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ABSTRACT: Accurate lifetime predictions are critical for repurposing existing pipelines for
hydrogen transmission as well as for developing novel steels which are minimally susceptible to
lifetime degradation by hydrogen. Ultimately, lifetime prediction models assess the amount of
damage a material undergoes during a typical service cycle and the cumulative damage a material
can withstand prior to failure. However, not all damage processes are equal, and neither is the
manner in which mechanical loading translates to damage the same when materials are in inert
environments compared to in hydrogen environments. For example, in the three leading proposed
mechanisms of hydrogen embrittlement (Hydrogen-Enhanced Decohesion (HEDE), the Hydrogen-
Enhanced Localized Plasticity (HELP), and the Nano-Void Coalescence(NVC)), hydrogen is proposed
to enhance the manifestation of grain separation, dislocation generation/movement, and void
coalescence, respectively. ‘A full understanding of the damage modes requires a measurement
capable of probing all three mechanisms at once. Here we present simultaneous High Energy X-ray
Diffraction (HEXRD) and Small-Angle X-ray Scattering (SAXS) during fatiguing of steel in hydrogen.
HEXRD measurements probe strain and dislocation density; SAXS measurements probe nano-pore
generation and coalescence. We will discuss the differences in damage modes between steels
fatigued in air and in hydrogen and the role these difference play in lifetime predictions.

1. INTRODUCTION

As the global economy moves toward hydrogen as a fuel carrier [1], significant advancements are
necessary to provide safe transport and storage options. The future of a hydrogen economy will rely on pipelines for
hydrogen service [2]. This will include pipelines constructed of novel, hydrogen-resistant materials, as well as the
re-purposing of existing pipelines which are constructed primarily of ferritic steel. Although some technological
advances have come hand-in-hand with these economic forces, critical challenges still exist. In particular, hydrogen
embrittlement (HE) of the structural materials needed to store and transport hydrogen is a severe hurdle for
widespread use of hydrogen as an alternative fuel source [3]. Because of the hydrogen embrittlement effect,
qualifying materials for hydrogen service requires extremely costly and time-consuming tests of mechanical
performance in moderate- to high-pressure hydrogen. Although embrittlement can be easily observed in relatively
fast and inexpensive quasi-static mechanical tests, the primary failure mode for pipelines is fatigue [4-6]. Therefore,



Journal Pre-proof

qualifying steels requires a statistically significant number of cyclic tests at moderate cycling frequencies, and full
fatigue crack growth rate tests can each require several months to complete. A full set of data needed to qualify a
single material can therefore require several months to years of measurements. Complete understanding of the
mechanisms of hydrogen embrittlement and hydrogen assisted fatigue crack growth could allow for the development
of a fatigue lifetime model which would significantly reduce the need for these long tests [7]. In turn, a complete
understanding of the physical mechanisms underlying the embrittlement process is therefore necessary for cost-
effective use of pipelines for hydrogen service.

Models for fatigue lifetime predictions utilize fatigue data and simulations to predict the total damage
accumulated within a material per cycle, and the total accumulated damage a material can withstand prior to fracture
[8]. During fully-reversed strain-life tests, for example, a set total strain is cyclically imposed onto a material until
the material fails. A full strain-life data set (number of cycles to failure vs. applied strain amplitude) is therefore a
powerful tool in predicting the fatigue lifetime of, for example, a pipeline. However, the strain-life of a material is
drastically affected by the presence of hydrogen, where pipeline steels have been observed to fail after one to two
orders of magnitude fewer cycles for the same strain amplitude compared to in air [9]. Because the same total strain
is applied yet the material fails in fewer cycles, there are only two options: hydrogen affects the physical
manifestation of plastic damage, or hydrogen affects the amount of plastic damage the material can withstand.

