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A B S T R A C T

A multi-scale experimental approach was used to determine the fundamental mechanisms responsible for the
hydrogen-induced transition in failure mode from ductile transgranular to intergranular in polycrystalline Ni
during uniaxial loading. Hydrogen accelerated the evolution of the deformation microstructure, producing
smaller dislocation cells and microbands, and causing significantly different orientation deviations to develop in
neighboring grains, while inducing less evolution of texture, less grain rotations, less elongation of the grains
parallel to the tensile axis, and greater out-of-surface distortion of the grains. These observations are explained in
terms of the hydrogen-enhanced plasticity mechanism, which results in a redistribution of hydrogen that sta-
bilizes the deformed microstructure and increases the hydrogen coverage on the grain boundaries. The stabi-
lization of the microstructure manifests as a reduced ability of grains to cooperatively accommodate evolving
deformation structures, which introduces an additional compatibility constraint across grain boundaries. The
combination of this compatibility constraint across grain boundaries, the locking of the microstructure in a
specific configuration by hydrogen, and the hydrogen-weakening of the grain boundaries drives the hydrogen-
induced intergranular failure.

1. Introduction

During plastic deformation of a polycrystalline metal, the slip sys-
tems activated within a grain are determined by the orientation of the
grain with respect to the loading axis, such that grain orientation de-
termines the evolution of dislocation structures [1], the rotation of the
grains [2,3], and, thus, the texture evolution. Although these de-
pendencies are well-established for FCC metals and alloys, the role, if
any, of hydrogen on the evolution of dislocation structures, grain
morphology, and texture as a function of strain has received little at-
tention. This is somewhat surprising as these changes determine the
overall mechanical response and the failure mode. This manuscript
provides insight as to how hydrogen influences the deformation re-
sponse with a particular application to hydrogen-induced intergranular
fracture.

In hydrogen-induced intergranular failure [4–23], which occurs by
decohesion along the grain boundary, there is debate about the need for
an additional driving force to cause the failure [18,20–22,24]. Evidence
supporting the need for additional forces are that the stress-strain re-
sponse is in some metals similar in the absence and presence of hy-
drogen until the onset of the necking instability [22,24]; the evidence of
general plasticity including on intergranular facets [18,20,23]; and
computational studies that question if a sufficient hydrogen con-
centration can be achieved on a grain boundary under practical char-
ging conditions [20,25–29]. For example, the mechanical properties of
an uncharged and hydrogen-charged equi-molar FeNiCoCr alloy were:
yield strengths, 170 and 192MPa; ultimate tensile strengths, 562 and
560MPa, and strains to failure, 68.1% and 63.5% in the uncharged and
hydrogen-charged materials, respectively. However, the failure mode
changed from ductile microvoid coalescence to predominantly
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intergranular in the hydrogen-charged alloy [22]. Recent studies of the
dislocation structures beneath fracture surfaces suggest hydrogen ac-
celerates the evolution of the dislocation microstructures, causes more
out-of-plane displacement, reduces the extension of grains in the tensile
direction, and, in some metals and alloys, causes a change in fracture
mode from transgranular to intergranular [18,19,21,22,30]. Based on
these observations, it was proposed that the additional driving force
generated by hydrogen-accelerated plasticity processes established the
local conditions for intergranular failure. That is, as the local micro-
structural stresses in addition to the increasing applied load could no
longer be supported by dislocation slip, fracture occurred along the
weakest links in the system, which were the hydrogen-weakened grain
boundaries. This mechanism is in marked contrast to the classic deco-
hesion explanation in which hydrogen decreases the cohesive strength
sufficiently to cause failure and any plasticity is irrelevant to the failure
[7–9,11–14,17,23,24].

In this study, the evolution of the microstructure during uniaxial
tensile deformation was compared in uncharged and hydrogen-charged
commercially pure Ni. A comprehensive understanding of the influence
of hydrogen on the evolution of the microstructure and its correlation
with the failure path was obtained by using characterization tools that
spanned a range of spatial scales. This enabled assessment of the in-
fluence of hydrogen on the rotation of individual grains, on the grain
morphology, on the local rotations within a grain, and on the evolution
of the deformation microstructure in the absence and presence of hy-
drogen. Considered separately some of the results could be interpreted
as hydrogen causing a reduction of the plasticity and others as hy-
drogen increasing the plasticity. However, when considered collectively
and within the framework of the hydrogen-enhanced plasticity me-
chanism, a self-consistent explanation of all effects can be achieved.
Effectively, hydrogen effects on the plasticity and in locking the mi-
crostructure in a specific configuration results in a difference in the
magnitude of deformation across a grain boundary. That is, commu-
nication of strain across the grain boundary is impeded. In addition,
hydrogen transport by dislocations to and from the grain boundary
increases the hydrogen concentration on the grain boundary. This ad-
ditional constraint across the grain boundary, the locked micro-
structure, and the increased hydrogen concentration on the grain
boundary ultimately lead to failure along the hydrogen-weakened grain
boundary.

