in Ref. [8]. The austenite content in the weld was varied by
controlling the welding process and it was found that material with higher austenite content
showed greater resistance to hydrogen. The notched tensile strength (o) of the base material
(43% austenitic) was reduced by 9% when testing in hydrogen gas, while the o of a weld with
only 25% austenite was reduced by 28% in hydrogen gas.

Susceptibility to hydrogen-assisted fracture of duplex stainless steel increases markedly when
the delta ferrite content is increased above 50% in weld deposits produced using an Ar-10 vol%
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H, shielding gas [24]. Hydrogen-bearing shielding gases are used to improve weld pool fluidity
and prevent surface oxidation, but hydrogen is entrapped in the microstructure during the
welding process, increasing hydrogen susceptibility.
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Table 1.1.1. Compositions (wWt%) of several common commercial duplex stainless steels [25].

AISI No /
UNS No Common Fe Cr Ni Mo Cu Mn Si C N other
Name
21.0 1.35 0.1 0.1 4.0 1.0 0.04 0.20 | 0.04 max P;
S32101 LDx 2101 Bal 22.0 1.7 0.8 0.8 6.0 max max 0.25 [ 0.3 maxS
22.0 4.5 3.0 2.0 1.0 0.03 0.14 | 0.03 max P;
532205 2205 Bal 23.0 6.5 3.5 o max max max 0.20 | 0.02 max S
21.5 3.0 0.05 0.05 2.5 1.0 0.03 0.05 | 0.04 max P;
532304 2304 Bal 24.5 5.5 0.60 0.6 max max max 0.20 | 0.04 max S
330404 Uranus 50 Bal 20.5 5.5 2.0 1.0 2.0 1.0 0.04 0.2 0.03 max P;
(Uranus B50) 22.5 8.5 3.0 2.0 max max max max | 0.01 max S

24.0 5.5 3.0 0.5 1.5 0.8 0.03 0.20 | 0.035 max P;

532520 Uranus 52N+ | Bal " | o' 4.0 20 | max | max | max | 035 |0.02max$

24.0 4.5 2.9 1.5 1.5 1.0 0.04 0.10 | 0.04 max P;

532550 Ferralium 255 | Bal | ') | (' 3.9 25 | max | max | max | 025 |0.03 max$

24.0 6.0 3.0 1.2 0.8 0.03 0.24 | 0.035 max P;
832750 SAF 2507 Bal 26.0 8.0 5.0 o max max max 0.32 |1 0.02max S
0.5-1.0 W;

240 | 6.0 3.0 05 1.0 1.0 | 003 | 02 ,
832760 Zeron 100 Bal | 50 | 8.0 4.0 1.0 | max | max | max | 03 |2:03maxP;

0.01 max S
230 | 25 1.0 1.0 | 075 | 0.08 0.04 max P;
532900 . Bal 1 5¢0 | 5.0 2.0 ~ | max | max | max |  |0.03max$
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Table 1.1.2. Compositions (wWt%) of several heats of duplex stainless steels used to study hydrogen effects.

Heat Alloy Fe Cr Ni Mo Cu Mn Si C N Other Ref.
P88 Fer;‘;lslum Bal 26 55 3 1.6 nr nr nr | 0.16 nr [7]
<0.01 P; [12,
H91 | Uranus50 | Bal | 21.6 | 63 | 251 | 077 | 063 | 087 | 0.06 | nr 0.01 S 131
0.025 P;
M91 | Zeron100 | Bal | 24.04 | 6.827 | 3.77 | 0.626 | 0.77 | 0.175 | 0.024 | 0.215 | 0.002S; | [9, 10]
0.625 W
0.021 P;
Z91A Bal | 223 | 5.7 29 | 006 | 1.62 | 035 | 0.027 | nr <0002 9 [4]
2205 0.019 P;
791B Bal | 229 | 52 | 3.12 | 003 | 099 | 05 | 0016 | nr 0.0025 3, 4]
E96 2205 Bal | 230 | 5.0 3.0 nr 1.0 nr nr | 0.13 nr [2, 5]
Similar to 0.028 P;
197 205 Bal | 2278 | 564 | 25 | 015 | 143 | 039 | 003 | 0.13 0.011S [14]
0.028 P;
C99A 2205 Bal | 22.15 | 528 | 3.11 | — | 1.58 | 053 | 0.024 | 0.19 0,000 S
0.025 P; [26]
C99B Bal | 224 | 542 | 324 | 021 | 143 | 041 | 0.014 | 0.198 e
0.004 S
L02 2205 Bal | 22.79 | 5.32 3 004 | 1.53 | 037 | 003 | 02 |003P;0.03S| [27]
Y05 2205 Bal | 21.1 | 5.8 2.7 | 002 | 142 | 045 | 0.052 | 0.165 %‘%2252 I;; [8]
S07 2507 Bal | 2522 | 694 | 3.9 046 | 025 | 0.011 | 0287 | O019F [6]

nr = not reported
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Table 1.1.3. Austenite content and tensile properties of duplex stainless steels (prior to hydrogen
exposure) used to study hydrogen effects.

