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Abstract

The tensile properties of API-5L grades X52, X65, and X100 pipeline
steels have been measured in a high pressure (13.8 MPa) hydrogen gas
environment. Significant losses in elongation to failure and reduction in area
were observed when testing in hydrogen as compared with air, and those
changes were accompanied by noticeable changes in fracture morphology. For
hydrogen charged specimens, surface crack initiation and growth was the
primary failure mechanism. Specimens tested in air exhibited typical ductile cup-
and-cone failures. In addition to baseline characterization of the effects of
strength and microstructure, the influence of strain rate and hydrogen gas
pressure were studied for the X100 alloy. Losses in ductility were observed with
increases in pressure and decreases in strain rate, but the influence of these
variables on hydrogen embrittlement decreased at higher pressure and low strain
rates.
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INTRODUCTION

Hydrogen gas has the potential to serve as an energy carrier for both the
transportation and energy sector. Hydrogen fuel cell vehicles offer an alternative
to automobiles that run on fossil fuels, and several automotive manufacturers
intend to produce hydrogen fuel cell vehicles in production quantities by 2015 [1,
2]. In addition, hydrogen can be used to buffer the variability in wind and solar
energy through incorporation into the smart grid [3-5]. Electrolyzers near the
wind and solar farms can convert water to hydrogen during peak energy supply

cycles. The hydrogen can then be stored (mainly in pipeline networks) and



converted back to water in a fuel cell to generate electricity during periods of
peak demand.

For widespread use of hydrogen storage to become a reality, hydrogen
gas should be transported efficiently, reliably, and safely through gas pipelines.
Unfortunately, most high pressure gas and oil pipelines are composed of ferritic
steels, which are known to be mechanically embrittled by atomic hydrogen [6-8].
Hydrogen in natural gas and petroleum pipelines often originates from the
dissociation of ground water that results from cathodic corrosion protection
systems [9, 10]. Hydrogen embrittlement (HE) effects under these conditions
have been studied extensively [9-13]. However, the effects of actual pressurized
gaseous hydrogen on the mechanical behavior of low alloy, C-Mn, pipeline steels
has received less attention [6, 14]. This paper focuses on the effects of high
pressure gaseous hydrogen on the tensile behavior of three pipeline steels.

Tensile tests were conducted in high pressure hydrogen gas on
specimens taken from pipe sections of API-5L steel grades X52, X65 and X100.
Testing of the three different alloys allows comparison between the combined
influences of strength and microstructure. The effects of hydrogen gas pressure
(0.2 to 69.0 MPa) and strain rate (7x10™ to 7x10" /s) were also evaluated for the
X100 alloy. All tests in hydrogen are compared with tensile tests performed
within the hydrogen pressure vessel, filled with air at normal temperature and
pressure. For the purpose of this paper, the term HE will refer to a loss of
ductility for tensile specimens loaded in hydrogen gas environments. Loss of

ductility will be quantified in terms of changes in elongation at failure.



EXPERIMENT

Tensile specimens were removed from new X52, X65 and X100 pipe
sections. The specimens had a smooth gage section of 6 mm in diameter and
conformed to ASTM standard E8. The dimensions of the tensile specimens are
provided in Figure 1. The nominal surface roughness of the specimens was
measured with a profilometer, and the arithmetic mean roughness is on the order

of 1.5 um.
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Figure 1. Tensile specimen dimensions (all units in inches, 1 in = 25.4 mm)

The chemical composition of the three steels was specified by the
manufacturer and is provided in Table 1. The carbon concentration for the three
pipeline materials is relatively low, and increased strength is mainly attributed to

additions of dispersoid forming elements. When elements such as Nb, V, and Ti
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are added to the steel, they can form complex carbides, and these carbides can
pin boundaries and prevent recrystallization and grain growth during
thermomechanical processing of the steel. Through controlled rolling and
dispersoid alloying, the ferrite morphology and size can be tailored to obtain a
desired microstructure for optimized strength and toughness.

Table 1. Chemistries of pipeline steels

Chemical Composition (wt %)
Alloy C Mn Si S P Ni Cr Mo Nb+V+Ti
X52 0.060 0.870 0.120 0.006 0.011 0.020 0.030 - 0.030
X65 0.080 1.560 0.325 0.003 0.011 0.210 0.030 0.006 0.090
X100 0.070 1.900 0.100 0.001 0.008 0.500 - 0.150 -

Note: X100 is experimental and proprietary alloy. Exact composition may vary slightly from that reported here, primarily
in dispersoid forming elements.