2. Experimental procedure

Flat, hourglass-shaped tensile specimens were cut from Ni sheet
(purity > 99.76%) of thickness 1mm using electrical discharge ma-
chining. Specimen grip ends were 12mm long, the total length of the
center reduced section was 24mm, and the width was smoothly graded
along the reduced section such that it was 3mm wide at the center and
10mm wide at the grip ends, yielding a radius of curvature of 22.3mm.
All specimens were annealed at 700 °C for 8 h prior to some samples
being hydrogen charged. Hydrogen charging was performed in an au-
toclave in a 120MPa gaseous H2 environment at 200 °C for 160 h.
Thermal desorption analysis was used to analyze the hydrogen content
in the hydrogen-charged specimens; the ramp rate for this analysis was
200 °C h−1 from room temperature to 800 °C.

Tensile tests were performed at room temperature with a constant
displacement rate of 2×10−4 mm s−1. An uncharged specimen was
tested to failure in an Instron E10000 ElectroPuls load frame at the
University of Wisconsin-Madison. A hydrogen-charged specimen was
strained to failure in situ in an FEI NOVA nanoSEM equipped with a
hydraulic load cell at Purdue University. Further, uncharged and hy-
drogen-charged specimens were tested to specific strains using an MTS
QTest/5 tensile machine with a 5 kN load cell at the University of
Wisconsin-Madison; these tests were interrupted at prescribed,
equivalent macroscopic strains.

The structures and morphology along the reduced section of each

specimen and on the fracture surfaces were investigated using a Zeiss
LEO 1530 Gemini field emission scanning electron microscope (SEM)
operated at 20 kV. Electron backscattered diffraction (EBSD) analysis of
the grains along the reduced section was performed in a Zeiss LEO 1530
Gemini SEM operated at 20 kV or in an FEI Helios G4 plasma focused
ion beam (PFIB) CXe with an Elstar™ SEM column. EBSD measurements
in the PFIB were acquired using an Hikari EBSD camera and an accel-
erating voltage of 20–30 kV. EBSD mapping was conducted using step
sizes between 0.75 and 2 μm, and maps consisted of areas 0.5–1mm
wide by 1.5–2.5 mm long.

Thin foils were extracted from the specimen surfaces along the re-
duced section and from the fracture surfaces for scanning/transmission
electron microscopy (S/TEM) analysis using a Zeiss Auriga model Ga
FIB with the ion accelerating voltage varied between 5 and 30 kV. A
protective Pt layer was deposited prior to ion milling to preserve surface
features. The final polish of electron transparent foils was performed
using a 5 kV Ga ion beam. S/TEM analysis was performed in an FEI
Tecnai TF-30 S/TEM operated at 300 kV. Orientation maps of the
electron transparent foils were produced utilizing the ASTAR auto-
mated crystal orientation mapping system [31] with an angular re-
solution of 0.1–0.2° attached to the TF-30, typically using a step size of
12.5–17.5 nm. Analysis of all orientation mapping data was performed
using the MTEX software package for MATLAB [32] and custom MA-
TLAB functions.

3. Results

The initial microstructure was a random distribution of equiaxed
grains with an average grain size between 50 and 100 μm. The hy-
drogen-charging resulted in an internal hydrogen concentration of 27.4
mass ppm (1606 atomic ppm). The uncharged specimen failed through
transgranular ductile microvoid coalescence at approximately 26%
strain, and the hydrogen-charged specimen failed at approximately
15% strain by intergranular fracture. The out-of-surface distortions
along the gauge length were qualitatively larger and extended further
along the gauge length in hydrogen-charged than in uncharged Ni.
Secondary microcracking along grain boundaries was found on the
fracture surface and along the reduced section at strains of at least 9.5%
in hydrogen-charged specimens. On the intergranular facets on the
fracture surface, there was evidence of slip steps. These features of the
embrittlement are captured in Fig. 1, which shows the engineering
stress-strain data, Fig. 1a (—— uncharged and ____ hydrogen-charged),
SEM images of the specimen surface showing the out-of-surface dis-
tortion Fig. 1b uncharged and Fig. 1c hydrogen-charged, and fracto-
graphs of the ductile knife-edge failure in uncharged Ni in which the
arrowheads mark the knife-edge, Fig. 1d, and the intergranular facets in
hydrogen-charged Ni, Fig. le. The stress-strain response and the change
in failure mode are consistent with the results presented in other studies
of hydrogen embrittlement in Ni [6,10,12,15,18,24,33].

EBSD analysis of the undeformed and deformed uncharged and
hydrogen-charged Ni revealed that only in uncharged Ni did the texture
evolve towards< 111>parallel to the tensile axis. This difference is
highlighted for specimens strained to failure in the inverse pole figures
shown in Fig. 2; the regions selected for analysis in the deformed
samples were approximately 3mm from the fracture surfaces and 500
points were randomly selected from EBSD data. Prior to straining, the
undeformed uncharged, Fig. 2a, and hydrogen-charged, Fig. 2c, Ni
exhibited similar random orientation distributions. Following de-
formation, there was an accumulation of points near [1̄11] in uncharged
Ni, Fig. 2b, which is consistent with the anticipated rotations and cor-
responding texture evolution. In the hydrogen-charged sample, points
were distributed throughout the stereographic triangle, with some
minor accumulation of points near [001]. These differences in the
texture evolution could be attributed to the difference in the failure
strain or reflect hydrogen limiting texture evolution. The latter ex-
planation could be taken as evidence of hydrogen reducing the
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plasticity.
The shape of grains changed with deformation, with the elongation

parallel to the tensile axis and the increase in area being greatest in the
uncharged material. These changes can be seen by comparing the EBSD
maps of the same area before and after 9.5% strain; Fig. 3a and b shows
the change in uncharged Ni, and Fig. 3c and d in hydrogen-charged Ni.

