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ABSTRACT

AISI 316 austenitic stainless steel is a preferred material of construction for valves,
fittings, and other fluid system components for high-pressure gaseous hydrogen
service. The interaction of hydrogen with stainless steel depends on the prevailing
stress-state and the microstructural characteristics of a component’s material of
construction, among other variables. To evaluate the effects of geometrical stress-
risers and two-phase microstructures on hydrogen-assisted fracture of AISI 316
stainless steel, smooth and notched tensile properties were measured for annealed
material as well as for autogenously welded specimens after thermal precharging
with hydrogen. The tensile ductility of welded microstructures is significantly
reduced by hydrogen precharging, and the addition of a notch further degrades
ductility. These observations are rationalized in terms of hydrogen-enhanced
localized plasticity.

INTRODUCTION

Hydrogen gas is increasingly being considered as an energy storage medium for
stationary and mobile power generation. Fluid system components for hydrogen
delivery, containment and refueling, such as filling nozzles, receptacles, tubing,
fittings and valves must retain satisfactory mechanical properties when they are in
contact with high pressure hydrogen over an anticipated operating temperature range
of -50°C to 100°C.

The mechanical properties of many metallic materials can be affected by hydrogen
gas, especially when gas pressure is high. Hydrogen-induced property degradation of
materials has been studied for many decades [1-7]. Austenitic stainless steels in
general are more resistant to hydrogen-assisted fracture than ferritic steels [7].
Among the austenitic stainless steels, the AISI 316 family of alloys represents
particularly attractive candidates for hydrogen system components. Recently
published results show that the composition of AISI 316 stainless steel has a rather
significant effect on the material’s resistance to hydrogen-assisted fracture [8] and
that the effect of hydrogen on property degradation becomes even more evident at
sub-ambient temperatures [9, 10]. In particular, these studies show that AISI 316
alloys with the minimally required content of 10% nickel are much more affected by
hydrogen than the properties of alloys with more than 12% nickel [8-10].



The objective of this study was to evaluate additional effects of hydrogen-induced
property degradation that may be observed in components with stress risers such as
sharp corners and notches, and with welds. Weld zones tend to have two-phase
dendritic microstructures (similar to casting microstructures) because ferrite is
desirable during solidification of austenitic stainless steels in fusion welding
processes to prevent weld cracking. Consequently, since ferritic stainless steels are
typically not as resistant to degradation by hydrogen as austenitic stainless steels [7],
ferrite-containing welds in AISI 316 may be more susceptible to hydrogen-assisted
fracture. In this study, hydrogen effects on both smooth and notched tensile
properties of non-welded and welded specimens were determined and compared.

Figure 1: Microstructure of the fusion zone in the welds produced in this study.

EXPERIMENTAL

The AISI 316L stainless steel used in this study (Table 1) is the same heat of
material as alloy E in Refs. [8, 9]. This material was produced by electric arc furnace
(EAF) melting, argon oxygen decarburization (AOD) and vacuum arc remelting
(VAR). Materials refined by VAR have low levels of residual elements and
improved compositional homogeneity. The welded tensile bars were produced by
orbital autogenous gas tungsten arc welding of cylindrical butt joints; since filler was



not used, the average chemical compositions of welds and base metal are identical.
The welded specimens were produced from material in the strain-hardened
condition; however, welding yields nominally annealed microstructures in the heat-
affected zone (HAZ) adjacent to the fusion zone. The full-penetration welds were
centered in the gauge length of the test specimens. Figure 1 shows an example of the
significant microstructural variation found in the fusion zone of the welds.

Table 1: Alloy composition (weight percent).

C Cr Ni Mo Mn Si P S N
0.022 17.55 13.25 2.70 1.16 063 0.015 0.006 0.04

Two types of tensile specimens were used in this study: smooth and notched. The
ASTM ES8 subsized smooth tensile specimens had a gauge diameter of 4 mm. The
gauge length consists of the fusion zone, HAZ, and strain-hardened material. The
notched tensile specimens were proportionally scaled from the standard specimen
that is suggested in ASTM G142. The V-notch has an included angle of 60°, the
major and minor diameters are 8 and 4 mm respectively, and the notch root radius is
nominally 0.05 mm. For the welded specimens, notches were located either in the
fusion zone or in the heat-affected zone (HAZ) approximately 1 mm from the center
of the fusion zone; specimens with notches in these two locations are referred to as
the weld and HAZ respectively.