Tensile tests were performed in a stainless steel pressure vessel (internal
dimensions of 101.6 mm diameter by 254 mm length), capable of holding
hydrogen gas pressures of up to 138 MPa. The pressure vessel is closed on one
end, but has a sliding seal and pull-rod on the opposite end. The pull-rod was
connected to the actuator of a servohydraulic test frame capable of 138 MPa
loading. Figure 2 provides a schematic of the test frame, pressure vessel, and

instrumentation used for tensile testing.
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Figure 2. lllustration of test configuration, showing test frame, pressure vessel,

and instrumentation

Friction forces at the sliding seal can lead to small discrepancies in load
measurements between the externally mounted load cell on the test frame and
those actually on the specimens. For this reason, an internal load cell that is
virtually immune to the effects of hydrogen was constructed and mounted inside
the pressure vessel. The internal load cell is based on a proving ring design and
uses a linear variable differential transducer to measure displacement. The
internal load cell was calibrated against the external cell mounted on the test
frame without the pressure vessel in place. All reported forces are those
measured from the internal load cell. In addition, special strain gauged
extensometers were used to measure the elongation of the specimen. These

strain gauges were designed to operate in high pressure hydrogen environments.



Previous tensile testing experience showed that there was little difference
in tensile behavior when testing in air as compared with an inert environment
(He); therefore, all reference tests were conducted in air, enclosed in the
pressure vessel. In order to determine testing variability, three repeat tests were
conducted on X100 specimens in air and in hydrogen at a nominal strain rate of
7x107° /s and at two different pressures of 5.5 and 27.6 MPa. Strain rate was
controlled through the rate of actuator displacement and calculated by dividing
the displacement rate by the uniform reduced length of the specimen, 1.5 in (38.1
mm) (Fig. 1). Following these tests, one specimen was used for each testing
variable, which included: alloy, orientation relative to pipe direction, hydrogen
gas pressure (0.2 to 69.0 MPa), and nominal strain rate (7x10™ to 7x107 /s).
Determining the elongation at failure for tests in air was straightforward and
values reported are those at the end of the curve. However, determining
elongation at failure for tests in hydrogen was more difficult, because a sudden
loss in ductility is exhibited just prior to failure. The values that are reported here
are those taken just below the sudden drop in load and this method was
consistently applied for all specimens tested in H..

The hydrogen gas used during testing was generated on-site with an
electrolyzer. Prior to each test in hydrogen, the gas manifold, pressure vessel
and gas sampling vessels were purged with 13.8 MPa He followed by three
purges of 6.9 MPa H,. A vacuum pressure of approximately 1x102 torr was
applied to the system before and after the He purge. Three gas samples (2 liters

at 6.9 MPa) were sent to an independent testing firm for gas purity analysis. The



results from the analysis are provided in Table 2. The gas samples showed
some variation in water vapor and inert gas concentrations. The inert gases, N
and Ar, should not affect test results. Water vapor may influence the mechanical

behavior of metals in hydrogen.

Table 2. Post-test hydrogen gas analysis

Gas Species (ppm, by volume)
Sample O, H,O CO CO, N, N,O Ar CH, H, (%)
1 <05 2.9 <0.1 0.4 18 <0.1 4.0 <0.1 99.99
2 <0.5 3.8 <0.1 <0.1 79 <0.1 1.0 <0.1 99.99
3 <05 7.5 <0.1 0.6 250 <0.1 <10 <0.1 99.90

Failure of tensile specimens in hydrogen typically occurred through
surface crack initiation and propagation. To better understand this phenomenon,
one specimen, tested in 13.8 MPa H, at a strain rate of 7x10™ /s, was interrupted
at several different strain intervals and inspected for cracks. Following each
strain increment and inspection, the specimen was re-loaded into the pressure
vessel and the gas purging procedure was repeated prior to beginning the test
again. After approximately 10 % strain, cracks were identified on the specimen
surface and the specimen was loaded to failure in air.