To make the differences between uncharged and hydrogen-charged Ni
clearer, the outlines of a few grains before (black boundaries) and after
(blue boundaries) deformation to 9.5% strain are superimposed for
uncharged and hydrogen-charged Ni in Fig. 3e and f, respectively; the
overlay was made by aligning the centroids of the grains. The change in
shape is evident and it is greatest in uncharged Ni. This result when
considered in isolation could be interpreted as hydrogen reducing the
plasticity.

To evaluate the evolution of orientation of individual grains, the
rotation of select individual grains was assessed at different strains in
both uncharged and hydrogen-charged specimens. The average or-
ientation of each selected grain was determined prior to and after de-
formation by EBSD analysis of the same areas, see Fig. 3, and the angle
of rotation was calculated from Euler angles. A comparison of the re-
sponse of select grains at 9.5% strain in uncharged and hydrogen-
charged Ni is shown in Fig. 4; the average orientation of the grain in the
loading direction after straining is indicated by the dot and is connected
to the initial average orientation by a line. As only the initial and final
average orientations were determined, the lines do not necessarily in-
dicate the evolution pathway. From Fig. 4, it can be seen that grains
with an initial orientation near [1̄11] rotated towards [1̄11], grains with
an initial orientation near [001] rotated in random directions but re-
mained close to [001], and those initially near [011] rotated mainly
towards the line between [001] and [1̄11] or towards [1̄11], both in the
absence and presence of hydrogen. Qualitatively, the data presented in
Fig. 4 suggests the response of individual grains follows the same trends
in uncharged and hydrogen-charged Ni. However, differences emerged
when the average magnitude of rotation was considered, see Fig. 4c. In
this figure, the square symbols correspond to 8.0% strain and circles to
9.5% strain; open symbols represent uncharged, and filled symbols
hydrogen-charged Ni. The response in uncharged Ni for strains of 8.0%

Fig. 1. Effects of hydrogen on the mechan-
ical properties of Ni. a. engineering stress-
strain curves (—— uncharged and ____ hy-
drogen-charged); b and c SEM images of the
specimen surface showing the out-of-sur-
face distortions in uncharged and hydrogen-
charged Ni, respectively; d knife-edge
failure in uncharged Ni in which the ar-
rowheads mark the knife-edge; and e inter-
granular facets in hydrogen-charged Ni.

Fig. 2. The evolution of texture in: a. undeformed and b. deformed uncharged
Ni; c. undeformed and d. deformed hydrogen-charged Ni. Specimens b and d
were strained to failure at 26% strain and 15% strain, respectively. Color on-
line. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 3. EBSD maps comparing the change in the shape
of grains following deformation to 9.5% strain. a and
b. undeformed and deformed uncharged Ni, respec-
tively; c and d. undeformed and deformed hydrogen-
charged Ni; e overlaid undeformed and deformed
grains in uncharged Ni; and f. overlaid undeformed
and deformed grains in hydrogen-charged Ni. Initial
grain boundary shape in black and final shape after
deformation in blue. Tensile axis is vertical. Color
online. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web
version of this article.)
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and 9.5% was as expected, with the average angular rotation being
largest for grains with an initial orientation near [011], followed by
near [001] grains, and finally grains near[1̄11]. For hydrogen-charged
Ni, the same trends with respect to the initial grain orientation were
observed except for near [001] grains at 8.0% strain, which showed the
smallest of all rotations. However, irrespective of the initial grain or-
ientation, the average magnitude of the rotation was always smaller in
hydrogen-charged than in uncharged Ni by approximately 42%. The
results presented in Fig. 4c show that the grain rotations are smaller in
the presence of hydrogen for the same macroscopic strains, which is
consistent with the texture being less evolved in hydrogen-charged than
in uncharged Ni. That is, the preferred orientation results presented in
Fig. 2 for failed specimens are not entirely attributable to the difference
in the magnitude of the failure strain. From Fig. 4c, it is noted that the
average rotation of grains in specimens following 8.0% strain was
slightly higher than that measured for specimens following 9.5% strain,
although the difference is within the measurement error. Any sig-
nificant difference likely reflects the randomness of the position of the
selected grains, variations in deformation pathway and the influence of
neighboring grains on the deformation. This result when considered in
isolation could be interpreted as hydrogen reducing the plasticity.

