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The effects of grain boundaries (GBs) on the initiation of hydrogen-induced blisters in pure iron were investi-
gated using synchrotron polychromatic X-ray Laue nano-diffraction. It was found that the random GBs were
more susceptible to blistering than the coincidence site lattice grain boundaries. High strain levels and severe
plastic deformation were observed around the random GBs after hydrogen charging, but not on the coincidence
site lattice grain boundaries.
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Ever since Johnson's first report on hydrogen embrittlement (HE) in
1874 [1], numerous efforts have been undertaken to study this group of
deleterious phenomena. Hydrogen atoms trapped at defects would re-
combine with each other into molecules, forming the nucleus of the
blisters and increasing local pressure, thus facilitating internal cracks
and blisters [2], which shorten the fatigue life of metallic materials [3].

The hydrogen-induced pressure, which makes the cracks propagate
discontinuously, can now be measured [4]. So far much work has fo-
cused on the blisters observed around inclusions [4–9]. Grain bound-
aries (GBs), as the most prevailing traps of hydrogen in polycrystalline
materials, also play an essential role in the formation of blisters [10]. Tri-
tium radioluminography has confirmed that hydrogen atoms preferred
to segregate at GBs in Al and Mo [11,12]. Also, in pure iron, hydrogen-
induced cavities and pores,which are the nuclei of the blisters, were ob-
served alongGBs [13].Moreover, experimental and theoretical evidence
was provided demonstrating that small hydrogen blisters were formed
at GBs in W [14,15]. Considerable efforts have revealed the differences
between coincident site lattice (CSL) GBs and random GBs in hydrogen
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diffusion and trapping [16–18], as well as hydrogen-induced cracking
initiation and propagation [19,20]. There is no doubt that the structure
of GB plays a crucial role in HE sensitivity [21–23]. Hence, the nature
of the GBs, especially on the sample surface, should have a significant
impact on the formation of blisters. However, a systematic study of
this effect is still lacking.

Traditional materials characterization techniques, such as electron
backscatter diffraction (EBSD) and transmission electron microscopy
(TEM), require sophisticated sample preparation, which may destroy
the blisters or introduce artificial defects. Therefore, the relationship be-
tween hydrogen blisters and GBs is challenging to uncover. Neverthe-
less, with the help of micro- or even nano-focused high-brilliance X-
ray beams produced in modern synchrotron facilities, polychromatic
X-ray Laue nano-diffraction (XND) can resolve this challenge [24,25].
When the polychromatic X-ray beam with continuous spectrum in a
relatively wide range of wavelengths impinges on an individual crystal-
line grain, the Bragg condition will be satisfied on various crystalline
planes simultaneously without rotating the sample, thus a Laue pattern
can be collected using a two-dimensional (2D) detector in only one ex-
posure [26]. To obtain adequate statistics, usually an area on the speci-
men surface will be raster scanned, and at each scanning position, a
Laue pattern will be collected. By analyzing all the Laue patterns, the
spatial distribution of phases [25], crystal orientations [27], GBs [28],
elastic [29] and plastic deformation can be mapped [30]. Compared
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with EBSD, XND provides better angular (below 0.01°) and lattice strain
(below 10−4) resolution. Moreover, XND does not require complicated
sample surface preparation due to the high penetration depth of X-
rays [31]. In this paper, the effects of GBs on blister initiation in pure
iron are explored utilizing the XND technique, with the purpose to
study the GB effects on the initiation of hydrogen blisters.

99.9% pure iron was used in this study. As-received samples were
first fully annealed in vacuum at 1200 °C for 2 h, and then machined
into small pieces with the 8 × 6 × 1 mm3 dimensions for hydrogen
charging. Majority of the grain diameters fell in the 100–200 μm
range. All the samples were electrochemically charged using the galva-
nostatic method in a solution of 0.5 mol/L H2SO4 with 0.22 g/L thiourea
acting as hydrogen promoter. To investigate themorphology and spatial
distribution of the blisters, the hydrogen charging parameters of current
density and charging time were varied in the range of 5 to 50 mA/cm2

and 10 min to 24 h, respectively.
The XND experiments were carried out at the Beamline 21A of the