All tensile testing was conducted at constant displacement rate: smooth specimens at
0.02 mm/s and notched specimens at 0.002 mm/s. The measured strain rate for the
smooth tensile specimens was approximately 1.5x107 /s (in the plastic regime).
Yield strength (Sy, 0.2% offset), tensile strength (S,), and reduction of area (RA) are
reported for the smooth tensile tests. Notched tensile strength (Os) and RA are
reported for the notched tensile tests. Reported values are an average of at least two
measurements.

Thermal precharging of the final machined specimens was achieved in 138 MPa H,
gas at 300°C for at least 20 days. This length of time is sufficient to ensure that the
hydrogen concentration was essentially uniform across the largest diameter of the
specimens based on predictions for hydrogen diffusion. Details of this thermal
precharging process can be found elsewhere [6]. The hydrogen concentration in the
tested specimens was measured to be approximately 140 ppm by weight, consistent
with other work [11].

Fracture surfaces of the tensile tested specimens were examined using scanning
electronic microscope (SEM).



RESULTS AND DISCUSSIONS

Smooth Tensile Properties

The tensile strength of the welded smooth specimens is approximately the same as
the annealed base material. The yield strength, however, is slightly higher for the
welded specimens, probably due to constraint provided by the strain-hardened
starting material adjacent to the HAZ. In contrast to the strength, the RA of the
welded specimens (69%) is clearly lower than the base material (83%). This
difference is likely related to the higher defect population intrinsic to weld (cast)
microstructures.

Internal hydrogen leads to a significant increase of strength for both the annealed and
welded specimens (Table 2), similar to previous reports on austenitic stainless steels
[6-9]. Tensile elongation is generally not used to evaluate hydrogen-assisted fracture
in austenitic stainless steels and previous work has shown that elongation is
relatively insensitive to high concentrations of internal hydrogen [6-9]. Reduction of
area (RA), on the other hand, is particularly sensitive to hydrogen and commonly
used for evaluation of hydrogen-assisted fracture. As previously reported [8],
wrought AISI 316 stainless steels experience moderate reduction of RA when
thermally precharged with hydrogen. Welded material, however, experiences
significantly greater loss of ductility due to internal hydrogen than the annealed
material (Table 2). Austenite-ferrite microstructures tend to be more sensitive to
hydrogen-assisted fracture than single-phase austenite [12, 13], which may explain
the lower RA for the welded specimens. Similar values of RA have been reported
elsewhere for both non-charged and hydrogen-precharged austenitic stainless steel
welds [14].

Table 2: Smooth tensile properties of AISI type 316L austenitc stainless steel

. .\ Sy Su RA
Specimen Condition (MPa) (MPa) (%)
Annealed non-charged 242 585 83

(Non-welded) H-precharged 301 631 72
non-charged 272 572 69
Welded H-precharged 323 623 43

Notched Tensile Properties

The notched tensile strength of the welded specimens is nominally the same as the
annealed base material (Table 3). The notched tensile strength of the HAZ specimens
is slightly higher, probably due to incomplete annealing of the strain-hardened
microstructure during welding. The ductility (as measured by RA) is significantly
lower in the weld and HAZ specimens (22 and 26% respectively) compared to the
annealed base material (43%).



Hydrogen precharging increases the notched tensile strength of the annealed base
material (Table 3), similar to smooth specimens. The strength of the hydrogen-
precharged weld and HAZ appears to decrease slightly compared to the non-charged
weld and HAZ respectively; however, these differences are essentially within the
variation of these measurements. Hydrogen-precharging reduces RA of the annealed,
welded and HAZ specimens to greater extent in notched specimens than in smooth
specimens (Table 3). The RA of hydrogen-precharged, notched specimens is greatest
for the HAZ (23%) and lowest for the welded specimens (13%).

AISI 316 stainless steel is generally considered to be notch insensitive, since the
notched tensile strength (Os) is significantly greater than the unnotched tensile
strength. The high RA of the annealed base material (43%) also demonstrates the
inherent ductility of this microstructure, which implies notch insensitive behavior.
Lower RA for notched specimens compared to smooth specimens (83%) is expected
due to the triaxial state of stress generated by the presence of the notch. The notched
tensile strength is relatively unaffected by internal hydrogen, while the RA is
significantly degraded by internal hydrogen for all the tested conditions. These
observations show that while hydrogen affects the deformation in these
microstructures, fracture is associated with macroscopic plasticity. This is explored
in more detail in the following section.