In addition to exploring the overall rotation of individual grains, the
orientation deviation of each sampled point inside a grain from the
calculated mean grain orientation was determined from EBSD data. The
results showed qualitatively that non-uniform orientation deviations
across the grain interior were most prevalent in hydrogen-charged Ni.
In uncharged Ni, the largest orientation deviations tended to cluster
around grain boundaries, typically leaving a relatively contiguous re-
gion of low orientation deviation from the mean grain orientation near
the grain center. Conversely, regions with large orientation deviations
extended across the entire grain in discontinuous segments in hy-
drogen-charged Ni. Examples of these differences at 9.5% strain can be
seen in the images presented in Fig. 5a and b for the uncharged and
hydrogen-charged Ni, respectively. This difference in orientation de-
viation within individual grains with respect to the mean is quantified
at two locations for both uncharged (red distribution) and hydrogen-
charged (blue) Ni after straining to 9.5% in the histograms (bin size,
0.25°) presented in Fig. 5; Fig. 5c is from the center of the gauge section
and Fig. 5d is from a region 3mm from the center. In the undeformed
material, the distribution (not shown) was clustered between 0 and 2°,
indicating a well-annealed initial microstructure. The distribution
peaks at both locations and in the charged and hydrogen-charged Ni are
similar, although higher angle deviations occurred most frequently in
hydrogen-charged Ni. This latter result suggests that the plastic de-
formation is locally higher in the hydrogen-charged alloy.

The orientation deviation distributions after failure were compared
both near the fracture surfaces and 3mm from them, see Supplemental
Fig. 1. At the fracture surface, the peak of the distribution shifted to a
higher angle in the uncharged Ni, showing the impact of the severe
necking that occurred. Away from the fracture surface, the peak in the
distribution in the hydrogen-charged case shifted to a larger value than
in the uncharged case, despite the lower failure strain. This result is
consistent with hydrogen influencing the plasticity along the gauge

length, which is important to understand the formation of microcracks
along the gauge length.

To interpret the findings described in Figs. 1–5 in terms of dis-
location structures, the microstructure was examined as a function of
strain, position along the reduced gauge section, grain orientation, and
proximity to a grain boundary. Multiple grain boundaries were ex-
amined and these were predominantly high-angle grain boundaries
although some low-angle grain boundaries were included in the ana-
lysis. In addition to extracting samples from along the gauge section,
samples were extracted from mating intergranular facets. In general,
irrespective of the sample location, the microstructure in uncharged
and hydrogen-charged Ni consisted of a dislocation cell structure with
dislocation bands. However, there were notable differences. In the
presence of hydrogen, the dislocation cell structure was more orga-
nized, the cell size was smaller and cell walls thicker, and the density of
dislocation bands was higher. Further, there were notable differences in
the misorientations that developed in neighboring grains in hydrogen-
charged specimens compared to those in uncharged specimens. Overall,
the resultant differences in the microstructure were independent of the
type of grain boundary and the initial grain orientation. Examples il-
lustrating the differences attributable to the presence of hydrogen are
shown in Figs. 6 – 11.

Irrespective of the initial orientation of the grain, the presence of

Fig. 4. Rotation of grains from initial to final position fol-
lowing 9.5% strain of: a. uncharged and b. hydrogen-
charged Ni. The lines represent the direction and magnitude
of the rotation, with the final orientation indicated by the
dot. c. Average magnitude of rotation of selected grains with
strain, grouped by initial grain orientations of 1near<
001> , 2 near< 011> , 3 near< 111>and 4. average.
Open symbols, uncharged Ni, and filled symbols, hydrogen-
charged Ni. Squares 8.0% strain and circles 9.5% strain.
Color online. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version
of this article.)

Fig. 5. Orientation deviation maps with respect to the mean orientation of
select grains in: a. uncharged and b. hydrogen-charged Ni following 9.5%
strain. Distribution histograms of orientation deviations with respect to the
mean orientation in multiple grains in uncharged and hydrogen charged Ni
following 9.5% strain: c. center of reduced section and d. 3.0 mm from it; Red-
uncharged, blue-hydrogen-charged Ni, lavender – overlapping distributions.
Color online. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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hydrogen accelerated the development of the deformation micro-
structure. The differences at strains of 8.0% and 9.5% in the uncharged
and hydrogen-charged materials are compared in the micrographs
presented in Figs. 6 and 7, respectively. For the specimens deformed to
8.0% strain, the dislocation structures for grains with initial orienta-
tions near [011], near [001], and near [1̄11] are shown in Fig. 6a, b, and
6c, respectively, for uncharged Ni; and in Fig. 6d, e, and 6f, respec-
tively, for hydrogen-charged Ni. The orientations of the grains from
which the samples were extracted prior to loading for the uncharged
and hydrogen-charged samples are indicated by open and filled circles
in Fig. 6g, respectively. The organization of the electron micrographs in
Fig. 7 is identical to that in Fig. 6, but the samples were strained to
9.5%. In uncharged Ni, at both 8.0% and 9.5% strain, the formation of a
dislocation cell structure was sporadic, with some regions containing
dislocation tangles and others the initial stages of cell formation. Some
organization of dislocations into walls along crystallographic planes is
evident in Figs. 6a and 7c, but the misorientation across the walls was
not sufficient to assert that geometrically necessary boundaries, GNBs,
had formed. The dislocation structures observed in Fig. 6a–c and 7a-7c
indicate that the organization of the deformation structure was still in
the nascent phase.