Following fracture, several specimens were sectioned, polished and
examined in an optical microscope. Fracture surfaces of representative
specimens were analyzed optically and by the use of scanning electron
microscopy. Microstructures of the three pipeline steels were identified by
sectioning, polishing, and etching (2 % Nitol) specimen grip sections following

failure.



RESULTS
Microstructures

Optical images of the microstructure for the three alloys investigated in
this study are shown in Figure 3. Plate rolling generally leads to some degree of
anisotropy in both grain morphology and grain orientation. The micrographs
were taken near the middle of the plate along the plane between the pipe length
and pipe through thickness, as indicated in Figure 3. The lower strength X52
(Figure 3a.) and X65 (Figure 3b.) alloys have a microstructure comprising of
ferrite and pearlite. The primary difference between these two alloys is the
increased amount of pearlite for the X65 alloy and higher degree of anisotropy in
the ferrite grain morphology for the X65 alloy. The microstructure of the X100
alloy (Figure 3c.) is significantly different from that of the other two alloys, and the
microstructural constituents are expected to consist of mainly bainite and acicular
ferrite, but some martensite, polygonal ferrite, and retained austenite may also be
present. In addition, the ferrite lath (or packet) sizes of the constituents in the
X100 alloy are significantly smaller than the ferrite grain sizes for the X52 and
X65 alloys. Dispersoids that form due to microalloying are expected to be

present in all three steels, but they are not resolvable in these optical images.

Pipe length



Figure 3. Optical micrographs of a. X52, b. X65, c. X100
Stress-strain curves

The influence of hydrogen gas pressure on the tensile behavior of
specimens taken from the X100 pipe sections is shown in Figure 4 and the
tensile data is given in Table 3. Tensile tests were conducted at a strain rate of
7x107 /s in air and in hydrogen gas at pressures of 0.2, 5.5, 13.8, 27.6 and 69.0
MPa. To determine the level of variability that can be expected when testing in
hydrogen, repeat tests (3 - 4 specimens) were performed in air and in hydrogen
at pressures of 5.5 and 27.6 MPa.

The variability in tensile data for the X100 specimens tested in hydrogen
gas environments at 27.6 MPa is comparable to that observed when testing
specimens in air. However, there was significantly more variation when testing at
the lowerH, pressure (5.5 MPa). Some of the differences can be attributed to
specimen and testing variability, and the likelihood of outliers; such as the
specimen tested in H, at 5.5 MPa that exhibited the highest yield and ultimate
strength (747 and 867 MPa, respectively) of any specimen. In addition, partial
pressures of water vapor (~3 %), have been shown to reduce fatigue crack
growth rates of steels in atmospheric gaseous hydrogen environments [15] and
may also influence the tensile behavior of the X100 steel reported here. The
influence of gas impurities (i.e. water vapor) may have a greater effect on the
gaseous HE at lower pressures. This is particularly relevant if the water vapor
originates from the test chamber and not the H, gas supply. If the former is true,

the partial pressure of the water vapor will be lower at higher pressures because



the number of water vapor molecules will remain unchanged. The effects of

inhibitor gases on HE in high pressure gaseous hydrogen environments is an

area of study needing further attention [16].
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Figure 4. Tensile curves from X100 steel specimens tested in hydrogen at
different gas pressures (strain rate = 7x10° /s). Hydrogen gas pressure in MPa
is provided at the end of each tensile curve and numbers in parenthesis
represent repeat specimens (curve from specimen in air is that of the specimen
reported in row two of Table 3).

Table 3. Tensile data from X100 specimens shown in Figure 4. (X100, strain

rate = 7x107 /s)

cas  Gira) im  wpay  EOD RAO
Air = 0.08 665 792 21 75
Air ~0.08 674 804 23 78
Air ~0.08 698 810 22 75
Average 679 802 22 76
Standard Deviation 17 9 1 2
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H> 0.2 719 834 21 68

H. 5.5 747 867 11 24
H. 5.5 722 841 21 63
H. 5.5 685 811 16 28
H. 5.5 670 783 18 39
Average 706 826 16 38
Standard Deviation 35 36 4 18
H: 13.8 693 808 11 19
H. 27.6 704 803 9 28
H, 27.6 707 837 11 21
H> 27.6 731 846 12 20
Average 714 829 11 23
Standard Deviation 15 23 1 4
H; 69.0 715 823 9 16

