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Fatigue crack growth tests were conducted on two pipeline steel alloys, API 5L X52 and X100. Baseline
tests were conducted in air, and those results were compared with tests conducted in pressurized hydro-
gen gas. All tests were run at (load ratio) R = 0.5 and a frequency of 1 Hz, except for one test on X100, run
at 0.1 Hz. Tests were conducted at hydrogen pressures of 1.7 MPa, 7 MPa, 21 MPa, and 48 MPa. Fatigue
crack growth rates for both X100 and X52 were significantly higher in a pressurized hydrogen environ-
ment than in air. This enhanced growth rate appears to correlate to pressure for X100 but may not for

Published by Elsevier Ltd.

1. Introduction

The use of hydrogen as a fuel and as an energy carrier is likely to
increase in the next decade. According to the Fuel Cell and Hydro-
gen Energy Association, “Nearly all of the major auto manufactur-
ers have 2015 as the projected release date for mass-produced
models” [1], which means that economical transportation and dis-
tribution of hydrogen is needed prior to 2015. Hydrogen can be
electrolyzed with excess electricity generated by solar and wind
farms. The hydrogen can be stored and used during peak demand
or transported to areas of need for Smart Grid applications. Accord-
ing to the U.S. Department of Transportation, “Pipelines are the saf-
est and most cost-effective means to transport the extraordinary
volumes of natural gas and hazardous liquid products that fuel
our economy” [2]. Therefore, one would expect that pipelines
would be the safest and most economical means of transporting
large volumes of hydrogen. The primary issue with hydrogen is
that it embrittles most materials, leading to a likely decrease in
lifetime of a pipeline transporting hydrogen, compared to the
transport of natural gas. The embrittlement of pipeline steels due
to hydrogen is well documented in the case of tensile tests
[3-17]. However, the literature contains far less information on
hydrogen-assisted cracking or fatigue properties of pipeline steels
[3-5,12,13,18-22]. There has been some recent work done on
fatigue crack initiation with a 3-point bend test, but little work
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on fatigue crack growth in pipeline steels [23,24]. Some work has
been done in recent years on measurement of fatigue properties
of X60, X70 and X80 pipeline steels [8,13,20].

In order to safely and efficiently design pipelines for transport
of hydrogen gas, codes such as ASME B31.12 on Hydrogen Piping
and Pipelines are used [25]. Due to the dearth of fatigue informa-
tion, codes rely upon tensile data in order to factor in design
variables such as pressure. However, pipelines are not operated
at or near material yield stress, such that embrittlement data from
tensile tests may produce codes that are too conservative. Since
safety is the primary factor in these codes, fatigue data from many
different pipeline steels, encompassing many different microstruc-
tures, is needed if any modifications are to be made to the codes.
These pipelines are expected to operate for decades, which will al-
low many or most of the hydrogen traps in the steel to be filled.
This work will not address that issue. Future work is planned on
samples that have been pre-charged either with high-pressure
gas at elevated temperature or by cathodic charging. However,
due to the rapid rate of diffusion of hydrogen in ferritic steels
[26], being at least 5 orders of magnitude greater than in austenitic
steels [6,27], hydrogen diffuses the few mm to the midpoint of a
pipeline steel section in a manner of minutes [26]. An additional ef-
fect that is not accounted for in the results presented in this work is
that of very slow stress cycling. A fuel pipeline would be expected
to experience pressure cycles on the order of two per day. That
type of slow cycling, done over some breadth of stress intensity
ranges, would take a prohibitive amount of time to complete.
However, some work has been done in air at very low cyclic
frequencies [28]. That work includes fatigue crack growth rate
(FCGR) measurements down to 0.001 Hz. Those authors
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demonstrate that low temperature creep blunts the crack tip and
reduces the crack growth rate. That phenomenon would work
against the corrosion fatigue effect of hydrogen at the crack tip.
Moreover, the strain hardening differences between X52 and
X100 could cause a significant difference in creep behavior, be-
cause strain hardening effects can cause large differences in creep
behavior of pipeline steels [29]. Measurements in hydrogen at very
low cyclic loading rates need to be done to resolve the relationship
between these competing mechanisms.

The work presented here deals only with diffusible hydrogen in
the lattice that is near the crack tip. It reports measurements of
FCGR of X52 and X100 pipeline steels at 1 Hz loading frequency,
which is high compared to what an actual pipeline would see.
These steels were chosen because X52 is material that is currently
being used for hydrogen pipeline applications, and X100 repre-
sents the upper limit of strength that is likely to be used in the near
future. The microstructures of these steels are very different, which
may lead to differences in FCGR.