In hydrogen-charged Ni, the dislocation structure was qualitatively
further developed than in uncharged Ni; compare Fig. 6d–f with 6a - 6c;

and Fig. 7d–f with 7a - 7c. Irrespective of the initial grain orientation
and the magnitude of the strain, a dislocation cell structure extended
over most of the grain interior and double-walled microbands existed in
multiple grains at 9.5% strain in hydrogen-charged Ni; examples are
indicated by arrowheads in Fig. 7d and e. The microbands appeared to
shear the dislocation cell structures, causing steps in the otherwise

Fig. 6. Microstructures at 8.0% strain for grains oriented near a. [011], b. [001], and c.[1̄11]. In uncharged Ni, and for grains oriented near d. [011], e. [001], and f.
[1̄11]. In hydrogen-charged Ni. g. Orientations prior to deformation in the loading direction of grains from which TEM specimens were extracted for uncharged (open
circles) and hydrogen-charged (filled circles) samples. Color online. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

Fig. 7. Microstructures at 9.5% strain for grains oriented near: a. [011], b. [001], and c.[1̄11]. In uncharged Ni, and for grains oriented near d. [011], e. [001], and f.
[1̄11]. In hydrogen-charged Ni. g. Orientations prior to deformation in the loading direction of grains from which TEM specimens were extracted for uncharged (open
circles) and hydrogen-charged (filled circles) samples. Color online. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

Fig. 8. Average dislocation cell diameters for grains oriented near the specified
orientations in: a. specimens strained to 8% and b. specimens strained to 9.5%.
Uncharged filled bars, hydrogen-charged open.
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nearly-equiaxed cells, which implies the microbands formed after the
cells. Misorientation measurements across microband walls indicate
that they may be classified as “second-generation” microbands [34].
That is, in the presence of hydrogen the dislocation structure was fur-
ther developed than in the absence of hydrogen, which is consistent
with hydrogen enhancing the plasticity.

To quantify these differences, the dislocation cell size was measured
as a function of initial grain orientation at 8.0% and 9.5% strain. The
results, presented in Fig. 8, confirm that the average size of approxi-
mately equiaxed cells was larger in uncharged than in hydrogen-
charged Ni irrespective of the initial grain orientation. Additionally, the
dimensions of the dislocation cell structure were measured as a function
of distance from the fracture surfaces. This analysis showed that despite
the difference in the failure strains, the dislocation cell sizes were of
similar dimensions as a function of distance from the fracture surface;
this data is provided as Supplemental Fig. 2. These results suggest that
the presence of hydrogen was accelerating the evolution of the micro-
structure relative to the level of macroscopic strain and this influence
extended along the entire gauge length. This finding has implications
for the formation of the microcracks on the grain boundaries along the
gauge length in hydrogen-charged Ni.

As the failure path is changed to be along the grain boundary by the
presence of hydrogen, identifying differences in the evolved micro-
structural state near grain boundaries in uncharged and hydrogen-
charged Ni is essential. Overall, the evolved microstructural state was
independent of the type of grain boundary or the initial grain orienta-
tion but there were notable differences in uncharged and hydrogen-
charged Ni. Examples of the deformation structures in the vicinity of
grain boundaries are presented in Figs. 9 – 11.

The first example, presented in Fig. 9, shows the differences in the
microstructure and the development of the misorientation differences
at an intact grain boundary in uncharged and hydrogen-charged Ni.
These samples were extracted approximately 2mm along the gauge
length from the fracture surfaces. In uncharged Ni, the dislocation
structures in the adjacent grains (labeled I and II) across a 54.6°9̄ 9 11
grain boundary are shown in Fig. 9a; the grain boundary is indicated by
arrowheads. Dislocation structures in the grain interiors consisted of
either an equiaxed dislocation cell structure or dislocation cells ac-
companied by extended, high-angle dislocation walls. These dislocation
walls were frequently distorted, particularly near grain boundaries and
where they intersected other dislocation walls. An example of a dis-
torted band is indicated by the arrow in Fig. 9a. The grain boundaries

Fig. 9. Dislocation structures across a grain boundary 2mm away from the fracture surface in: a. uncharged and b. hydrogen-charged Ni. Grain boundaries indicated
by arrowheads. Reference orientation deviation maps overlaid on microstructures in: c. uncharged and d. hydrogen-charged Ni. Color online. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 10. Dislocation structures beneath the intergranular facets on opposite sides of the fracture surface in hydrogen-charged Ni: a. and b. fractographs, c. bright-field
STEM images of microstructures beneath opposite sides of the fracture surface. ROD maps of boxed regions shown in Fig. 11.
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were curved and frequently contained steps that were approximately
30–1000 nm in size. These steps occurred at intersections of dislocation
walls or GNBs and grain boundaries.

The dislocation structure in two grains separated by a 43.8°2̄ 9 10
grain boundary in hydrogen-charged Ni is shown in Fig. 9b. The mi-
crostructure consisted of a dislocation cell structure, with a high density
of GNBs, particularly in the left grain. Overall, the microstructure ap-
peared more organized than in the uncharged alloy, with the disloca-
tion walls straight and densely packed. The grain boundaries were in-
tact and straight with no observable nano- or microvoids, and showed
no significant steps even at intersections with GNBs.

