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Abstract: The evolution of defects such as pores at elevated temperatures is crucial for revealing
the thermal stability of lithium hydride ceramic. The in situ evolution of pores in sintered lithium
hydride ceramic from 25 ◦C to 500 ◦C, such as the statistics of pores and the 3D structure of pores,
was investigated by X-ray computed tomography. Based on the statistics of pores, the porosity
significantly increased from 25 ◦C to 200 ◦C and decreased after 200 ◦C, due to the significant change
in the number and total volume of the round-shaped pores and the branched crack-like pores with
an increasing temperature. According to the 3D structure of pores, the positions of pores did not
change, and the sizes of pores went up in the range of 25–200 ◦C and went down after 200 ◦C.
Some small round-shaped pores with an Equivalent Diameter of less than 9 µm appeared at 200 ◦C
and disappeared at elevated temperatures. Some adjacent pores of all types connected at 200 ◦C,
and some branched crack-like pores gradually disconnected with an increasing temperature. The
expansion of pores at 200 ◦C caused by the release of residual hydrogen and the contraction of pores
after 200 ◦C because of the migration and diffusion of some hydrogen in pores might be the reason
for the evolution of pores with an increasing temperature.

Keywords: lithium hydride; X-ray computed tomography; elevated temperature; pore evolution;
in situ

1. Introduction

Lithium hydride (LiH), one of the most important ceramic materials in nuclear en-
gineering, is an ideal material for neutron shielding and moderating due to the combi-
nation of a high absorption cross-section, high hydrogen density and high melting point
(~683 ◦C) [1–5]. As a special ceramic which has an easy deliquescence and combustion
in air at room temperature [6,7], LiH ceramic might have complex properties at a high
temperature. The mechanical property of LiH under high temperatures was measured,
indicating that the tensile strength of sintered LiH increased slightly before 300 ◦C and
decreased after 300 ◦C [7,8]. The evolution of its microstructures, such as grains, intrinsic
defects and micro-cracks, might lead to its tensile strength change with the temperature.
The indirect inference of the grain effect through the fracture surface has been studied [7,8]
and was not sufficient to explain the change of tensile properties with the temperature.
Thus, it is critical to measure the amount, size, and location of defects such as pores and
inclusions of LiH, especially at different temperatures, which may help us understand the
thermal damage mechanism.

However, the internal defects of ceramics were difficult to detect. Normally, the
ultrasonic method [9–12] was used to measure ceramics defects, which were surface cracks
generated by a thermal shock loading test, and scanning electron microscopy (SEM) was
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used to obverse the fracture surface [7,8,13–16]. Owing to the depth limitation of the
resolution and focus, these methods cannot nondestructively characterize the internal
defects of ceramics. Recently, the resolution of X-ray computed tomography (XCT) has
reached the µm level [17]. XCT, such as micro-focus X-ray computed tomography (micro-
CT), synchrotron radiation X-ray computed tomography (SR-CT) and multiscale X-ray
computed tomography, has been used to investigate the pore evolution of some other
ceramic materials in sintering, such as boron carbide, silicon nitride, alumina and silicon
carbide [18–27]. Nevertheless, it was difficult to characterize the in situ changes of defects in
sintered ceramics with an increasing temperature. Hence, XCT was first used to characterize
the pores of sintered LiH ceramic in the present paper, particularly the in situ evolution of
pores at elevated temperatures.

For the closed porosity, the common measurement method was the effective density
method [28]. However, it was difficult to measure the density of LiH because of its
reactivity. Moreover, the density of LiH has been measured by several methods, such as the
pycnometer, the helium densitometer and X-ray crystallography, and the results showed
that the volumetric density was higher than its theoretical density because of hydrolysis
products [6]. Thus, the porosity of LiH could not be computed according to the measured
density. XCT could be more appropriate to measure the porosity of LiH.

The current paper studied the temperature effect on the pores of sintered LiH ceramic
by XCT. There were three methods used to separate the pores from the LiH matrix: Otsu,
the iterative self-organizing data (IsoData) segmentation algorithm and the combination of
the nonlinear diffusion filter and Otsu algorithm. The in situ evolution of pores in sintered
LiH ceramic from 25 ◦C to 500 ◦C, such as the statistics of pores and the 3D structure of
pores, was analyzed in detail.