2. Materials and methods
2.1. The materials

This study investigates the fatigue crack growth properties of
two very different grades of linepipe material, API 5L types X52
and X100. Sections of pipe were supplied from members of the
pipeline industry. The X52 pipe was 0.51m diameter and
12.7 mm thick and the X100 pipe was 1.3 m in diameter and
20.6 mm thick. The X100 pipe was an experimental pipe produced
in the latter half of the 1990s. The X52 pipe was of early 21st cen-
tury vintage and had never been in service.

Round specimens were made according to ASTM E8 [30] and
were tested in air with a strain rate of 3 x 10~ mm/s. The material
was not flattened prior to machining the tensile specimens in order
to measure the properties of the formed pipe. The tensile proper-
ties of the base material from each pipe are shown in Table 1.
The “L” orientation, longitudinal, is along the pipe axis, and the
“T” orientation, transverse, is along the hoop direction, perpendic-
ular to the longitudinal direction.

As would be expected with materials with such different
strengths, the microstructure was very different when comparing
the two pipes. The X52 has about 10% pearlite in a polygonal fer-
rite microstructure, shown in Fig. 1a. This material shows some
banding, but none of large scale, but shows a small amount of
chemical segregation at low magnification, seen in Fig. 1a.
Fig. 1b shows a higher-magnification optical image of the micro-
structure, which is predominantly polygonal ferrite plus carbide.
The X100 material is shown in Fig. 2 at two magnifications. The
low-magnification image shows that this material has consider-
able banding or macroscopic chemical desegregation, but it is
not concentrated at any particular level through the thickness.
The high-magnification image shows a fine-grained microstruc-
ture of lath-like components, including bainite and acicular fer-
rite. The small-scale banding, or chemical microsegregation, is
evident even at high magnifications. Table 2 gives the chemical
compositions of these two steels.

Table 1

Tensile properties of the base metals X52 and X100 used in this study.
Steel Orient. o, (MPa) aurs (MPa) er (%)
X52 L 426+10 491+8 27.4
X52 T 4365 5045 27.0
X100 L 705 + 40 803+6 20.3
X100 T 794+ 11 827+5 19.3

2.2. The test matrix

Material from each linepipe was used to measure the FCGR in
air, at various pressures of hydrogen gas, and at different frequen-
cies. The X52 was tested at two different hydrogen pressures
(7 MPa and 21 MPa); in addition to those pressures, the X100
material was also tested at 1.7 MPa. Only the X100 material was
tested at different frequencies: 1 and 0.1 Hz. One specimen was
tested for each condition.

The sub-sized specimens were designed according to the spec-
ifications for a compact tension (CT) specimen, found in ASTM
E647-05 [31], with a W =26.4 mm. Fig. 3 shows a drawing with
the pertinent dimensions of the CT specimens. The surface rough-
ness R, was less than 0.25 pm for all specimens tested. The speci-
mens are made in the T-L orientation, which means that the crack
runs in the longitudinal (along the pipe axis) direction of the pipe-
line, and the cyclic loading is applied in the transverse (or hoop
stress) direction, in accordance with ASTM E399 [32]. A fatigue
crack is most likely to propagate in the longitudinal direction of
a pipe due to the effect of the higher stress in the transverse, or
hoop, direction.

The specimens were fatigue precracked (FPC) in air to generate
a sharp crack at the notch tip with a load ratio R=0.1 and a fre-
quency of 10Hz. The average length of the precrack was
3.12 mm, which corresponds to the width of the notch.

2.3. Pressurizing system

Specimens were tested in a stainless-steel pressure vessel
(internal diameter 101.6 mm diameter and length 254 mm), capa-
ble of holding hydrogen gas pressures up to 140 MPa. The pres-
sure vessel was closed on one end and had a sliding seal and
pull rod on the opposite end. The pull rod was connected to the
actuator of a servo-hydraulic test frame with 90 kN loading
capacity. Fig. 4 provides a schematic of the test frame, pressure
vessel, fatigue sample, and instrumentation used for testing. An
internal load cell, designed for use in high-pressure hydrogen
gas, was employed inside the pressure vessel. This was done be-
cause friction forces at the sliding seals, which vary with test
pressure, can lead to differences between the force measured at
the externally-mounted load cell on the test frame and that
which would be exerted on the specimen, as seen in Fig. 5. The
internal load cell uses a linear variable differential transducer to
measure displacement, and was calibrated in air using the exter-
nal load cell as a reference. All reported forces are those mea-
sured from the internal load cell. Control of cyclic loading was
done with the internal load cell in the form of a sine wave, plot-
ted in black in Fig. 5. Crack length was determined by compliance
[AV/AP, where v=CMOD (crack mouth opening displacement)
and P = force], as measured by a clip gauge tracking the CMOD.
A relationship that uses the elastic modulus of the material, the
geometry of the specimen, and the CMOD is used to calculate
crack length, per ASTM E647-05 [31].