To gain further understanding of the state of deformation, ASTAR
orientation mapping was used to generate reference orientation de-
viation (ROD) maps from regions in adjacent grains as a function of
distance from the grain boundary. Mapping the orientation deviation of
each point in a grain with respect to a reference point immediately
adjacent to the grain boundary allowed for comparison of orientation
gradients in neighboring grains with the grain boundary misorientation
removed. In uncharged Ni, the RODs that developed near the grain
boundary in both neighboring grains were generally of similar magni-
tude and distribution. Larger orientation deviations occurred several
micrometers from the grain boundary, frequently across GNBs. An ex-
ample of these observations is presented in Fig. 9c. The ROD maps are
overlaid on the images of the dislocation structures and colored ac-
cording to the magnitude of the ROD; the reference point for each grain
is indicated by a black dot with a white border. No significant differ-
ence in the magnitude of the ROD occurred on either side of the grain
boundary. That is, the strain is communicated across the grain
boundary. Parallel to and within approximately 4 μm of the grain
boundary, the largest ROD in either grain was approximately 1–2°.
Regions in the interior of the grain exhibited RODs of less than 7°.

In hydrogen-charged Ni, the RODs, especially in the vicinity of the
grain boundary, tended to be larger than in uncharged Ni. Significant
differences occurred in the magnitude of the RODs that developed over
similar distances from the grain boundary in the adjacent grains, such
that the RODs tended to be greater in one grain than in the other. These

differences can be seen in Fig. 9d, which shows the magnitude of the
RODs near and parallel to the grain boundary reaching up to approxi-
mately 8° and 2-3° in grains I and II, respectively. Across the interior of
grain I, the magnitude of the orientation deviation reached approxi-
mately 12° with respect to the reference point in grain I, while in grain
II, the magnitude stayed at approximately 2–3° across the grain interior.
This result indicates that the deformation state may have been more
evolved in grain I than in grain II and that hydrogen restricted the
communication of strain across the grain boundary. Both the evolved
microstructural state and the larger RODs are consistent with hydrogen
enhancing the plasticity.

To further explore the impact of the deformed microstructure, the
dislocation structure was compared for matching intergranular facets.
Beneath the matching facets, the deformation microstructure generated
at a failure strain of approximately 15% consisted of a dislocation cell
structure on which dense, elongated dislocation walls and microbands
were superimposed. An example of the microstructure in the adjoining
grains is shown in Fig. 10. Fractographs from the mating surfaces are
presented in Fig. 10a and b, and the bright-field STEM images in
Fig. 10c. As can be seen from Fig. 10c, both fracture surfaces were not
straight, but contained step-like features, which correlate to the steps
on the fracture surfaces. The evolved microstructural state was quali-
tatively similar in both grains, consisting of dense dislocation walls,
dislocation cells, GNBs, and microbands. However, regions exist in both
grains that appear to contain more deformation bands than other re-
gions, suggesting local differences in evolution of the deformed state.

A more significant difference between the two grains was observed
in the ROD maps. The ROD maps are shown superimposed on STEM
images of the underlying structures in Fig. 11, with the reference points
on the fracture surfaces indicated by the black dots with white borders.
The locations from which the ROD maps were acquired are indicated by
the boxed regions in Fig. 10c. In comparing the two grains, it is evident
that the RODs that developed within approximately 10 μm of the
fracture surface were larger in the left grain (12–13°), Fig. 11a, than in
the right grain (6–7°), Fig. 11b. This result is consistent with that ob-
served across the internal grain boundaries, an example of which was
shown in Fig. 9d. That is, the ROD distribution is non-uniform in ad-
jacent grains, which is in marked contrast to that observed across grain
boundaries in uncharged Ni.

4. Discussion

The need for hydrogen to be accumulated on the grain boundary to
cause intergranular failure is without question, as removal of hydrogen
from the metal during the tensile test results in a return to a transgra-
nular failure mode [4]. However, neither the hydrogen coverage de-
pendence on the boundary orientation nor the concentration of hy-
drogen needed on a particular grain boundary to cause it to fail by
decohesion are known. It has been suggested that twin boundaries are
important for promoting hydrogen-induced intergranular failure [35].
However, this result is not consistent with the improved hydrogen
tolerance achieved through grain boundary engineering, which in-
troduces a high fraction of twin boundaries [23]. Furthermore, Teh-
ranchi and Curtin reported no absorption of hydrogen on twin bound-
aries [25]. Wang et al., used a grand canonical thermodynamic model
of molecular dynamics simulations to determine the hydrogen-induced
reduction of the ideal separation energy, and concluded it would be
challenging to achieve the concentration required for failure by pure
decohesion under conventional and practical hydrogen-charging con-
ditions in Fe [20] and Ni [36]. The latter conclusion is similar to that
reached by Tehranchi and Curtin who concluded that the equilibrium
hydrogen concentration on a grain boundary was insufficient to cause
intergranular failure and that during the deformation either diffusion of
hydrogen through the lattice and along the grain boundary or dynamic
crack growth was necessary [25]. These latter results support the need
for additional driving forces to cause hydrogen-induced intergranular

Fig. 11. Reference orientation deviation maps beneath the intergranular facets
on opposite sides of the fracture surface in hydrogen-charged Ni. Regions se-
lected shown in Fig. 10. Color online. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this
article.)
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failure.
However, the need for additional factors has been challenged re-

cently as Ni containing 4660 at ppm of hydrogen that was subjected to
slow strain rate uniaxial mechanical testing at 77 K failed inter-
granularly [24]. Harris et al. argued that at 77 K, hydrogen will not be
transported with mobile dislocations, meaning it should serve as a solid
solution strengthener, and that the hydrogen concentration needed to
cause intergranular failure was achieved by diffusion through the lat-
tice and along grain boundaries prior to the mechanical test [24]. These
results are consistent with those reported by Lassila and Birnbaum in
the late 1980s [15,16]. Both studies assumed that the deformation prior
to cracking played no role in the intergranular failure. However, neither
study considered that hydrogen on the grain boundary can increase the
emission of dislocations from grain boundary sources [37] and could
limit stress-driven grain growth [38].

