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The penetration behavior of liquid gallium in aluminum is characterized using laboratory X-ray attenuation to-
mography and related to grain boundary properties obtained from the 3D grainmap reconstructed by laboratory
diffraction contrast tomography (LabDCT). The data is unique because more than 100 grain boundaries are ana-
lyzed. It is suggested that it is the grain boundary energy which determines if a boundary is wetted or not: low
energy boundaries aremuchmore resistant to liquid gallium than higher energy ones. The potentials of using lab-
oratory diffraction contract tomography for statistical studies of grain boundaries are thereby demonstrated.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Grain boundary wetting refers to the phenomenon that a liquid
metal penetrates along the grain boundaries within polycrystalline
solidmetals. Replacement of the original grain boundarywith the liquid
layer generally causes intergranular brittle fracture in otherwise ductile
metals and alloys. This is known as liquid metal embrittlement (LME),
which can be a serious problem for certain materials processing scenar-
ios such as welding and galvanizing aswell as in nuclear reactors with a
spallation target of liquid metal [1,2]. Among the many systems
exhibiting LME (e.g. Al-Ga, Al-Hg, Zn-Ga and Cu-Bi), the Al-Ga system
is the most widely studied, due to the low melting temperature of Ga
(29.8 °C) and the fact that rapid penetration and subsequent replace-
ment of grain boundaries in Al by liquid Ga occur bothwith andwithout
an applied stress [3–5]. Furthermore, the Al boundarieswith penetrated
Ga can be imagedwith scanning electronmicroscopy. It is known as gal-
lium enhanced microscopy and has been used to characterize the mi-
crostructure of Al alloys [6,7].

The penetration of liquid Ga proceeds non-uniformly in the three-
dimensional grain boundary network of Al. It is found to be related
with the characters of the grain boundaries such as misorientation
angle and Σ value of high angle boundaries [3,6,8–12]. This type of in-
vestigation requires characterization of both the Ga penetration path
and the crystallographic characters of the grain boundaries. Table 1
summaries the characterization methods reported in previous studies.
Denmark, Produktionstorvet,

ier Ltd. All rights reserved.
Early studies mainly employed bicrystals, which limits the statistics of
the grain boundaries studied. X-ray computed tomography at synchro-
tron radiation facilities offers easymapping of the 3Dpath that liquid Ga
follows in polycrystalline samples. However, in these studies [3,9,10],
characterization of the grain boundaries stills confines to known
bicrystals or 2D examination of grain orientations on sectioned sample
surfaces. A grain boundary is essentially a 3D structure and to fully de-
scribe it mesoscopically, five independent parameters are needed:
three parameters for the misorientation between the two grains defin-
ing the grain boundary and two parameters for the inclination of the
grain boundary plane [13]. With 2D characterization on sectioned sam-
ple surfaces, information on the grain boundary plane can only be ob-
tained through stereological approaches with certain assumptions [14]
and themethod is therefore quite limited.With thedevelopment during
the last two decades of novel X-ray based diffraction-imaging tech-
niques, non-destructive 3D mapping of the grain structures including
crystallography is now possible. The 3D X-ray crystallographic imaging
by diffraction contrast tomography (DCT) originates from methods de-
veloped at high-energy synchrotron X-ray facilities [15–17]. This opened
the possibility to study many aspects related to thermomechanical pro-
cessing and damage mechanisms in polycrystalline materials. Examples
of such studies include grain growth [18], grain rotation during sintering
[19] and intergranular crack propagation during stress corrosion crack-
ing [20]. The recently developed laboratory diffraction contrast tomogra-
phy (LabDCT™), made the DCT technique available in the laboratory and
thus enables a wider accessibility and routine use of the DCT technique
for non-destructive, time-evolution experiments [21–23]. The DCT can
be coupledwith other 3D X-ray imaging approaches such as attenuation
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Table 1
Brief summary of previous experimental methods to study liquid metal embrittlement.