Upon installation and sealing the pressure vessel, the chamber
was purged twice with ultra-pure helium (99.9999%) and three
times with ultra-pure hydrogen (99.9995%) to 14 MPa, or the des-
ignated test pressure, whichever was lower, before the final pres-
surization to the test pressure. This entire purging/venting
process is controlled by a computer program which automatically
opens and closes air-operated valves in a pre-determined sequence
to effect the cleansing of the system. Automating the cleansing and
maintaining pressure eliminates the risk of human error and pro-
vides consistency from run to run.

This series of tests were conducted with hydrogen that was
generated on-site with an electrolyzer unit. Analysis of the gas
produced showed that it was at least as clean as the purest
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Air

Fig. 1. Low-magnification (left) view of X52 material, showing slight chemical desegregation in the longitudinal pipe direction, and (right) at higher magnification showing
the polygonal ferrite and pearlite microstructure.

(A)

Fig. 2. X100 pipeline steel at 25x (A) and 250x (B), showing no large-scale chemical segregation, but chemical microsegregation in the longitudinal pipe direction.

Table 2
Chemical compositions of the two pipeline steels used in this study.
Alloy Chemical composition (wt%)
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
X100 0.064 1.870 0.099 <0.001 0.009 0.470 0.023 0.230 0.036

Crack propagation in the longitudinal (pipe axis) direction

<€
33,02
26,42
1,55£0,125
1 Loading
in the

0 transverse

= direction
v

Fig. 3. Diagram of the compact tension specimen used for the tests of the rate of fatigue crack growth. All dimensions are in mm.
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Fig. 4. Schematic of the hydrogen pressure vessel and mechanical testing apparatus
showing the salient parts of the device.

hydrogen gas available for purchase. Table 3 shows gas purity of
commercial ultra-high-purity product before running through a
gas supply system and our on-site-generated gas after running
through a gas supply system.

2.4. Fatigue crack growth rate testing

Tests were conducted according to ASTM E647-05 [31] with a
load ratio, R, of 0.5 and in load control. The set loads were con-
trolled from the internal load cell. An MTS' load frame capable of
producing 100 kN load was used, as well as MTS Fatigue and Fracture
V 4.11A ' software that continuously calculated and recorded crack
growth every 0.04 mm. Values for K and AK were also calculated
within the program and were based upon the geometry of the spec-
imen, the force, the compliance (ratio of CMOD to force), and the
Young’s modulus and yield strength of the material. The test was
concluded when the program calculated the crack length to be
approximately 2/3 the length of the gage section (17 mm in the W
direction). The general uncertainty of fatigue measurement is given
in ASTM E647-05 [31] and is +32% for da/dN and 9% for AK. The
data were reduced by use of a five point average of the values given
from the 0.04 mm crack length interval.

There is no pre-charging done for these fatigue tests. The steels
have not been subjected to hydrogen in a pipeline application, and
before testing, chemical analysis of the X100 pipe material showed
0.0006% H in the sample. The manufacturer of the X52 steel did not
test for hydrogen as part of their chemical analysis. Each specimen
experienced short exposures to hydrogen gas pressure, shown
above as part of the Pressurizing System. The fatigue test was
started shortly after the final hydrogen pressurization, resulting
in hydrogen exposure of less than 3 h prior to fatigue. Each test

1 Commercial equipment, instruments, or materials are identified only in order to
adequately specify certain procedures. In no case does such identification imply
recommendation or endorsement by the National Institute of Standards and
Technology, nor does it imply that the products identified are necessarily the best
available for the purpose.
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Fig. 5. Force plot showing the difference in the force measured by the internal load
cell (black) and the external load cell (gray) during cyclic loading at a chamber
pressure of 14 MPa.

at a loading frequency of 1 Hz ran for 3-7 days to completion,
and the 0.1 Hz test ran for 21 days. At room temperature and the
test pressures used, it was not thought that traps in the micro-
structure would be filled and that the hydrogen-environment-as-
sisted-corrosion effect was due primarily to diffusible hydrogen
in the lattice. Since the diffusible hydrogen migrates out of the
specimen in less than an hour, hydrogen content was not mea-
sured after testing.