In one sense, the different proposed physical mechanisms for hydrogen embrittlement and hydrogen
assisted fatigue can essentially be boiled down to differing on the proposed role of hydrogen on the type of plastic
deformation undergone during straining. In the Hydrogen Enhanced Localized Plasticity (HELP) mechanism, for
example, hydrogen is proposed to affect how plastic deformation manifests in the form of dislocation motion,
through hydrogen-assisted enhancement in the dislocation mobility as well as an increase in dislocation density. In
the intergranular Hydrogen Enhanced DEcohesion (HEDE) mechanism, hydrogen decreases the interaction strength
between neighboring grains, and plastic strain manifests as inter-granular separation. In the Nanovoid Coalescence
(NVC) mechanism, hydrogen stabilizes plastic damage via nanovoid formation leading to void coalescence [10,11].
Discerning between the different proposed mechanisms therefore ultimately comes down to determining how
hydrogen affects the mode of plastic damage a material undergoes during straining, and how hydrogen affects the
amount of plastic damage the material can withstand prior to failure.

Some researchers have suggested a “synergistic interplay” of hydrogen embrittlement process [12,13]. It is
therefore necessary to measure, simultaneously, multiple mechanisms of damage. Combined high-energy Wide-
Angle X-ray Scattering (WAXS) and Small-Angle X-ray Scattering (SAXS) has the ability to measure each of the
aforementioned forms of plastic damage. WAXS has been shown to be a powerful tool for measuring both the
elastic strain and dislocation density near fatigue cracks grown in steel exposed to hydrogen [14,15]. SAXS probes
larger structures compared to WAXS, and is sensitive to differences in scattering length density (e.g. differences in
bulk metal and void space). SAXS has been used to measured nanoscale voids arising from plastic deformation in
steel, brass, and aluminum [16-18]. Importantly, the 1-ID beamline at Argonne National Laboratory’s Advanced
Photon Source (APS) has a detector arrangement which allows for simultaneous WAXS and SAXS measurements.
Therefore, one can perform simultaneous mappings of strain, dislocation density, and nanovoid density ahead of
crack tips.

In this work we have performed a strain and dislocation density mapping with the intent to better
understand the interplay between the HEDE and HELP mechanisms acting during strain-life testing in a 4130 steel.
Additionally, the nanovoid structure was mapped through SAXS to determine the role of the NVC mechanism.

2. MATERIAL AND SAMPLE PREPARATION DETAILS

AISI 4130 steel is a quenched and tempered steel with a ferrite/martensite microstructure and has a 0.2%
offset yield strength of 604 + 7 MPa, an ultimate tensile strength of 780 = 8 MPa, and a Young’s modulus of 200 +
14 GPa. In air, the elongation to failure is 41.9 + 1%. The chemical composition of the steel is listed in Table 1.
Table 1: Chemical composition (in mass %) of the AISI 4130 steel used in this study.

Element [ Fe | Cr | Mn | C | si | Mo | S | P |
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| Mass% | 97.749 | 103 | 05 | 032 0.21 0.17 0.01 0.011
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14 MPa hydrogen. Mechanical actuation was tests in air and in hydrogen with a strain amplitude of 0.02. The
stopped after a crack had initiated but prior to  sain-life in hydrogen was an order of magnitude lower than in

a complete separation of the sample. The air (see inset), and the elastic and plastic strain contributions
initiation of a crack in each sample was differed between the specimens cycled in the two environments.
indicated by a drop in the maximum force

during cycling. The inset in Figure 1 shows each sample’s position along the strain-life curves in air and in
hydrogen. The sample cycled in air had a crack form after 206 strain reversals, while the sample cycled in hydrogen
had a crack form after 22 strain reversals. Figure 1 illustrates the stabilized cycle for both samples, and the
contribution of plastic strain (gp) and elastic strain (gq) to the total strain [19]. The total strain was dominated by
plastic strain for both samples, however the sample cycled in hydrogen had a larger plastic strain contribution and
smaller elastic strain contribution compared to the sample cycled in air.