Harris et al. dismissed the role of a microstructure related stress in
the hydrogen-induced intergranular failure at 77K and RT as the flow
stress, work hardening rates and the dislocation structures were similar
at a true strain of 0.1 in uncharged and hydrogen-charged Ni [24]. The
lack of a difference in the dislocation structures generated in absence
and presence of hydrogen is in marked contrast to the results of other
recent studies [18,19,21,39–41]. The observations by Wang et al. are
particularly relevant, as the comparison of dislocation structures was
made following torsional processing, which allows the deformed mi-
crostructure to be assessed at the same plastic strain [41]. They re-
ported the dislocation cell size was smaller and the cell walls thicker in
hydrogen-charged than in uncharged Ni. Further evidence for hydrogen
impacting the evolution of the dislocation structure is the observation
of second-generation microbands at 9.5% strain, see Fig. 7; these bands
do not typically form in uncharged Ni until strains of over 50% [34].
Although Harris et al. do not consider microstructure related stresses
important, they attributed the decrease in the true fracture strain at
room temperature to hydrogen transport by dislocations to grain
boundaries increasing the hydrogen concentration on grain boundaries
[24]. This hydrogen transport mechanism is an element of the hy-
drogen-enhanced plasticity explanation of hydrogen-induced inter-
granular failure [18,19,21,22,30]. However, it is likely effective only at
low strains where strain transfer across a grain boundary is dislocation-
mediated [42].

Based on the experimental observations reported herein, it will be
argued that hydrogen-enhanced plasticity establishes the local condi-
tions that ultimately promote intergranular failure by decohesion. To
recap, the main findings of this study were that hydrogen:

1. reduced the development of a< 111> texture parallel to the
loading axis, reduced the average rotations of individual grains
parallel to the loading axis, and reduced the deformation-induced
elongation of grains; and

2. Induced larger out-of-surface displacements and larger localized
orientation deviations within individual grains, caused larger RODs
to develop on one side of grain boundaries than the other in both
intact and ruptured grain boundaries, and accelerated evolution of
more organized dislocation structures.

These two groupings appear contradictory as the first group sup-
ports hydrogen reducing the plasticity and the second supports hy-
drogen increasing the plasticity. One common mechanism must exist to
reconcile the observations in both groups. As texture development,
grain rotation, and grain elongation require dislocation slip to occur on
specific systems [2,3], these group 1 observations must correlate with
the behavior of dislocations and be dependent on the evolved disloca-
tion structures at the microscale.

In the absence of hydrogen at the dislocation level within a single
grain, the microstructure evolves from dislocation-dislocation interac-
tions to formation of dislocation tangles, and then to dislocation cell
formation [43,44]. As strain increases, the cell size decreases, the

dislocation density in cell walls increases, and larger rotations develop
between cells, which can evolve into the formation of a sub-grain
structure [34,43,45]. GNBs may form either concurrently with or after
dislocation cell formation [1,46–48]. Essentially, GNBs separate regions
in which the magnitude of the deformation is locally different, or the
amount of slip on activated slip systems varies. If a GNB forms within a
grain, then the angular misorientation across the GNB wall increases
with increasing strain, leading to further microstructural refinement
[49]. The dislocation cell structure modifications generally occur
within regions separated by GNBs. The specific dislocation structures
that are formed will be dependent on the initial orientation of the grain
with respect to the loading direction as well as the local influence of
neighboring grains and grain boundaries [1–3,47,49]. Less is known
about how hydrogen influences these changes in microstructure with
increasing strain. However, from knowledge of the effects of hydrogen
on discrete dislocations, i.e., enhanced dislocation generation, higher
dislocation mobility, restricted cross-slip, and smaller equilibrium se-
paration distance between dislocations [50], it would be predicted that
hydrogen would: accelerate development of a dislocation cell structure
[41]; reduce the minimum cell size, since it is proportional to disloca-
tion interspacing in the wall [51]; and increase the density of disloca-
tions in the cell walls by enabling tighter packing of dislocations within
the cell walls. These hydrogen effects provide a consistent explanation
of the differences in the observed microstructures seen in Figs. 5–11.

The accumulation of hydrogen in the dislocation structures will
influence how they interact with and emit new dislocations. Assuming
dislocations emitted from a cell wall transport hydrogen, cross-slip of
dislocations will be restricted as they move across the cell interior [52].
These restrictions will influence the local development of orientation
deviations within a single grain, constraining and decoupling localized
regions and thus allowing rotations in opposing directions to develop.
Consequently, large-scale rotation of the grains on average will be
hindered, see Figs. 2 and 4. This inhibiting of grain rotation has been
found to modify the motion of the grain boundary [53]. Furthermore,
for the same reasons hydrogen inhibits cross-slip [52], it is suggested
that it can effectively lock the cell structure in position, as large-scale
reorganization would require a redistribution of hydrogen and an in-
crease in the total dislocation line energy. Consequently, large-scale,
average grain rotations (Figs. 2 and 4) and elongation of the grains in
the loading direction (Fig. 3) will be restricted by hydrogen and its
influence on dislocation structures. Thus, the seemingly disparate re-
sults listed in groups 1 and 2 are reconciled through the effects of hy-
drogen on the plasticity and the generation of the resulting micro-
structure.