3. Results

Fig. 6 shows the results of fatigue crack growth on all the spec-
imens tested at 1 Hz for this study; the results are displayed as the
change in crack length per change in cycle versus the range of the
stress intensity factor (da/dN versus AK). FCGR data from the X52
alloy, measured by Sandia National Laboratories at a hydrogen gas
pressure of 21 MPa, R = 0.5, and 1 Hz is shown for comparison [33].
Data is shown for tests conducted on the X100 material in air and
at hydrogen gas pressures of 1.7 MPa, 6.9 MPa, and 20.7 MPa. The
data show that in general there is an increase in FCGR at a given
AK with respect to increasing hydrogen gas pressure. This correla-
tion between hydrogen gas pressure and FCGR appears less strong,
if at all, for the X52 data, as seen in Fig. 7. Data from Sandia on a
similar material are included for comparison [33]. For practical
purposes, hydrogen embrittlement occurs locally at the crack tip
process zone on a per-cycle basis, causing the increased rate of
crack growth over that in air. The three prevailing theories of dam-
age mechanisms due to hydrogen concentration within a material
are hydrogen enhanced decohesion (HEDE), hydrogen enhanced
localized plasticity (HELP), and adsorption induced dislocation
emission, all of which are discussed in [35]. A detailed explanation
of potential mechanisms for this increase can be found in [34], as
well as a model of this X100 FCGR data.

Two X100 specimens were fatigued at different frequencies.
Fig. 8 shows this comparison. It can be observed that the slower
the rate of fatigue the higher the FCGR at a given AK, above a AK
of 12 MPam'/2. The effect of lowering the frequency appears to
be similar to raising the gas pressure. The FCGR model of this data
shows this to be true quantitatively [34].

The datasets from both materials display a distinct knee from a
larger to a smaller slope in the da/dN curves at values for AK be-
tween 11 MPam'?? and 15 MPam'/? that is not associated with
the transition from Stage I to Stage II fatigue behavior. Rather, this
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Table 3

Comparison of gas purity from a commercial supplier and product generated with an electrolyzer.

Specimen Gas cylinder purging process Species (ppm)
0, H,0 co CO, N, N,O Ar CH,4 Hydrocarbons H,
Bottle N/A <0.05 <0.05 <0.02 <0.02 <0.2 - - <0.01 - 99.9999
NIST-SG* Purge and evacuate <0.5 <1.0 <0.1 <0.1 <1.0 <0.1 <1.0 - <0.1 99.9999
2 NIST-SG is self-generated hydrogen - run through system but not chamber.
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Fig. 6. Fatigue crack growth rate data for X100 steel, comparing results in air with
that in pressurized hydrogen gas. The dotted line shows results from an X52 alloy
measured at Sandia National Laboratories [33]. Paris law constants given for X100
in air.

knee appears to be associated with the transition from mostly
intergranular to mostly transgranular crack growth within Stage
Il as stress intensity increases, which has been noted by other
authors [5,36,37]. The low-AK region will be referred to as the
transient region, and the high-AK region will be called the stea-
dy-state region. Fig. 9 shows the precrack, the transient region
(low AK), and the steady-state region (AK > 15 MPa m'/?), which
can be observed on the fracture surface.

4. Fractography

Representative scanning electron microscope (SEM) micro-
graphs of X100 fatigue crack propagation surfaces are shown in
Figs. 9 and 10.

The micrographs in Figs. 9 and 10 indicate that the morphology
of the specimen’s fracture surface transitioned from a mixed trans-
granular-intergranular character during precracking in air to
mixed intergranular fracture with planar fracture and fatigue stri-
ations during transient FCG, characterized by low AK values and
shown in Fig. 10(b). However, the steady-state regime is domi-
nated by transgranular FCG with considerable crack branching.
These findings are consistent with those of [5,37]. Additionally,
fracture surfaces were scanned with a commercially available sty-
lus profilometer that has a contact tip radius of 2.5 um and a

R
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=
S
T
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Fig. 7. Fatigue crack growth rate data for X52 in air and at various hydrogen gas
pressures, including comparative data at 20.7 MPa from Sandia National Labora-
tories [33]. Two specimens were run at 6.9 MPa. Paris law constants given for X52
in air.

resolution of 15 A. A representative plot of fracture surface height
versus distance is shown in Fig. 11. The length of the crack, mea-
sured from the specimen shown in Fig. 9, correlates with the crack
length that corresponds to the AK at the knee, or transition seen in
the slopes of the FCGR curves.