Gy o029 = yield strength

UTS = ultimate tensile strength

E; = elongation at failure

RA = reduction in area (final area / original area)

Despite the variation in tensile properties for the specimens tested in
hydrogen at low pressures, a clear trend of decreasing tensile ductility with
increasing gas pressure can be observed in Figure 4. If the tensile behavior is
associated with a critical hydrogen concentration, then under equilibrium
concentrations, the internal hydrogen concentration should be proportional to the
square root of the hydrogen partial pressure, according to Sievert's law [16].
Figure 5 is a plot of elongation at failure as a function of the hydrogen gas
pressure raised to the 0.28 power. This pressure dependence provided the best
linear fit of the current data. While the pressure dependence on loss of tensile
ductility in gaseous hydrogen does not appear to follow Sievert’s law precisely,

the pressure dependence to the 0.28 power is similar to that observed by other
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researchers who have studied the effects of hydrogen on fatigue crack growth in
pipeline steels [17]. If critical hydrogen concentrations are indeed playing a role
in the tensile damage, then not only should there be dependence on pressure,
but exposure time should also be considered. For tensile tests, the strain rate is

expected to be the rate determining variable when considering damage from

internal hydrogen.
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Figure 5. Trend in elongation at failure with hydrogen gas pressure (raised to
0.28 power) for tests shown in Figure 4.

The effect of strain rate on tensile behavior in a hydrogen gas environment

pressurized to 13.8 MPa is shown in Figure 6. The overall shape of the stress-
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strain curve is similar to those in Figure 3, regardless of strain rate. If we
compare elongation at failure in hydrogen to that in air, we again see a distinct
drop when testing in hydrogen. The average elongation to failure and standard
deviation of the specimens tested in air at the four different strain rates is 22 + 1
%. These values are consistent with those reported in Table 3 for the three

specimens tested in air at a strain rate of 7x10” /s.
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Figure 6. Effect of strain rate on tensile properties of X100 pipeline steel tested
in gaseous hydrogen at a pressure of 13.8 MPa (curve from specimen tested in
air at strain rate of 7x10 /s is that of the specimen reported in row two of Table
3)

Table 4 provides tensile strength and ductility information obtained from

the curves in Figure 6. The yield strength and UTS do not appear to be
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influenced by strain rate. When comparing specimens tested at different strain
rates in hydrogen, the changes in ductility are not as definitive as those observed
when increasing gas pressure. Figure 6 suggests that a loss of ductility is
occurring with decreases in strain rate, but the differences are not significantly
above that of the normal specimen/test variability observed and reported in Table
3. We can only conclude that strain rates between 7x10™ and 7x107 /s have little
influence on tensile behavior of the X100 alloy reported here, when testing in
hydrogen gas at a pressure of 13.8 MPa. The effect of strain rate may be
different when testing in lower pressure environments.

Table 4. Tensile properties of specimens tested at different strain rates (13.8
MPa H, gas pressure for hydrogen tests)

Oy 0.2% UTS

Strain Rate (/s) (MPa) (MPa)

E (%) RA (%)

Averages in air 699 814 22 75
Standard Deviation in air 14 9 1 3
7x10* (Hy) 725 832 11 36

7x107° (Hy) 693 808 11 19

7x10° (Hy) 686 789 10 20

7x107 (H.) 694 792 10 24
Averages in Hy 700 805 11 25
Standard Deviation in H, 17 20 1 8

Stress-strain curves for X52, X65 and X100 alloys, showing the tensile
behavior in air and in hydrogen at a gas pressure of 13.8 MPa and strain rate of

7x10 /s, are provided in Figure 7 (a.-c.). Each plot shows the tensile curve for
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one specimen taken parallel to the pipe axis (longitudinal) and one specimen
taken perpendicular to the pipe axis (transverse) in air and in hydrogen.

For the X52 alloy (Figure 7a.) the tensile curves for the longitudinal and
transverse specimens tested in air are very similar. This signifies a lack of
anisotropy for this alloy in the orientations studied. The tensile behavior in
hydrogen is quite different from that in air. In hydrogen, the tensile curve for the
transverse specimen follows that of the longitudinal specimen, except that the
elongation at failure for the transverse specimen is near 22 % compared to 25 %
for the longitudinal specimen. This difference in elongation at failure is greater
than that expected from specimen and test variability, and is probably a real
effect of orientation on HE for the X52 alloy.