References Methods to characterize Ga
penetration

Methods to obtain grain
orientation

[10] Visual inspection Bicrystals with known orientations
[8] Transmission electron microscopy • Bicrystals with known orientations

• TEM Kikuchi diffraction patterns
[12] Synchrotron X-ray tomography Synchrotron X-ray diffraction
[9] Synchrotron X-ray tomography Bicrystals with known orientations
[3] Synchrotron X-ray tomography Electron backscattered diffraction
[6] Scanning electron microscopy Electron backscattered diffraction
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contrast tomography (ACT) and phase contrast tomography, to charac-
terize various other microstructural features.

In this work, characterization of the Ga penetration behavior in Al is
correlated to a 3D characterization of the grain boundaries using a lab-
oratorymultimodal X-ray imaging approach. The polycrystallinemicro-
structure, including both morphology and crystallographic orientation
of the grains, is characterized by LabDCT. The misorientation and grain
boundary plane normal are then extracted from the 3D grain map. The
Ga penetration path is revealed by ACT and correlated with the grain
boundaries.

The material used in this study is a fully recrystallized AA1050 alu-
minum alloy with mean grain size of 65 μm. A cylindrical sample with
diameter of 1 mm was prepared using electrical discharge machining.
LabDCT was conducted first, using the commercially available ZEISS
Xradia 520 Versa X-ray Microscope equipped with the LabDCT module.
Fig. 1(a) schematically illustrates the principles of LabDCT. The instru-
ment uses a polychromatic, divergent X-ray beam. An aperture is placed
between the source and the sample, to constrain the incoming X-ray
beam. A beam-stop is placed between the sample and the detector
blocking the transmitted X-rays and thereby increasing the sensitivity
of the diffraction. A high-resolution detector is placed at the Laue focal
plane with equal distance between source-sample and sample-
detector. With this setup, the grains fulfilling the Bragg condition
focus the divergent X-ray beams into a line in the diffraction pattern.
Fig. 1(b) shows an example of such a diffraction pattern. The shadow
of the beam-stop can be seen in the center. During acquisition, the sam-
ple is rotated 360° and a specified number of DCT scan projections are
collected.

After the LabDCT scan, the top surface of the cylindrical sample is
slightly scratchedwith a razor blade to break the oxidation layer. Liquid
Ga is then placed in direct contact with the scratched sample surface
and kept at 100 °C for 2 h in order for the Ga to penetrate and wet the
grain boundaries. The Ga-treated sample is then scanned by ACT cover-
ing the approximately same sample volume as that already character-
ized by LabDCT. As the Ga is placed as a droplet on top of the sample,
a gradient in the Ga concentration through the sample may exist. We
however checked the Ga intensity averaged over all grain boundaries
Fig. 1. Illustration of how LabDCT works. (a) Sketch showing the experimental setup of LabD
diffraction signal from grains within the illuminated volume of the sample.
in the top and the bottom section of the investigated sample volume
and found no significant difference between top and bottom.

The acquired diffraction contrast projections are reconstructed with
GrainMapper3D™, developed by Xnovo Technology ApS. Both the crys-
tallographic orientations and morphologies of more than 1000 grains
are available from the reconstructed 3D grain map. With this informa-
tion, the five parameters describing the misorientations across the
grain boundaries and the grain boundary planes can be derived. Part
of the reconstructed 3D grainmap is shown in Fig. 2(a). The sample vol-
ume reconstructed from ACT visualizing the Ga wetted grain bound-
aries, cropped at approximately the same position, is shown in Fig. 2
(b). The original reconstructed volume is further processed to enhance
the visibility of Ga-wetted grain boundaries, which are seen brighter
compared to the darker Al matrix in Fig. 2(b). It is clear that with the
current treatment method the Ga fully penetrated the bulk of the sam-
ple. The penetration behavior of Ga into the Al grain boundaries is inves-
tigated by comparing slices clipped at the approximately same position
in the sample volume. Fig. 2(c) and (d) reveals many grain boundaries
visualized both by LabDCT and ACT, while there are also grain bound-
aries revealed by LabDCT that are not penetrated by Ga and hence not
visible in the ACT. Moreover, the wetted grain boundaries are pene-
trated to different extents, with some grain boundaries appearing
brighter than others. Five regions are highlighted as Regions 1 to 5 to ex-
emplify the different responses of grain boundaries to liquid Ga pene-
tration. The highlighted five regions in Fig. 2(d) are all surrounded by
Ga wetted grain boundaries while each of the regions includes more
than one grain, as revealed in the corresponding slice from LabDCT
(Fig. 2(c)) where the grains within the individual regions are marked
by numbers. The grain boundaries between these numbered grains in
each region are not penetrated by Ga. These grain boundaries are
termed ‘unwetted’ grain boundaries in the following text. Themisorien-
tation angles for the unwetted grain boundaries in the highlighted re-
gions are calculated and listed in Table 2. All the unwetted grain
boundaries in these regions, except the boundaries between grain 11
and 12, are low angle grain boundaries with misorientation angles
lower than 10°.