The fatigue crack propagation surface of X100 steel tested in
hydrogen exhibits three regimes of surface asperities, depending
upon the FCGR: (1) the precrack region, (2) the transient regime
exhibiting the lowest surface roughness (Ra=2.2 um), and (3)
the steady-state regime, which has a larger surface roughness
(Ra=4.7 um). The transient regime is dominated by the crack
growth within the volume where the concentration of hydrogen
is maximized within the process zone, whereas within the stea-
dy-state regime the crack growth per cycle extends beyond this
hydrogen-concentrated region.

5. Discussion

The data show a clear distinction between those specimens
tested in air and those in a hydrogen gas environment. In partic-
ular, the specimens tested in hydrogen gas exhibit a higher slope
of FCGR at values of AK<14 MPam'?. This increase results in
FCGR values 1-1.5 orders of magnitude higher. This effect is ob-
served when testing at hydrogen pressures as low and as high
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National Laboratories [33]. Paris law constants given for X100 in air.

Fig. 9. Fatigue surface of X100 Steel tested in 20.7 MPa hydrogen showing different
character as the crack moves from precrack to the transient region and to the
steady-state region.

as 1.7 MPa and 48 MPa, respectively. At higher values of AK the
slope decreases, more closely resembling that of data acquired
in air. The authors believe that the length of the crack growth
per cycle plays a critical role in this phenomenon. At smaller val-
ues of da/dN the crack is growing within a region characterized
by stress-enhanced hydrogen diffusion, ranging from 250 nm to
450 nm, yet within the crack-tip-process zone defined by the
stress intensity. However, at larger values of da/dN, the per-cycle
crack growth outpaces the area affected by stress-assisted hydro-
gen diffusion, thus it more closely behaves as a test would in air
added to a maximum length of hydrogen-diffusion-affected
growth [38-43]. The change in slope occurs at higher values of
da/dN and lower values of AK as the pressure increases. This
would imply that the effect of hydrogen increases and perhaps
the volume of material near the crack tip where hydrogen accu-
mulates is larger at higher pressures. The effect of hydrogen con-
centration at the crack tip as a function of hydrogen
embrittlement, loading, specimen thickness, and fatigue crack

growth can be found in numerous sources [15,16,34,44,45]. The
effect of stress-assisted hydrogen concentration on fatigue crack
growth per cycle follows directly from that on hydrogen embrit-
tlement. At low values of AK, cracking in fatigue would be ex-
pected to be similar to that of very slow strain rate (<10~® mm/s)
tensile testing. As the value of AK increases, the character of
the per-cycle cracking in fatigue would resemble hydrogen
embrittlement at decreasing values of strain rate.

Fig. 12 illustrates the crack extension to stress-assisted hydro-
gen concentration interactions for both X100 and X52 steels. The
figure shows the normalized stress-assisted hydrogen concentra-
tion versus distance in front of the crack tip. In this way ambient
hydrogen pressure and material-specific values of hydrogen-con-
centration activation energy are disregarded. The figure indicates
the region of increased hydrogen concentration resulting from
the crack tip stress field, the associated X100 and X52 yield values
as well as the estimate of the fatigue process zone size for each
material when the applied stress concentration factor is
AK =13 MPa m'/2, Given that Fig. 12 represents a snapshot in time,
specifically for a particular value of 4K, the normalized stress-as-
sisted hydrogen concentration profile is identical for both materi-
als. However, the material-specific yielding and the subsequent
stress-redistribution will affect the peak stress-assisted hydrogen
concentration within that particular steel, as shown in the figure.
Fig. 12 indicates that the HA_FCG response would transition from
a high slope to a lower slope when the crack extension per cycle
reaches 110-380 nm for X52 and X100, respectively. Experimental
results fall within this range for both materials.