In contrast, the effect of orientation for the X65 alloy (Figure 7b.) is evident
for the tests conducted in air. Furthermore, the transverse specimen exhibits a
discontinuous vyield point and a significant increase in strength and loss in
ductility. This is indicative of dynamic strain aging that occurs as a result of the
pipe forming process. The X100 longitudinal and transverse specimens tested in
air (Figure 7c.) exhibited similar behavior to X65, but the loss of ductility for the
X100 transverse specimen was less.

Surprisingly, when testing in hydrogen, the loss of ductility for the
transverse X65 specimen was less than that in air when comparing only
orientation effects. Furthermore, the elongation at failure for the X100 transverse
specimen tested in hydrogen is equivalent if not higher than that of the

longitudinal specimen. These results appear to indicate that the influence of
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specimen orientation on HE, relative to the pipe direction, decreases with
increasing strength. This behavior may ultimately be dependent on the
microstructure of these alloys rather than the level of strength.

In comparing only longitudinal specimens from the three different alloys,
there does appear to be a trend of increasing susceptibility to HE with increasing
strength. The ratio of elongation at failure in hydrogen to that in air is
approximately 0.78, 0.72, and 0.50 for the X52, X65 and X100 alloys,
respectively. Even the X52 alloy, which is a relatively low strength steel,
exhibited effects of hydrogen on tensile elongation. The effects of alloy strength
(microstructure) and specimen orientation relative to the pipe axis on HE are
somewhat surprising, and specifically the differing behaviors between orientation

and strength need to be studied in more depth.
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Figure 7. Stress-strain curves for different alloy specimens tested in 13.8 MPa

hydrogen at 7x10° /s, a. X52, b. X65, c. X100

Interrupted test

To better understand the damage mechanisms responsible for failure in
pipeline steel specimens exposed to gaseous hydrogen, one test was interrupted
at various stages of strain to examine the formation of surface cracks due to
straining in gaseous hydrogen. The interrupted tensile test was conducted on an
X100 specimen tested at a strain rate of 7x107 /s and hydrogen pressure of 13.8

MPa. Figure 8 shows the tensile curve for the interrupted tested, and the tensile
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curve for the specimen tested under the same conditions, but uninterrupted. No
cracks were observed after the first and second strain increments at 2 % and 6.5
%. The second interruption at 6.5 % was selected based on its proximity to
elongation at UTS for this alloy. Surface cracking can be seen in images c. and
d. in Figure 8, which corresponds to 10 % strain in the interrupted test. It was
only after the UTS, and likely when necking first occurred within the tensile gage
section, that cracks were identified on the specimen surface.  Surface cracks,
such as those in Figure 8d., were observed throughout the entire necked area of
all specimens tested in hydrogen, and some cracks extended around the entire
circumference of the specimen. Following the observation of cracks at 10 %
strain, the specimen was pulled to failure in air to see the depth of the cracks at
10 %. Optical images of the fracture surfaces (next to the respective tensile
curves) are shown in Figure 8. The presence of surface cracks in the continuous
tensile test is quite obvious; however, surface cracking in the interrupted test are
not observed in the representative image in Figure 8. This implies that the
surface cracks, like those in Figure 8c. and d., only exhibit substantial growth
between =10 % strain and failure. Because the continuous tensile test failed at
around 11 - 12 % strain, the growth rate of the cracks, prior to failure, may be
quite rapid in hydrogen. In addition, the elongation to failure for the interrupted
test specimen is comparable to tests conducted in air, suggesting that losses in
elongation for tests in hydrogen are primarily associated with hydrogen

accelerated crack growth.
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Figure 8. X100 interrupted test stress-strain curve and optical images (strain
rate = 7x10 /s, pressure = 13.8 MPa). Dashed curve is from interrupted tensile
test and solid curve from continuous test. Optical images of the fracture surfaces
of the interrupted and continuous tests are provided at the end of the respective
curves. Images: a. gage section after 2 % strain (no cracks), b. gage section
after 6.5 % strain (near UTS, no cracks), c. gage section after 10 % strain (some
necking and substantial surface cracking), d. crack in gage section after 10%
strain.
Fractography