Further investigation of the penetration behavior of the liquid Ga
was done by exploring the intensity of Ga as a function of the misorien-
tation angle for 115 grain boundaries. The maximum Ga intensity for
each 3D grain boundary (measured based on all the ACT slices contain-
ing the grain boundary) is normalized to a value between 0 and 1 by di-
viding by the difference between the maximum and minimum Ga
intensity in all measured grain boundaries. As shown in Fig. 3, in gen-
eral, the normalized Ga intensity increases with increasing misorienta-
tion angle until a saturation plateau. It should be noted that the smallest
misorientation angle shown in Fig. 3 is 0.3°, which demonstrates the
fine angular resolution of LabDCT. The first important conclusion
which can be drawn from Fig. 3 is that grain boundaries with identical
misorientation angles can have very different Ga penetration behaviors.
CT in the laboratory X-ray microscope. (b) Example of a detector recording showing the



Fig. 2.Comparison of reconstructions fromdiffraction contrast and absorption contrast tomography. (a) 3Dgrainmap reconstructed from laboratory diffraction contrast tomography,with
coloring of the grains based on the rotation axis of the sample. (b) Reconstructed sample volume at a similar position in the sample as (a), determined by attenuation contrast tomography
using edge enhancement: bright lines reveal the Ga-decorated grain boundaries. Comparison of the slices reconstructed from (c) laboratory diffraction contrast tomography and
(d) attenuation contrast tomography. Regions 1–5 marked in (d) are regions with some of the grain boundaries not penetrated by Ga. The non-wetted grain boundaries are revealed
from the diffraction contrast tomography in (c). Numbering of regions in (d) and grains in (c) correspond to Table 2.
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Fig. 3 can be roughly be divided into three regions based on the Ga
intensity: (i) unwetted grain boundaries (i.e. boundarieswith a normal-
ized intensity below 0.1) that are mostly low angle grain boundaries
with misorientation angle smaller than 10°; (ii) wetted grain bound-
aries with high Ga intensity above 0.8 having misorientation angles
larger than 15°; (iii) a ‘transition’ region with medium Ga intensity
and misorientation angles in the range from 5 to 15°.

There are outliers to the categorized regions, and several of them are
marked in Fig. 3. GB-1, GB-2 and GB-3 are high angle grain boundaries
with medium Ga intensity. GB-4 is a high angle grain boundary that is
unwetted. GB-5 belongs to region (ii): it has misorientation angle
close to GB-3 and GB-4 but has a high Ga intensity. Further check of
the misorientation angle and axis for the high angle grain boundaries
with low to medium Ga intensity have shown that these outliers are
CSL boundaries, judged according to the Brandon criterion [24]: GB-1
has misorientation of 21.2° around [−0.43, −0.63, −0.65], which is
3.7° deviated from the ideal Σ21a boundary and only slightly larger
than the Brandon criterion (3.27°); GB-2 has misorientation of 36.8°
around [−0.47, −0.64, −0.60], which is 4.5° deviated from the ideal
Σ7 boundary and falls within the Brandon criterion (5.66°); GB-3 and
GB-4 have misorientation of 57.3° around [0.55, 0.56, 0.62] and 59.9°
around [−0.58, 0.58, 0.58], which are 4.0° and 0.1° deviated from the
ideal Σ3 boundary, respectively and both are within the Brandon
Table 2
The misorientation angle of the unwetted grain boundaries marked by numbers in Fig. 2(c,d).