Material ACI:)(SI(E{;‘EG S‘[I‘E(l;l_’ll )r ate (l\/?Iy’a) (l\/?;a) (}E/(l:) gg Ref.
Z91A -L 37 651 795 42 84
Z91A -T 4 634 785 41 74
10 [4]
Z91B -L 15 620 740 36 85
Z91B-T 600 710 39 83
7Z91B 35 — 577 766 36 87 [3]
E96 35 — 623 744 42 78 [5]
E96 - 50 50 592 758 39.1 80.5
E96 - 15 15 3.7x10° 704 807 30.6 64.7 [2]
E96 -0 0 743 844 19.9 51.7

L = Longitudinal, T = Transverse

Table 3.1.1.1. Smooth tensile properties of duplex stainless steel at room temperature; measured
in air with internal hydrogen (thermal precharging in hydrogen gas).

Material Thermal Test Sgl?én Sy S. | El, | Ei | RA Ref

© precharging | environment () (MPa)| (MPa)| (%) | (%) | (%) '

2507, heat SO7 None Air 12 | 647 | 879 | 25 48 85 (6]
annealed (1) Air x10° | 745 | 914 | 24 | 35 | 46
2507. heat SO7 None Air 12 | 988 | 1110 | 1.2 26 80

- 3 [6]
strain-hardened (1) Air x10™ | 1208 | 1221] 1.0 | 12 | 25

(1) 138 MPa hydrogen, 573 K, 240 h (saturation); measured average concentration of 125
wppm hydrogen (7000 appm)
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Table 3.2.1.1. Fracture toughness of duplex stainless steel at room temperature; measured in air
with internal hydrogen (thermal precharging in hydrogen gas).

. Thermal Test Sy T Kic
Material Test method precharging | environment | (MPa) | (MPa ml/z) Ref.
3PB None Air 988 285 1
2507, heat SO7 LEFM & . [6]
strain-hardened EPEM (1) Air 1208 48

3PB = 3-point bending specimen, LEFM = linear elastic fracture mechanics, EPFM = elastic-

plastic fracture mechanics

1 yield strength of smooth tensile specimen

I value determined from Jg (i.e. specimen did not meet the geometrical requirements of
ASTM E1820 for Kjc or Jic)

(1) 138 MPa hydrogen, 573 K, 1440 h (saturation); measured average concentration of 125
wppm hydrogen (7000 appm)

10-95 T T T T I T T T T I I T T T T | T T T T |
F lacoviello
L > Luu ]
1071 ® Chen 4
— E - =& - - Hutchings (y = 44%) | 3
"0 D = 6.5 x 10°® exp(-33700/RT) ] Hutchings
o L
E 10" 1 y=0%
D -
s 12
% 10°F E
= F 3
e L A ]
131 RN _ o/ |
10 D = 4.6 x 108 exp(-36600/RT) S A= 5%
N y=14% ]
r > Y= 33°/o T
10'14 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 /I | 1 1
1 1.5 2 2.5 3 3.5

Temperature, 1000/T (K™)

Figure 2.1. Hydrogen diffusivity as a function of temperature for several duplex alloys:
Iacoviello, heat 197 [14]; Luu, heat L02 [27]; Chen, heat L02, values for annealed, cold-
worked 20% and 40% respectively in increasing order of diffusivity [16]; Hutchings, heat
HO1 [12, 13].
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Figure 3.1.1.1. Relative reduction of area of 2205 duplex stainless steel as a function of strain
rate in smooth tensile tests. The material has been thermally precharged with hydrogen at
623 K and several hydrogen gas pressures: closed symbols heat Z91B from Ref. [3]; open

symbols heat E96 from Ref. [5].
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Figure 3.1.1.2. Relative reduction of area for 2205 duplex stainless steel as a function of
strain rate in smooth tensile tests. Tests were conducted in hydrogen gas at room temperature
and several hydrogen gas pressures: closed symbols heat Z91B from Ref. [3]; open symbols
heat E96 from Ref. [5]. Trend line from Figure 3.1.1.1.
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Figure 3.1.1.3. Reduction of area for 2205 duplex stainless steel (heat E96) as a function of
strain rate in smooth tensile tests comparing internal and external hydrogen. Same data as
from Figure 3.1.1.1 and 3.1.1.2. [5]
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Figure 3.3.1. Approximate bounds for crack growth of compact tension specimens (heat
M91) in approximately 0.1 MPa gas, R = 0.5. Crack growth rates are independent of
frequency at 0.1 and 5 Hz. The crack growth rate is intermediate between these bounds for
R = 0.1 in hydrogen at low AK, but converges to the upper bound at high AK. [10]
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Figure 4.1.1. Reduction of area for 2205 duplex stainless steel (heat E96) as a function of
austenite content with internal hydrogen and in external hydrogen. [2]
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