Table 3: Notched tensile properties of AISI type 316L austenitic stainless steel.

. .. Os RA
Specimen Condition (MPa) (%)
Annealed non-charged 850 43

(Non-welded) H-precharged 904 18
non-charged 854 22

Weld H-precharged 843 13
non-charged 936 26

HAZ H-precharged 926 23

Fracture Mode

AISI type 316 austenitic stainless steels are very ductile materials that typically
display dimpled fracture surfaces that are indicative of microvoid coalescence
(MVC). The characteristics of MVC are observed for both the annealed and welded
tensile specimens fractured in this study. The welded specimens also display
localized areas that appear to reflect the solidified microstructure inherent in fusion
welds (Figure 2). Although no evidence of weld cracking was observed, the Cr-Ni
ratio (Hammer equivalents) for this material is 1.5, which corresponds to the
empirical compositional boundary for susceptibility to weld cracking in austenitic
stainless steel [15]. Despite fracture features associated with the welded



microstructure and the potential for weld cracking in these welds, the measured
tensile ductility is consistent with quality welds that feature only MVC [14].

The observed fracture modes for the welded specimens are essentially unchanged by
hydrogen-precharging. The majority of the fracture surface shows evidence of
microvoid coalescence (Figure 3). The underlying solidification microstructure,
however, is more apparent on the fracture surfaces of hydrogen-precharged, smooth
specimens than the non-charged specimens (Figure 2), covering about one-third of
the fracture surface of the hydrogen-precharged specimens. Ductile dimples
characterize the fracture appearance near the center of the notched specimens for all
the tested materials and conditions. The prevalence of MVC underscores the
inherently ductile nature of these materials and microstructures despite high
concentrations of hydrogen. The data (Tables 2 and 3), however, clearly show an
effect of hydrogen on the measured RA.
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(a) (b)
Figure 2: Fracture features of welded smooth tensile specimens that appear to be
associated with the solidified microstructure; (a) non-charged; (b) hydrogen-
precharged.
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Figure 3: Fracture surfaces of hydrogen-precharged welds, (a) smooth tensile
specimen; (b) notched tensile specimen.



Previous studies on austenitic stainless steel welds have shown that the ferrite in the
weld plays an important role in hydrogen-assisted fracture [13, 14]. Interpretation of
the fractographic evidence, however, is complicated by the inhomogeneity of the
weld microstructures (Figure 1), which is reflected in a range of fracture features
(Figures 2 and 3). The austenite-ferrite boundaries, nevertheless, appear to be an
important attribute for hydrogen-assisted fracture in welded materials. The furrows
that are observed on the fracture surfaces of the smooth tensile specimens, for
example, are significantly sharper in the hydrogen-precharged condition (Figure 2b)
compared to the non-charged condition (Figure 2a). This observation implies that
hydrogen enhances fracture associated with the two-phase microstructure, in
particular with the austenite-ferrite boundaries. Since cross is inhibited by hydrogen
[16], the effectiveness of boundaries as obstacles to dislocation motion is enhanced,
facilitating the pile-up of dislocations and contributing to the development of stress
concentration at boundaries [14]. Local stress concentration at the austenite-ferrite
boundaries can cause failure along these boundaries [14], or can induce cleavage
fracture in the ferritic phase as observed for duplex stainless [12] and welds [13]. In
either case, hydrogen-enhanced localized plasticity [16] is an important element for
inducing fracture associated with these boundaries.

SUMMARY

The effect of internal hydrogen was evaluated on the tensile properties of welded
AISI 316 stainless steel. Although internal hydrogen significantly reduces RA,
fracture is associated with plastic deformation in both annealed and welded
microstructures. As compared to wrought annealed material, welded metal was
found to be more susceptible to hydrogen-assisted fracture. Other studies have
attributed hydrogen-assisted fracture in two-phase microstructures to hydrogen-
enhanced stress concentration at austenite-ferrite boundaries. The results and
observations of fracture surfaces in this study are consistent with this interpretation.
Notches increase stress in the specimens, which contributes to further reduction of
tensile ductility compared to smooth tensile specimens. Notches are particularly
effective at reducing tensile ductility in two-phase microstructures (welds) exposed
to hydrogen, since local stress concentrations at the boundaries due to hydrogen are
further enhanced by the higher far-field stresses.
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