Fractographic details of the tensile failure mode of X100 in hydrogen can
be seen in Figure 9. The fracture behavior of all specimens tested in air (not
shown) was typical of most ductile metals, with cup-and-cone macro failure and
ductile-dimple micro plasticity. The images in Figure 9 are from the X100 tensile
specimen tested in hydrogen at a gas pressure of 13.8 MPa and strain rate of

7x10° /s. At the center of Figure 9 is an optical image showing the macro-
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fracture behavior. Around the circumference of the specimen, surface cracking
can be observed, primarily on the left and right side of the image. This surface
cracking can be attributed to hydrogen-induced/assisted cracking. Higher
resolution SEM images of the surface cracks can be seen in Figure 9a. The
hydrogen cracks exhibit fine quasi-cleavage crack morphologies, with secondary
cracks, perpendicular to the dominant hydrogen cracks also present. Toward the
center of the specimen, a more ductile mode of failure occurs, and ductile-dimple
type fracture is dominant (Figure 9b.).

The ductile-dimple failure is representative of an overload mode of failure,
and the failure of this remaining ligament likely correlates with the sharp drop on
the stress-strain curves at the end of the tensile test. Furthermore, this probably
occurs once the surface cracks cover a threshold area of the cross section. The
overload failure usually connected several surface cracks, and generally
occurred at an angle which may be representative of a high shear stress angle.
However, on some occasions, a single dominant hydrogen crack was observed,
and the overload failure represented only a small fraction of the remaining
ligament.

Figure 9c. provides an SEM image of the specimen surface in the gauge
section, showing a hydrogen induced crack, and d. and e. provide optical images
of the specimen cross section in the planes indicated. The crack in Figure 9c.
has an aspect ratio (a/c) on the order of 20, and gives some detail of the
formation of the crack. Crack formation may be associated with machining

marks on the tensile specimens. Further work must be performed in order to
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determine if hydrogen induced surface cracking occurs at surface asperities such
as machining marks. The depth of secondary surface cracks can be seen in the
two optical cross sectional images (Figure 9 d. and e.). These cross sections
were polished to a depth near the mid section of the tensile specimens. Several
secondary cracks were observed within the necked region of the tensile
specimen. The deepest cracks were on the order of a few tenths of a millimeter,
and some crack mouth opening dimensions were of similar order. However, the
mouth and possibly the depth of the cracks may have been enlarged during the

overload failure process.
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Figure 9. Fractography of X100 specimen tested in hydrogen at 13.8 MPa and
7x107° /s strain rate a. SEM images of hydrogen surface crack, b. SEM image of
overload failure in center of specimen, c. SEM image of tensile specimen
surface, showing secondary hydrogen crack, d. & e. optical images of specimen
cross sections

The fracture surfaces of specimens tested in hydrogen did not change
significantly when changing the test conditions (pressure and strain rate). When

examining the effect of alloy and orientation, subtle differences in fracture
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behavior were observed which may provide some information regarding the
differences in the stress-strain curves. Figure 10 provides SEM images of the
fracture surfaces of longitudinal and transverse X52, X65, and X100 tensile
specimens tested in hydrogen. In addition, an optical image of the transverse
X52 specimen is provided as Figure 10a.

The effect of specimen orientation on elongation at failure was most
significant for the X52 alloy. The quasi-cleave packets are more well defined in
for the hydrogen cracks in the X52 transverse specimen while the longitudinal
specimen exhibits slightly more ductile tearing. Another important difference in
fracture behavior between the longitudinal and transverse specimens of this alloy
is that surface cracking in the transverse specimen was not perpendicular to the
tensile load. The primary and some secondary cracks actually spiraled around
the surface at an angle (Figure 10a.). This could be due to crack initiation at
machining marks; however, no obvious spiraling machining marks were found
through low magnification optical imaging of the specimen surfaces. It seems
more likely that the spiral cracks may be associated with hydrogen cracking
along ferrite-pearlite banded interfaces and the orientation of the banded
microstructure relative to the specimen tensile loading axis for this specimen.
Surprisingly, the spiral cracking was not observed for the X65 transverse
specimen, which exhibited a higher degree of morphological anisotropy.
However, delamination occurred more frequently in the X65 specimens as
compared with the other two alloys. This was especially noticeable in the

overload fracture regions, and is also likely associated with the aforementioned
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banded microstructure. The X100 specimens exhibited the smallest influence
from specimen orientation, which may be associated with the fine structure and
lack of microstructural anisotropy.