3. EXPERIMENTAL DETAILS

The samples were transported to Argonne National Laboratories (ANL) Advanced Photon Source (APS) 1-
ID-E end station for WAXS and SAXS measurements. The layout of the APS 1-ID-E end station is shown in Figure
2. Crack tip strain and dislocation density mapping were performed in a manner similar to our earlier work, outlined
in Ref. 11. In addition to WAXS, SAXS signal was captured using the SAXS / WAXS detector arrangement
descripted in Refs. [18,19] to capture SAXS and WAXS signal concurrently. Figure 2 illustrates the measurement
geometry. The WAXS detector array was positioned approximately 2.3 meters from the sample, and the SAXS
detector was approximately 6 meters from the sample.

The measurements were performed using 80.73 keV x-rays. The beam was narrowed by a series of slits to a
beam size of 120x120 um?. The samples were mounted on a stage capable of translations perpendicular to the beam
in the horizontal and vertical directions. For the WAXS measurements, a pixelated area detector with 200 um pixel
pitch and 2048x2048 pixel array was used. A standard CeO, powder sample [22] was used for calibration of the
WAXS detector distance and tilt. The SAXS detector had a 58 um pixel pitch and a momentum transfer Q-range of
0.35 to 13 nm™1. Calibration of the SAXS detector distance and tilt was performed using a silver behenate
(AgCyH430,) sample. SAXS intensity from a glassy carbon standard [23] was used to calibrate the measured SAXS
intensity and determine the absolute intensity. Simultaneous WAXS and SAXS scans were performed within the
gage section of the specimens with step sizes of 0.29 mm along the long axis of the specimens. For each lateral step,
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measurements were taken as the sample was rotated from -45° to +45° with a step size of 5°. The measurements
taken at each rotation were used to determine inverse pole figures, while the strain, dislocation density, and SAXS
intensity were determined from an average over the rotation angles. Pore size distributions were determined using a
spherical pore model in the GSAS software package [24].

Monochromator
— q Spocimen  WAXS Detector
= ——20 SAXS Detector
Beam o
St e
Translation «,‘
Stage Beam Stop

Figure 2: Experimental geometry and coordinate system. The samples.were aligned such that the long axis of the
sample was vertical. The samples were rotated about their long axis for pole figure measurements.

4, RESULTS

Figure 3 (center) shows the strain and dislocation density mapped along the gauge section for the reference
sample and samples cycled in air and in hydrogen. The strain in the reference sample is consistent, and near-zero,
throughout the entirety of the gauge section, which indicates that the as-machined sample does not contain
significant residual stresses. Similarly, the dislocation density in the reference sample is essentially constant and has
a value of approximately 2x10” m™. The strain in the sample cycled in hydrogen is tensile in the center of the sample
and decreases close to zero moving away from the center except in two areas with sharp increases in strain. These
sharp increases in strain are indicative of cracks which formed as the samples failed. Near the left crack (Crack A),
there is an increase in dislocation density by approximately two orders of magnitude over the dislocation density in
the reference sample, and approximately 1.5 orders of magnitude over the dislocation density in the center of the
sample. The dislocation density is also increased near the right crack (Crack B), however in the immediate vicinity
of the crack a notable drop in dislocation density was observed. The x-ray transmission through the sample was
larger near crack A compared to near crack B, indicating that crack B had not grown to the same extent as crack A,
and was closer to initiation. Crack B’s growth was likely halted by the propagation of Crack A

The sample cycled in air has near-zero strains near the edges of the gauge section and compressive strains
toward the center. The difference in direction of the strains between the sample cycled in air and the sample cycled
in hydrogen is likely due to whether the cycling was stopped during the tensile or compressive portion of the
cycling. A sharp.area of compressive strain is observed in the center of the sample cycled in air. As in the sample
cycled in hydrogen this is indicative of a crack. An increase in dislocation density is also observed near the crack in
the sample cycled in air. The magnitude of the increased dislocation density is smaller than that of crack A and
slightly higher than that of crack B in the sample cycled in hydrogen.