Taiwan Photon Source, National Synchrotron Radiation Research Cen-
ter. The X-ray beam size was focused to ~100 × 100 nm2 by using a
pair of orthogonal ultra-smooth mirrors shaped into ellipses in the
Kirkpatrick-Baez configuration. Samples were mounted on an x-y scan-
ning stage with an inclination angle of 45° with respect to the incident
polychromatic X-ray beam with the energy range of 5 to 30 keV. The
samples and the x-y scanning stage are integrated into a scanning elec-
tron microscope (SEM), which is equipped with a secondary electron
detector, and thus the sample morphology can be observed and the X-
ray scanning area can be conveniently determined. In this report, H-
charged and uncharged samples were tested with the 8 μm scanned
Fig. 1.Opticalmicrographs of 10mA/cm2, 12 h charged sample: (a) Large blisterswithmostly re
micrograph of 50 mA/cm2, 6 h charged sample. GB “blister on blister” phenomena are marked
step size and the 0.5 s exposure time. At each scanning step, a Laue pat-
tern was collected using the in-vacuum Pilatus 3S-6M detector, which
was placed above the sample at a distance of about 520 mm. The accu-
rate diffraction geometry was calibrated by using a Laue pattern from a
strain-free Si single crystal, which was positioned right beside the pure
iron specimen. All the Laue patterns were analyzed automatically using
the custom-developed software package XMAS [32], taking advantage
of the newly developed peak position comparison (PPC) indexing algo-
rithm [33].

Fig. 1 shows the morphology and location of the blisters under dif-
ferent charging conditions. Blisters of different sizes were generated si-
multaneously when the sample was charged for a long period of time.
Blisters smaller than 20 μm, which is approximately the smallest grain
size in all samples, were defined as small blisters, and large blisters re-
ferred to the ones that were larger than 20 μm. As seen in Fig. 1(a),
larger blisters, withmostly an oval shape, often extend across 2 or 3 tri-
ple junctions (TJs). In the meantime, small blisters, marked by black ar-
rows in Fig. 1(b), mainly sit right on the GBs. When subjected to high
current density, the shape of the blisters became more irregular, and
the “blister on blister” phenomenon was observed, as clearly displayed
by arrows in Fig. 1(c). Intriguingly, on cap tiny blisters were often found
on GBs of the large blister caps. A typical example is presented in Fig. 1
(d), where the already broken small blister lies right across the GB.

It was found that the charging time and current density mainly al-
tered the size and shape, but not the locations of the blisters. In all the
tested conditions, the spatial distribution of the blisters, especially the
small ones, showed a common preference towards GBs, indicating po-
tential initiation preference of blisters to form around GBs, which is
gular, oval shapes; (b) small blisterswith arrowsmarking the ones right onGBs; (c) optical
by arrows; (d) SEM images of blister lying right on the GB on blister cap.
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Fig. 2. (a) X-ray intensity map of the tested region obtained from X-ray nano-diffraction data processed by the XMAS software and the PPCmethod; (b) IPF-Zmap of the detected region;
(c) CSL GB mapping of the detected region; (d) statistical analysis of GBs and blisters: ratio of GB types that generate small blisters (red) compared with their occurrence in the baseline
microstructure (grey). (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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consistent with other findings [5,34–37]. Blister location proportion for
different charging conditions was calculated based on the hydrogen
charging results. It was found that nearly 2/3 of the small blisters were
generated right on a single GB, while about 3/4 of the large blisters
tended to occupy TJs. GBs act as primary defects in pure materials, pro-
viding favorable sites for blisters initiation [12], thus explaining the
preference of blisters growth on GBs.

The sample used in theXND experimentwas chargedwith hydrogen
at a constant current density of 50 mA/cm2 for 1 h. An area of 2540
× 600 μm2 was scanned. About 30 hydrogen blisters were found in the
scanned area, five of which were large enough to be visible with the
naked eye. It has been demonstrated that the topology of the sample
surface can be visualized by plotting the average intensity distribution
of each 2D Laue pattern [24]. In the average intensity map in Fig. 2(a),
large and small blisters are outlined by white and black colors, respec-
tively. Inverse pole figure normal to the sample surface (IPF-Z) is
shown in Fig. 2(b), and no obvious orientation preference of the blister
initiation was found.