The hydrogen cracking fracture mode for all three alloys is quasi-cleavage
through the ferrite grains. The quasi-cleavage platelet size is more noticeable in
for the transverse specimens, and a decrease in platelet size is evident as alloy
strength increases. This behavior is expected based on the decrease in ferrite
lath/grain size with increasing strength. In addition to cleavage plate size, the
occurrence of secondary cracking increases as the strength of the alloy
increases. Secondary cracking appears to occur in highly banded regions, and is
most prevalent in the X65 transverse specimen. The orientation of the elongated
ferrite grains and bands of pearlite in the X65 transverse specimen are
perpendicular to the tensile loading direction, however the plane of banding (pipe
length x pipe transverse) is parallel to the loading direction. The secondary

cracking likely occurs along these planes.
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Figure 10. SEM images of hydrogen cracks for longitudinal and transverse
specimens tested in hydrogen a. X52 transverse specimen showing spiral
cracking behavior
DISCUSSION

HE in pipeline steels has been quantified extensively through tensile
reduction in area and elongation measurements [9, 12-14]. However, to the
authors knowledge only one other report has provided results on the influence of
hydrogen on tensile behavior of an X100 pipeline grade steel, and hydrogen
charging for that work was conducted by use of electrolytes [13]. Furthermore,

studies on the influence of pressure, strain rate and alloy/orientation have not

been evaluated systematically for pipeline steels in hydrogen gas. Relationships
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between cathodic potential, strain rate, and HE of steels have been studied [9,
11] and some of this information may be useful for gaseous systems, however,
the nature of failure makes it difficult to make direct comparisons.

Hydrogen absorption likely occurs prior to reaching the yield point for a
given steel, but after yielding, the rate of absorption and diffusion may become
much more rapid due to dislocation assisted mobility [11]. At equivalent fugacity,
the hydrogen adsorption, absorption, and diffusion kinetics are expected to be
similar for cathodic and gaseous hydrogen charging, prior to necking of the
specimen. For example, low current densities of around 0.03 to 0.06 mA/mm? in
a sulphuric acid-potassium arsenate solution produced losses in ductility in pre-
charged X100 specimens (~ 3 mm diameter) on the same order as those tested
here for the X100 at pressures nearing 69 MPa [13]. At higher current densities,
the losses in ductility were far greater than any of those observed here.
Following necking and the formation of surface cracks, the similitude in
hydrogen-surface interactions between solution charging and gas phase
charging may change.

The interrupted test results presented in this work have shown that
surface cracks form in the presence of hydrogen, in contrast to ductile-dimple
crack formation at nonmetallic particle interfaces for specimens tested in air.
This type of failure for steel tensile specimens exposed to gaseous hydrogen has
been documented by other investigators, and is generally attributed to the triaxial
stress state that originates following necking [12, 14]. Once a crack forms,

electrochemical potential and chemistry at the crack tip may become different
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from that of the bulk at the smooth specimen surface [18]. This is not believed to
be an issue during gas phase testing, and therefore, differences in tensile
behavior for cathodic and gaseous hydrogen testing are expected to occur
following crack initiation and growth. It was also shown by the interrupted test
that losses in ductility observed during tensile testing in hydrogen occur primarily
during the growth of surface cracks. This fracture behavior should be taken into
account when comparing data on tensile tests that have been in-situ charged by
the two differing methods.

The influence of increasing hydrogen gas pressure on measurements of
elongation at failure for the X100 steel tested at a strain rate of 7x10” /s was
shown in Figures 3 and 4. According to Sieverts’ Law, the bulk, equilibrium,
hydrogen concentration within the tensile specimens should be proportional to
the square root of pressure and a constant that depends on material and
temperature. The pressure dependence observed here is nearly half that
expected based on Sieverts’ Law. This suggests that equilibrium may not be
attained. The non-equilibrium behavior could be attributed to a relatively high
strain rate for these tests. A dependence on strain rate was not definitively
observed when testing at 13.8 MPa. The rates of crack propagation and
hydrogen accumulation will ultimately dictate the dependence on hydrogen gas
pressure. If the kinetics of hydrogen-assisted crack propagation through the
tensile specimen are faster than the kinetics for hydrogen adsorption, absorption,
and diffusion to the crack tip plastic zone, then equilibrium hydrogen

concentrations may not be required to achieve failure. We have recently
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observed this behavior and a nearly identical dependence on gas pressure
during fatigue crack growth testing of X100 in hydrogen at high AK values (20
MPa m*?) and a frequency of 1 Hz. However, if the strain rate or frequency of
loading is low enough, equilibrium should be met.