Regions in Fig. 2(d) Region 1 Region 2 Region 3

Neighboring grains 1&2 3&5 6&7
Misorientation (°) 7.7 8.1 4.9
criterion (8.66°). GB-5 has misorientation of 59.2° around [0.37, 0.66,
−0.65], which is a normal high angle grain boundary.

The inclination of grain boundary plane for GB-3 and GB-4 is ana-
lyzed to investigate the possible reasons for different Ga penetration be-
haviors given that both boundaries are Σ3 boundaries. Fig. 4(a) and (b)
shows 3D volume rendering of GB-3 and GB-4 respectively, with the
two grains forming the grain boundary. The distribution of grain bound-
ary plane normal is calculated and shown in standard stereographic
projections in Fig. 4(c) and (d) (meshing grain boundaries and deter-
mining grain boundary normals using Dream3D® [25]). It can be seen
that the grain boundary plane normal distribution for GB-4 has the
peak much closer to the {111} pole compared with GB-3.

From the current experimental evidences, it is suggested that the
variations in Ga wetting behaviors are closely related to the energies
of grain boundaries: (i) most of the unwetted boundaries are low
angle boundaries (see Fig. 3) and for this category it is generally as-
sumed that the boundary energy increases with increasing misorienta-
tion angle according to the Read-Shockley equation [27] and this
matches well with the fact that the Ga intensity increases with increas-
ingmisorientation angle in the range from 5 to 12°; (ii) the ‘outlier’ high
angle grain boundaries that have low ormedium Ga intensity are found
to be CSL boundarieswith low Σ values, which are known to have lower
energies; (iii) previous MD simulation results have shown that for Σ3
Region 4 Region 4 Region 4 Region 5

8&10 8&9 11&12 13&14
5.7 4.2 59.9 3.0



Fig. 3.Normalizedmaximum intensity of Ga plotted as a function ofmisorientation angle of the grain boundaries. Five grain boundaries (GB-1, GB-2, GB-3, GB-4 andGB-5) are highlighted
as examples for further discussion.
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boundaries, boundaries with planes closer to {111} have lower energy
[28–30], and thus that GB-4 should have lower energy compared to
GB-3, which matches the lower Ga intensity. It is known that the grain
boundary energy is not determined only by the five parameters charac-
terized here – also the atomic structural arrangement across the bound-
ary may be of importance. An investigation of such atomic arrangement
is however not possible with the present experimental method and is
thus outside the scope of this work.

The present work has documented the potentials of laboratory mul-
timodal X-ray tomography for characterization of sample volumes large
enough for statistical studies of correlations between the metal micro-
structure and grain boundary wetting. For the present Al-Ga system,
the grain boundary plane and misorientation has been correlated to
Fig. 4. Volume rendering and plane normal distribution of the grain boundaries highlighted in F
forming the grain boundary. (c) and (d) are standard projections showing the distributions of gr
using a software package, MTEX [26].
the Ga wetting for 115 boundaries and it is suggested that it is the
grain boundary energy which determines the preferential Ga penetra-
tion path in Al matrix.

The experimental approach presented in this paper provides a com-
plete 3D description of the grain boundary network which can be used
as input for and validation of grain boundarymodels. Advantages of this
experimental method include: (i) both the grain boundary plane nor-
mal and the misorientation angles can readily be obtained, (ii) a large
number of boundaries can be characterized relatively quickly, (iii) the
method operates in the laboratory so no beamtime at synchrotron facil-
ities is required and (iv) themethod is non-destructive allowing subse-
quent processing and thus enabling studies of the microstructural
evolution.
ig. 3. (a) and (b) are volume rendering of GB-3 and GB-4 respectively, with the two grains
ain boundary normal in the crystal systemof the two grains forming the boundary, plotted
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