Looking more closely at the X100 data, for a given value of AK,
and at moderate values of AK, the crack growth rate per cycle in-
creases with increasing hydrogen pressure. The behavior of the
X52 material with respect to hydrogen pressure is not as clear as
that of the X100 data. It is not known whether this lack of pressure
sensitivity is due to something intrinsic to the X52 material rela-
tive to that of X100, such as a balance between crack growth per
cycle, grain size, and density and type of hydrogen traps. These
materials have differences in chemical compositions, and espe-
cially in microstructure. Furthermore, a third pressurized hydrogen
test was conducted on X52 that used the same MTS Fatigue and
Fracture! software with a slower (larger crack length increment)
data acquisition rate, and a constant AP = 2.3 kN, 1 Hz loading rate,
and R=0.5. This test, shown in Fig. 7, was conducted with the
hydrogen pressurized to 48 MPa. This data may have a slightly
higher da/dN at lower values of AK than those tested at lower pres-
sures, but at high AK values, da/dN is lower. More work needs to be
done to resolve this enigma.

The damage due to hydrogen is very similar for both hydrogen
embrittlement (generally monotonic loading) and fatigue (dy-
namic loading). In the case of hydrogen embrittlement, the delete-
rious effect of hydrogen roughly corresponds to the strength of the
steel. This has been shown by data for reduction of area of smooth
tensile specimens, tested in hydrogen relative to those tested in air
[6,46,47]. There is also a strong inverse correlation between
threshold stress intensity and steel strength, shown by Gangloff
[39]. For the case of reduction of area, Fig. 13 shows the difference
in reduction of area between tests in air and tests in hydrogen for a
number of steels that have a wide range of strength. Included in
the figure are data points for the X52 and X100 alloys tested here.
They exhibit relatively high differences in reduction of area, but the
same trend as other steels, as a function of yield strength. These
two alloys show no such correlation between yield strength and fa-
tigue crack growth rate. This is significant, because if fatigue-based
design is used, both stronger and thinner steel can be employed,
resulting in reduced costs for transportation of hydrogen gas via
pipeline. However, the correlation of hydrogen embrittlement
increasing as the strain rate is decreased, or in other words, as
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(c)

Fig. 10. Fatigue surfaces of X100 steel tested in pressurized (20.7 MPa) hydrogen gas in the following regimes: fatigue precrack (a), transient (b), and steady-state crack
growth (c). Region (a) is characterized by mixed intergranular-transgranular fracture that changes to predominantly intergranular fracture with some planar fracture and
fatigue striations in region (b), and predominantly transgranular fracture with crack branching in region (c).
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Fig. 11. Profilometry trace of the fatigue surface of X100 steel tested in 20.7 MPa
hydrogen. Crack growth was from left to right.

the time for hydrogen diffusion is increased, holds for FCGR [15].
This can be seen in Figs. 6 and 8. In Fig. 6, FCGR increases as pres-
sure increases, similar to how increasing hydrogen, either through
gas pressure or increased voltage from cathodic charging, increases
hydrogen embrittlement [14,17,44]. In Fig. 8, FCGR increases as
cyclic frequency decreases, allowing more time for hydrogen to dif-
fuse to the crack tip, which is commonly seen in the case of hydro-
gen embrittlement [3-17].
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Fig. 12. Stress-assisted-hydrogen-diffusion and relative-plastic-zone sizes for both
X52 and X100.

6. Conclusions

For both X100 and X52 the FCGR is one to two orders of magni-
tude higher in a pressurized hydrogen environment than in air.
This enhanced growth rate appears to correlate to pressure for
X100 but is not clear for X52. There appears to be little difference
between the overall range of FCGRs of X52 and X100, whether in
pressurized hydrogen or air. However, both materials, when tested
in hydrogen, display a fracture surface which transitions from
mostly intergranular to mostly transgranular fracture as the AK in-
creases. The FCGR data has a transition, or knee, between AK val-
ues of 11 MPam'? and 15 MPa m'/?. Before the transition, crack
growth in hydrogen gas is characterized by a slope greater than
that in air, probably due to increased hydrogen concentration as
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Fig. 13. Difference in reduction of area, defined as that in air minus that in
hydrogen gas, for a number of steels (diamonds) and for the two pipeline steels
measured in this work (circles), including a linear trend-line for the steel
(diamonds) data, as a function of yield strength [6].

a function of stress-driven hydrogen diffusion to the crack tip. After
the transition, the slope of the rate of crack growth as a function of
AK is similar to that in air, but at a cracking rate 1-2 orders of mag-
nitude higher. Perhaps the hydrogen concentration is saturated in
the crack process zone at such high levels of stress intensity.
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