The HE susceptibility increased when testing higher strength pipeline
steels. The effect of yield strength on HE is well established for static and quasi-
static testing [16, 19]. The effect of orientation, specifically for structures such as
pipelines, which may exhibit significant morphological and texture anisotropy, is
not as well understood. In this work, the influence of specimen orientation,
relative to the pipe axis, was more evident in the lower strength steels, and no
effect of orientation was observed for the X100 steel. The microstructures of the
X52 and X65 pipeline steels (Figure 3) exhibited some degree of morphological
anisotropy. The ferrite grains exhibited a low aspect ratio between length and
width, and the pearlite, particularly in the X65 alloy, is highly banded along the
pipe axial direction. The influence of orientation on hydrogen diffusion through
high strength pipeline steels has been characterized [9]. It was shown that the
diffusion coefficient was lower for a ferritic-bainitic X100 steel, as compared with
a ferritic-pearlitic X60 steel. In addition, the diffusion coefficient for the X100
specimen did not change when comparing specimens taken along the pipe axis
and perpendicular to it, but it increased nearly 50 % in the transverse direction for
the X60 steel. The higher diffusion rate through transverse X52 and X60
specimens could lead to increased HE with respect to orientation. Hydrogen

may accumulate to the triaxially stressed regions, such as the surface crack tips,
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more rapidly for the transverse X52 and X65 specimens, as compared with the
X100. Also, cracking may occur at lower stresses if hydrogen is trapped at
banded interfaces.

Hydrogen cracking results in a fracture mode that is quasi-cleavage for all
three steels investigated. This is more evident in the X52 and X65 steels
because of the larger ferrite grain sizes. Nevertheless, the failure mode for the
X100 also appears to be that of cleavage through the acicular and bainitic ferrite
laths. The cleavage planes are most evident in the transverse X52 hydrogen
crack, which spiraled around the specimen gauge section. The well defined
cleavage planes suggest that a texture in this steel may facilitate slip on specific
crystallographic ferrite grains or ferrite/pearlite interfaces for this steel [20]. Grain
boundary mismatch could also influence the hydrogen cracking behavior [20], but
the influence of the grain boundary orientation was not studied here. Detailed
EBSD analysis could be fruitful for elucidating differences in hydrogen cracking
due to grain boundaries and local textures for pipeline steels such as those
studied here.

The tensile behavior of pipeline steels in high pressure hydrogen gas
environments has been characterized. Tensile testing of structural metals for
use in the hydrogen economy is a valuable tool for screening for HE and for
qualifying similar materials that may originate from different suppliers. However,
the use of tensile data in component design is less clear, because the effects of
hydrogen are primarily on ductility and not strength. For pipeline systems, design

against HE can be easily incorporated into strain-based designs, but not in the
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more common stress-based approaches. The failure mode of hydrogen charged
tensile specimens is surface crack formation, followed by crack growth, and
eventually ductile “overload” failure. The general characteristic of this fracture
process is similar to that exhibited when performing fatigue tests on smooth
uniaxial specimens. In fact, under certain loading conditions, the failure mode
of the quasi-static tensile specimens in hydrogen may be quite similar to those
observed in fracture and fatigue tests.

CONCLUSIONS

1. HE susceptibility of X100 tensile specimens exhibited a linear pressure
dependence with P°?8,

2. Hydrogen induced losses in tensile elongation were higher for the higher
strength X100 steel, but the influence of orientation was greater for the
X52 alloy.

3. Testing of tensile specimens in hydrogen failed through a mechanism of
surface crack formation and growth, which occurs following necking of the
specimen. The micro-mechanism of failure is quasi-cleavage fracture of
ferrite grains.
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