To investigate the effects of GB types on blister initiation, statistical
analysis was conducted. One thing to be noticed: in the detected area,
the large blisters were too large to identify the initiation process, since
their size was equivalent to or larger than the grains. Additionally, only
six large blisters were observed, making the sample size too small to
draw any statistically significant conclusions. Small blisters, on the
other hand, are suitable for predicting blister initiation. Therefore, only
small blisters were used in the statistical calculation procedure.

CSL GBs were defined by the coincidence theory [38], using the
Brandon criterion [39]. GBs with Σ ≤ 29 are considered to be the low-
Σ GBs [17,20]. Identification of the GB types was performed with the
MTEX software in Matlab 2016b, using the data collected by the XND
scan. CSL GBs are marked in different colors and random GBs are
black, as shown in Fig. 2(c). All GBs in the scanned area were recorded
as N, and the ratios of the low-Σ GBs and random GBs were calculated
according to Table 1, where Nlow-Σ and Nrandom are the numbers of the
Table 1
Ratio calculation of low-Σ and random GBs in the baseline structure or generated small blister

N Nlow-Σ Nrandom

672 185 487
Baseline structure ratio 0.275 0.725
low-Σ and random GBs, respectively. These two ratios serve as the fre-
quency baseline of these two types of GBs in the entire sample. The frac-
tions of several specific types of the low-Σ GBs were also calculated. It
was found that the fraction of Σ3 GB in the tested area is about 6%,
while Σ7 GB is ~1%, Σ9 GB and Σ11 GB each takes up 5%, and all other
low-Σ GBs occupy a total of 15% with the balanced distribution. Al-
though some types of GBs exhibit a slightly higher fraction, it is still
within a comparable distribution range. Meanwhile, GBs with small
blisters were recorded as Nsmall, and among them the number of low-
Σ (Nlow−Σ

small ) and random GBs (Nrandom
small ) were identified and the corre-

sponding ratios were calculated.
Fig. 2(d) shows a statistical analysis of the GB types and small blis-

ters. 61 GBs that were foundwith 25 small blisters were taken into con-
sideration. 7 out of the 61 (~11%) GBs are low-Σ GBs. This value was
actually lower than the frequency of low-Σ GBs in the entire sample.
Meanwhile, 54 of them were random GBs, reaching a fraction of 89%,
suggesting that random GBs are more prone to generating blisters. To
further confirm this observation, the p-value, which is useful in telling
whether a hypothetical trend is reasonable, was calculated based on
the acquired data [20]. The null hypothesis was that all the GBs shared
the same tendency to initiate hydrogen blisters. The alternative hypoth-
esiswas that blisterswere less likely to initiate on low-ΣGBs,while they
were more likely to initiate on random GBs.

From the number of small blisters onGBs,we calculated the p-values
for the two kinds of GBs and obtained the p-value of 0.006, which is
much lower than α = 0.05, indicating that the null hypothesis can be
rejected. This means that the hydrogen blisters were more likely to ini-
tiate on random GBs.

The dislocation type and density in the local sample volume illumi-
nated by the focused X-ray beam can be determined from the shape of
the Laue peaks, and thus the plastic deformation can be interpreted
[40]. Sharp Laue peaks indicate no or low dislocation density, while
high dislocation density broadens the Laue peaks. If this broadening is
isotropic, statistically stored dislocations (SSDs) are dominant in the
s.

Nsmall Nsmall
low−Σ

Nrandom
small

61 7 54
Small blisters ratio 0.114 0.886
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Fig. 3. (a) Magnified pattern on different GBs. Patterns of Σ3 GB are represented by green triangles and random GB are represented by yellow triangles. Patterns from uncharged GBs are
shown for reference; (b) strain distribution on different GB types in uncharged and 1 h charged samples. (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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corresponding volume of the specimen. Geometrically necessary dislo-
cations (GNDs), on the other hand, cause anisotropic broadening of
the Laue peaks, which is usually called streaking [41,42]. The streaking
direction depends on the slip system of the GNDs and the orientation
of the crystalline grain [43]. In both SSD and GND dominant cases, the
dislocation density can be quantitatively estimated from the peak
width [41,43].