The observation that the out-of-surface distortion was greater in the
presence of hydrogen (compare Fig. 1b and c) is consistent with prior
studies on slip steps and surface distortions [21,22,54–56]. Both ob-
servations of slip step height increases and density differences due to
hydrogen are consistent with increased plasticity. Although such results
are often taken as evidence for increased slip planarity, it is important
to remember that the slip steps on the surface reflect only specific slip
system intersections with the surface and do not represent the totality
of the plasticity; see Fig. 10 and references [57,58]. Bilotta et al. re-
ported that on cyclic loading of a martensitic steel, the displacement out
of the crack plane was greater in the presence than the absence of
hydrogen [56]. This observation was interpreted as hydrogen enhan-
cing the plasticity in the vicinity of the crack but not decreasing the size
of the plastic zone.

Strain transfer across grain boundaries at low strains is dislocation-
mediated and involves the accommodation of dislocations into, and the
emission of new dislocations from, the grain boundary [42]. The re-
sidual dislocation generated in the grain boundary by this transmission
process has a Burgers vector equal to the difference in the Burgers
vector of the accommodated and emitted dislocations, and it can create
local rotations, steps and disorder in the grain boundary. The increased
disorder would increase the density of low energy trap sites for
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hydrogen. It is not known if the presence of hydrogen in the grain
boundary alters this strain transmission process. Ignoring the changes
in hydrogen accommodation associated with the disruption of the grain
boundary structure and orientation, failure along the grain boundary
would naturally follow the steps, leaving steps on the fracture surface.
The micrographs presented in Fig. 9b shows no steps on the intact grain
boundary whereas Fig. 10c shows steps in the failed grain boundary.
Further work on strain transfer across grain boundaries in the presence
of hydrogen is needed to ascertain if the formation of these steps is an
important feature in the selection of the grain boundaries along which
fracture will occur.

Maintaining compatibility across grain boundaries requires that the
adjoining grains deform cooperatively, such that the displacement on
each side of the boundary is equivalent [5]. The ROD maps, Fig. 9d and
11, show the development of higher orientation deviations in one grain
than the adjoining one in the presence of hydrogen. This observation
suggests that the strain developed in one grain was not accommodated
equivalently in the other grain, i.e., the mechanism of strain commu-
nication across the grain boundary was hindered by the locked evolved
microstructural states. A reduced ability of grains to cooperatively de-
form in response to the applied load would thus enhance the local in-
fluence of the grain boundary on the deformation in adjacent regions,
and subsequently would also tend to exacerbate differences in the re-
sponse of adjacent grains to boundary-induced constraints. Ad-
ditionally, such effects could impact the mobility of the grain boundary
[53]. This development of a compatibility constraint across the grain
boundary in response to the applied load and the microstructure-gen-
erated local stress and the locking of the microstructure in a specific
configuration by hydrogen makes the grain boundary the weakest link
in the system. Consequently, the system response to further increases in
the applied load will be to fail along the grain boundary. This me-
chanism explains the observation of the microcracks seen in Fig. 1, as
the deformation is enhanced along the gauge length, these factors can
occur locally throughout the gauge length. The propagation of the in-
tergranular crack will require these conditions are satisfied on either
side of contiguous grain boundaries. If this condition is not satisfied, the
intergranular crack propagation will be halted.

In considering the results of Lassila and Birnbaum [15,16] and
Harris et al. [24] at low temperature, the following posit is proposed. At
low temperatures, the higher strain to failure will correlate with a more
evolved dislocation structure. The microstructure formed in the pre-
sence of hydrogen may be modified by hydrogen-accelerated emission
of dislocations from grain boundary sources [37]. This microstructure
in conjunction with the latent hardening from the interstitial hydrogen
in the grain interior would increase the local stress. Furthermore, the
presence of hydrogen on the grain boundary may inhibit grain
boundary mobility and rotation. With increasing strain, the grain
boundary would eventually fail as the matrix is unable to support the
applied load by dislocation slip or other deformation mechanisms.

5. Conclusions

A complete understanding of the deformation response across
multiple spatial scales allows for an explanation of hydrogen-induced
intergranular failure by decohesion that simultaneously accounts for
the observed plasticity. Without the additional constraints imposed by
the local microstructural state the level of hydrogen on the grain
boundary has been indicated to be insufficient to cause failure by hy-
drogen-induced decreases in the cohesive strength. Thus, it is a com-
bination of the additional constraints imposed by the influence of hy-
drogen on deformation as well as the reduction in grain boundary
cohesive energy that induces intergranular failure.

It is also concluded that assessing the dislocation structures from
either surface damage observations or macroscopic stress-strain data is
challenging as the interpretation is based on assumed behavior of dis-
locations and the self-organization of dislocation structures at high

strains. As the influence of hydrogen on the self-organization of dis-
locations in the nascent phase, it is necessary to observe the dislocation
structures.
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