2. Materials and Methods

Lithium hydride ceramic was obtained by powder prepared by the reaction of lithium
metal with hydrogen and was sintered [2,6–8,29]. A specimen with a size of 8 × 4 × 3 mm3

was heated in a vacuum furnace from a universal testing machine at 200 ◦C, 300 ◦C, 400 ◦C
and 500 ◦C for thirty min, respectively. The Zeiss Xradia 520 Versa (Zeiss, Germany)
Computed Tomography system was used to obtain a series of cross-section reconstructed
images (CT images) of LiH. With a voxel size of 4.1902 µm, 2001 tomographic projections
with a 2 s exposure time were obtained over a full 360◦ rotation for a total scanning time of
approximately 150 min. The voltage was 40 kV and the target current was 75 µA.

The porosity of LiH at different temperatures was computed over a region of interest
(ROI) defined by a size of 850 × 1040 × 620 voxels. There were some segmentation
algorithms that could be used to segment the pores from the matrix, such as the Mean,
Otsu [30], IsoData, fuzzy c-mean clustering (FMC), Maximum Entropy (MaxEntropy) and
K-mean clustering (KMC) segmentation algorithms [31]. The Otsu, IsoData and FMC
segmentation algorithms, when compared with other algorithms, had a good performance
in the pore and grain separation of rock [31].

The present work used the Otsu and IsoData algorithms to segment the images based
on the histogram of grey levels for porosity computing. The Otsu segmentation algorithm
determines the optimal threshold to segment the image based on the minimal or maximal
variances between the two parts divided [32]. The IsoData segmentation algorithm is a
clustering algorithm, which allows one to divide the scatter datasets into different numbers
of clusters to obtain the segmented results by minimizing both the intra-cluster variances
and the squared error function [33]. Because the five groups of images had different noises,
the filter, the nonlinear diffusion algorithm, was used to analyze the noise influence on
porosity. The nonlinear diffusion algorithm could preserve the edge because the diffusion
was reduced or stopped in the vicinity of edges [34]. The images were filtered by the
nonlinear diffusion algorithm and then segmented by the Otsu algorithm.

According to the images segmented by the Otsu and IsoData algorithms and the
combination of the nonlinear diffusion algorithm and Otsu algorithm, the volume and
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amount of pores were computed by Avizo 2020. The volume of pores corresponded to
the number of voxels of the pores multiplied by the volume of a single voxel. The shape
of pores was viewed by a three-dimensional rendering based on segmented images. The
porosity was defined as the ratio of the pores’ volume to ROI volume.

3. Results and Discussion
3.1. Statistics of Pores

The porosity computed by Otsu, IsoData segmentation algorithm and the combination
of nonlinear diffusion filter and Otsu algorithm is shown in Figure 1. The change of porosity
computed by Otsu, IsoData algorithm and the combination of nonlinear diffusion filter and
Otsu algorithm is similar. The trend of the porosity climbs from 25 ◦C to 200 ◦C, and drops
after 200 ◦C. The change of porosity from 25 ◦C to 200 ◦C is about a third of the porosity
at room temperature. The porosity is very small, less than 1.2% at different temperatures.
The porosity computed by combining the filter and Otsu algorithm is smaller than that
computed by the other two algorithms because some small pores are filtered.
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Figure 1. The evolution of porosity computed by three kinds of algorithms.

As shown in Figure 2, there are many pores in the LiH specimen. The distribution of
pores is not uniform. From the shape of pores, three kinds of pores are divided: round-
shaped (Type I) pores, long strip (Type II) pores and branched crack-like (Type III) pores.
Long strip pores and branched crack-like pores are formed at the boundaries among
granules at sintering [23]. The length of Type II pores and Type III pores is the maximum
of the 3D Feret Diameters, which is defined as the distance between two parallel tangents
of the particle at an arbitrary angle. The diameter of Type II pores is the largest distance
between two parallel lines touching the pore without intersecting it and lying in a plane
orthogonal to the length. The Equivalent Diameter of Type I pores is the diameter of a
sphere that has the same volume as the pores. The ratio of the length to diameter of long
strip (Type II) pores is greater than 2.5. The evolution of the three kinds of pores with the
temperature is different and will be analyzed in the next section.
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Figure 2. The 3D images of typical pores (on the left), such as round-shaped (Type I) pores, long
strip (Type II) pores and branched crack-like (Type III) pores. The length of Type II and III pores, the
diameter of Type II pores and the Equivalent Diameter of Type I pores (on the right).