A representative loading-axis {001} inverse pole figure for the reference sample is shown on the top right
of Figure 3. The reference sample shows some texture with bright red spots near {111} and {012} and blue near
{001}, indicating a larger number of grains were oriented with their crystal {111} and {012} axes along the loading
axis, and a dearth of grains oriented with crystal {001} axis along the loading axis. The texture of the sample cycled
in hydrogen is largely unchanged compared to the reference sample. At the center of the specimen, where the strain
is increased but a crack has not formed, the texture loses some intensity near {012}. The texture near crack B is
slightly stronger than near crack A. Compared to the reference sample, the sample cycled in air loses nearly all
texture, both near and away from the crack.
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Figure 3: Left: (001) Inverse pole figures (IPF) for the sample strained in hydrogen, at the center of the sample
and near Crack A and Crack B. The color in each IPF indicates the multiples of random distribution (M.R.D.) as in
the scale bar at the figure bottom. Center: Loading-axis strain and dislocation densities for the reference sample

(black) and failed samples cycled in hydrogen (red) and in air (blue). Right: (001) IPF for the reference sample
measured at the center of the sample and for the failed samples near the crack and near the position labeled “C“

in the sample strained in air.

A representative SAXS curve from the reference sample, at cracks A and B of the sample strained in
hydrogen, and near the crack in the sample strained in air are shown in Figure 4. SAXS intensity arises from a
contrast between scattering length densities of the components in the sample. In this case, the contrast is between the
metallic lattice and pores in the sample. The size of the probed pores is inversely proportional to the momentum
transfer Q. The Q-range in this experiment probes pores roughly of diameter 2-50 nm.

- 1.0<10*

3: = Reference

i - - - Reference Fit

LW e H2Crack A B.O0x10° 4

=i A ~ = -H2 Crack A Fit ” — Reference
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Figure 4: (a) SAXS curves from the center of the reference specimen (black), hydrogen Crack A (red), hydrogen
Crack B (light red), and air Crack (blue). The dashed lines are fits to a spherical pore model, which correspond to
the pore size distributions in (b).
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in larger pores. Figure 4 shows the pore size distribution
from fitting the SAXS curves to a spherical pore model.  pigure 5: The Kratky plot (1Q?) for the reference and
Both the air crack and the hydrogen crack A show peaks crack B in the hydrogen sample bend over at high-Q,
in the pore size distribution at around 2.5 nm. The air indicating a disconnected network of voids, while
crack has developed some pores at around 20 nm. crack A'and the crack in the air sample diverge at

The Kratky plot (1Q? vs. Q), where | is the SAXS  high-0, indicating a structure.
intensity, provides information about the configuration of
pores in the material. Kratky plots accentuate differences in the scattering at high-Q. Kratky plots which bend over
at high-Q, as in the Reference sample, indicate an array of disconnected pores. On the other hand, Kratky plots
which increase at high-Q indicates an extended network of larger pores connected by smaller pores. Such increase is
observed for crack A in the sample strain in hydrogen and in the crack in the sample strained in air. Therefore, the
Kratky plots suggest nanovoids have begun coalescing near the crack in the sample cycled in air and crack A in the
sample cycled in hydrogen. The plateau at high-Q in the Kratky plot from the SAXS measured near crack B in the
sample cycled in hydrogen may indicate a partially connected network of pores that have not coalesced to the same
extent as near crack A and the air crack.

5. DISCUSSION

When the 4130 steel is cyclically strained in air, the material failed after 206 strain reversals; when
cyclically strained in hydrogen, failure occurs after only 22 strain reversals. This order-of-magnitude decrease in
strain-lifetime indicates hydrogen either decreases the ability of the material to withstand plastic deformation prior
to fracture or changes the mode of plastic deformation undergone when strained. The WAXS and SAXS results
shown here probe three different mechanisms of plastic deformation: generation of dislocations, rotation of grains,
and formation of pores.