To investigate the deformation caused by hydrogen charging on dif-
ferent types of GBs, three grains, marked as G1, G2, and G3 in Fig. 2(b),
were selected for the study. Each of these grains contained both random
and Σ3 GBs, and no large blisters were detected on them. On both the
random and Σ3 GBs of each grain, two positions were examined in de-
tail, respectively. All the spots were indexed with two sets of peaks, in-
dicating that these spots were located at the very vicinity of GBs. The
same reflections from the mutually indexed grains were studied. En-
larged images of the spots and reflections are shown in Fig. 3(a). Pat-
terns taken from Σ3 GB and random GB on another sample, which
was not charged with hydrogen, are also presented for comparison.

It can be observed that all the Laue diffraction patterns from the un-
charged sample from the two kinds of GBs are sharp, while Laue
Fig. 4. (a) Local misorientation distribution obtained from indexed data; (b) magnified n
uncharged sample.
patterns from the hydrogen-charged sample exhibit significant broad-
ening, suggesting hydrogen-induced deformation on both kinds of
GBs. Furthermore, Σ3 GBs show a relatively smaller deformation level
than random GBs. This difference becomes obvious after hydrogen
charging, as seen in Fig. 3(a). Laue spots of the three grains exhibit the
same trend: reflections on Σ3 GBs are relatively sharp, whereas the pat-
terns on random GBs are streaking. Any deformation found on Σ3 GBs
(reflections 114, 103 in G1, 114 in G2) is minor compared with the sig-
nificant deformation of randomGBs. Additionally, in the case of the 105
peak in G3, both streaking and splitting are observed. Based on these re-
sults, it can be concluded that random GBs endured more plastic defor-
mation than Σ3 GBs. Note that no evident blisters were detected in all
investigated spots, indicating that the localized plasticity around ran-
dom GBs did not result from the growth of the blisters. Although there
might be undetectable blister nuclei in the scanned area that could in-
duce deformation, this still indicated that the localized plasticity around
random GBs played a role in the blisters initiation process.

Equal von Mises strains of four kinds of GBs before and after hydro-
gen charging are plotted in Fig. 3(b). Random GBs originally exhibited
higher strain level. After hydrogen charging, the strain level of all four
ano-diffraction peaks from the marked areas in (a); (c) reference pattern from the
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kinds of GBs increased. Furthermore, the strain level of random GBs in-
creased dramatically compared with low-Σ GBs. This observation dem-
onstrated that plastic deformation localized around random GBs.
Elevated strain levels on random GBs are closely related to their more
open structure compared to the CSL ones. Vacancy-like free volume
structure and large excess volume [5] in randomGBs generated gaps be-
tween bulk and GBs, providing local high vacancy concentration and a
certain volume, which are the necessities for hydrogen atoms to recom-
bine into molecules [2]. Once the molecules are formed, local pressure
level rises, causing localized deformation, generating stress field around
GBs, thus resulting in the stress-induced hydrogen diffusion [44], bring-
ingmore hydrogen atoms for the blister nucleus to grow. Thus, random
GBs were found with more hydrogen blisters.

The degree of plastic deformation induced by hydrogen charging
and blister formation can be approximated from the crystal misorienta-
tion distributionmap obtained from the XND study (Fig. 4). Misorienta-
tions around blisters are obviously higher than in other areas.
Reflections taken from random GBs, which formed small blisters, are
marked by white arrows in Fig. 4(a), and demonstrated in Fig. 4(b). It
is clear that plastic deformation around the small blisters ismore severe
than in the area where no blisters were generated. Remarkable streak-
ing and splitting were observed, and the streaking points extended in
different directions, suggesting that more than one slip systems were
activated [30,40].

In conclusion, the effects of GBs on the initiation of blisters in pure
iron were explored using synchrotron X-ray Laue nano-diffraction. It
was found that hydrogen blisters preferred to form on random GBs
rather than on low-Σ GBs. Results also showed that random GBs exhib-
ited higher strain levels and more severe plastic deformation than low-
Σ GBs after hydrogen charging. Moreover, this study proved that the
Laue nano-diffraction can be utilized to measure minute local strain
changes associated with hydrogen charging.
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