Figure 3a–c shows the amount statistical distribution of the three kinds of pores at
different temperatures. The x axis is the median value of the statistical interval. The amount
of Type I pores decreases as their volume rises at different temperatures. However, Type II
and Type III pores increase and then decrease with an increasing volume. The amount of
pores is the largest at 200 ◦C in most statistical intervals, except Type II pores. At different
temperatures, the main volume range of three kinds of pores is described as follows. About
84–85% of Type I pores have a volume of 0–1030 µm3, and the Equivalent Diameter is
about 0–13 µm. The volume range of about 80–86% of Type II pores is 368–3899 µm3. Their
length is about 13–101 µm, and the diameter is about 4–23 µm. There are about 84–85% of
Type III pores in the range of 1471–22,292 µm3, and the length is about 21–191 µm.
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Figure 3. The amount of statistical distribution of three kinds of pores at different temperatures.
(a) Type I pores. (b) Type II pores. (c) Type III pores.

The amount and volume change of the three kinds of pores with an increasing tem-
perature are shown in Figure 4a,b. In the range of 25–500 ◦C, the amount of Type I pores,
Type II pores and Type III pores accounts for about 78–80%, 1.4–2% and 18–20% of the
sum, respectively. Thus, the ordinate scale of Type I pores is three times that of Type III
pores and 30 times that of Type II pores in the graph showing the amount as a function
of the temperature. The volume of Type III pores is 89–92% of the total, which is about
10 times that of Type I pores and 100 times that of Type II pores. According to the volume
relationship of the three kinds of pores, the ordinate scale is set as shown in Figure 4a,b.
The number of Type I and III pores rises in the range of 25–200 ◦C and falls after 200 ◦C.
Their amount tendency is the same as their volume change with an increasing temperature.
This shows that the amount change of Type I and III pores is one of the reasons for the
change of their total volume. The amount change of Type I pores is more significant than
that of Type II and III pores. However, the volume change of Type III pores is the highest,
at about 95–98% of the total volume change in the same temperature range. The volume
change of each pore may be the cause of the volume change of different types of pores with
an increasing temperature. The amount and total volume of Type II pores slightly changes
in the range of 25–500 ◦C. To sum up, the combination of the amount and volume change
leads to the porosity change with an increasing temperature, and the porosity change of
LiH is mainly affected by Type I and III pores.
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3.2. 3D Structure of Pores during Evolution

The amount and volume of Type I pores change with an increasing temperature, as
shown in Figure 5a–e. The pores in the areas marked by white circles show the most
significant change at different temperatures. Some new pores appear, and the existing
pores have larger diameters at 200 ◦C. After 200 ◦C, the pores are smaller than at 200 ◦C,
and some pores gradually disappear. However, the location of the pores does not change
at different temperatures. According to the analysis, some round-shaped pores with an
Equivalent Diameter under 9 µm appear at 200 ◦C and gradually disappear after 200 ◦C.
This is the main reason for the largest number of Type I pores being at 200 ◦C. Some large
Type I pores with an Equivalent Diameter of about 13–16 µm generate branches to be Type
III pores with a length of about 38–44 µm at 200 ◦C. Additionally, some adjacent Type I
pores connect into Type III pores at 200 ◦C.
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Figure 6a–e shows the CT images at different temperatures corresponding to the cross-
section marked by the red square shown in Figure 5a. Comparing CT images at different
temperatures, the sizes of pores in white squares are the largest at 200 ◦C and decrease
after 200 ◦C. The pore marked by a white circle is not clear after 200 ◦C and disappears
at 500 ◦C. This is the same as the result concluded in Figure 5a–e, according to which the
sizes of pores are the largest and the maximum number of pores is at 200 ◦C.
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Figure 6. The CT images at different temperatures. (a) 25 ◦C. (b) 200 ◦C. (c) 300 ◦C. (d) 400 ◦C.
(e) 500 ◦C.

The size of a Type II pore changes with an increasing temperature in Figure 7a–e. The
most obvious size change is marked by a red circle. This indicates that the pore grows from
25 ◦C to 200 ◦C and shrinks after 200 ◦C. As shown in Figure 8, the volume, length and
diameter of pore increase from 25 ◦C to 200 ◦C and decrease after 200 ◦C. The deviation of
the pore volume, length and diameter is obtained based on the calculation results of the
Otsu and IsoData segmentation algorithms. On the contrary, the aspect ratio of the pore
is smallest at 200 ◦C and gradually increases after 200 ◦C. The aspect ratio of the pore is
about 4.76 at 25 ◦C, 3.80 at 200 ◦C, 3.82 at 300 ◦C, 3.96 at 400 ◦C and 4.78 at 500 ◦C. The
pore is in the same place at different temperatures.

Crystals 2021, 11, x FOR PEER REVIEW 7 of 12 
 

 

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 6. The CT images at different temperatures. (a) 25 °C. (b) 200 °C. (c) 300 °C. (d) 400 °C. (e) 
500 °C. 