Large strain intensities were observed near the cracks formed as the 4130 steel failed, both in air and in
hydrogen. Near these cracks, the dislocation density is increased compared to the background. The dislocation
density is larger near crack A of the sample fatigued in hydrogen compared to near the crack of the sample fatigued
in air (~2*10° m? compared to ~5*10® m). This increase in dislocation density in hydrogen is consistent with — and
may be a consequence of — the HELP mechanism which predicts a decrease in dislocation interaction leading to an
increase in dislocation density. However, the differences in magnitude are not large. Interestingly, the sample grown
in hydrogen shows a very local decrease in dislocation density near crack B. We have previously reported the strain
and dislocation density ahead of AISI 4130 steel crack tips grown in air and in hydrogen [11], which showed a
decrease in dislocation density approximately 2 mm ahead of the crack tip. The fracture surfaces after the fatigue
crack growth rate (FCGR) test indicated an increase in intergranular fracture in hydrogen. Coupled with the
promotion of intergranular fracture, the effect of hydrogen on the dislocation density suggested a mechanism of
hydrogen-assisted fatigue in which hydrogen enhances dislocation pileup at grain boundaries, promoting plastic
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deformation by intergranular fracture. However, this drop was only observed in the smaller of the two cracks, crack
B. Because crack B was closer to the initiation stage compared to crack A, one explanation is that the dislocation
pileup at grain boundaries occurs prior to fracture, and further cycling redistributes the dislocation density through
the grains. However, further characterization will be necessary to confirm this.

Inverse pole figures show that the texture of the sample fatigued in hydrogen is relatively unchanged during
straining compared to the reference unstrained sample, both near and far from the cracks. Conversely, the grains in
the air sample are shown to move from a measurable crystallographic texture to an untextured, nearly perfectly
random set of grain orientations. This suggests that one role of hydrogen may be to “lock” the grains into their initial
orientation. While in air the strain energy can go into plastic deformation which results in reorientation of grains, the
strain energy imparted on the sample in hydrogen must go into plastic deformation with different results to the
microstructure.

The SAXS curves show the formation of nanopores in both strained samples. The Kratky plots indicate the
pore structure moves from an unconnected distribution of pores in the reference sample to a connected, coalesced
type structure. The pore size distributions indicate that the connected structure in hydrogen is comprised only of
small nanopores (~2.5 nm), while the structure for the sample in air has some larger pores (~20 nm). The proposed
NVC mechanism is predicated on the argument that hydrogen stabilizes nanovoids which promotes their
coalescence into larger voids. However, the results here suggest nanovoid stabilization is not unique to steels
strained in hydrogen since nanovoids were observed in both air and hydrogen. The lack of larger nanovoids near the
cracks in the sample cycled in hydrogen suggests that fracture occurred. in the sample strained in hydrogen before
these nanovoids could coalesce into the larger pores.

6. CONCLUSIONS

Here we have presented strain, inverse pole figures, dislocation density, and void structure in a AISI 4130
steel subjected to fully-reversed fatigue cycling for samples tested in air and in hydrogen. Sharp increases in strain
were observed near the fatigue cracks. The inverse pole figures indicate a lower degree of grain rotation during
cycling for the sample tested in hydrogen compared to in air. Dislocation density was observed to increase near the
fatigue cracks, with a slightly higher density near the main crack grown in hydrogen. A drop in dislocation density
was observed near a secondary crack in the sample grown in hydrogen, possibly indicating dislocation build up at
grain boundaries prior to fracture. SAXS curves show differences in the size and morphology of the nanovoid
between the sample cycled in hydrogen and the sample cycled in air. The results presented here certainly indicate
that multiple modes of deformation are acting during straining in hydrogen. Ultimately the power of the combined
WAXS and SAXS measurements is the ability to probe multiple deformation modes at once. Further measurements,
as well as modeling of the energetics of these deformation modes, will provide a pathway for accurate for lifetime
predictions of the materials which comprise current and future pipelines.
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