The size of a Type Ⅱ pore changes with an increasing temperature in Figure 7a–e. The 
most obvious size change is marked by a red circle. This indicates that the pore grows 
from 25 °C to 200 °C and shrinks after 200 °C. As shown in Figure 8, the volume, length 
and diameter of pore increase from 25 °C to 200 °C and decrease after 200 °C. The deviation 
of the pore volume, length and diameter is obtained based on the calculation results of the 
Otsu and IsoData segmentation algorithms. On the contrary, the aspect ratio of the pore 
is smallest at 200 °C and gradually increases after 200 °C. The aspect ratio of the pore is 
about 4.76 at 25 °C, 3.80 at 200 °C, 3.82 at 300 °C, 3.96 at 400 °C and 4.78 at 500 °C. The 
pore is in the same place at different temperatures. 

  

(a) (b) 

Figure 7. Cont.



Crystals 2021, 11, 1093 8 of 12
Crystals 2021, 11, x FOR PEER REVIEW 8 of 12 
 

 

  
(c) (d) 

 
(e) 

Figure 7. The 3D images of the size change of a long strip (Type Ⅱ) pore with the temperature. (a) 
25 °C. (b) 200 °C. (c) 300 °C. (d) 400 °C. (e) 500 °C. 

 
Figure 8. The volume, length and diameter of a long strip (Type Ⅱ) pore as a function of the temper-
ature. 

Figure 9a–e shows some examples of the shape and size change of pores with an 
increasing temperature, such as a Type Ⅱ pore and some Type Ⅲ pores. Seven pores at 25 
°C, close to each other, connect into one pore at 200 °C and then separate into several pores 
after 200 °C. According to the region marked by white circles, the sizes of pores are the 
largest at 200 °C and become smaller after 200 °C. The adjacent pores are shown in differ-
ent colors. The total volume of these pores is 1.20 × 106 μm3 at 25 °C, 1.59 × 106 μm3 at 200 
°C, 1.40 × 106 μm3 at 300 °C, 1.25 × 106 μm3 at 400 °C and 1.12 × 106 μm3 at 500 °C. The 
positions of these pores are the same under different temperatures. 

Figure 7. The 3D images of the size change of a long strip (Type II) pore with the temperature.
(a) 25 ◦C. (b) 200 ◦C. (c) 300 ◦C. (d) 400 ◦C. (e) 500 ◦C.

Crystals 2021, 11, x FOR PEER REVIEW 8 of 12 
 

 

  
(c) (d) 

 
(e) 

Figure 7. The 3D images of the size change of a long strip (Type Ⅱ) pore with the temperature. (a) 
25 °C. (b) 200 °C. (c) 300 °C. (d) 400 °C. (e) 500 °C. 

 
Figure 8. The volume, length and diameter of a long strip (Type Ⅱ) pore as a function of the temper-
ature. 

Figure 9a–e shows some examples of the shape and size change of pores with an 
increasing temperature, such as a Type Ⅱ pore and some Type Ⅲ pores. Seven pores at 25 
°C, close to each other, connect into one pore at 200 °C and then separate into several pores 
after 200 °C. According to the region marked by white circles, the sizes of pores are the 
largest at 200 °C and become smaller after 200 °C. The adjacent pores are shown in differ-
ent colors. The total volume of these pores is 1.20 × 106 μm3 at 25 °C, 1.59 × 106 μm3 at 200 
°C, 1.40 × 106 μm3 at 300 °C, 1.25 × 106 μm3 at 400 °C and 1.12 × 106 μm3 at 500 °C. The 
positions of these pores are the same under different temperatures. 

Figure 8. The volume, length and diameter of a long strip (Type II) pore as a function of the temperature.

Figure 9a–e shows some examples of the shape and size change of pores with an
increasing temperature, such as a Type II pore and some Type III pores. Seven pores at
25 ◦C, close to each other, connect into one pore at 200 ◦C and then separate into several
pores after 200 ◦C. According to the region marked by white circles, the sizes of pores are
the largest at 200 ◦C and become smaller after 200 ◦C. The adjacent pores are shown in
different colors. The total volume of these pores is 1.20 × 106 µm3 at 25 ◦C, 1.59 × 106 µm3

at 200 ◦C, 1.40 × 106 µm3 at 300 ◦C, 1.25 × 106 µm3 at 400 ◦C and 1.12 × 106 µm3 at 500 ◦C.
The positions of these pores are the same under different temperatures.
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Figure 9. The 3D images of the shape and size change of some branched crack-like (Type III) pores
with the temperature. (a) 25 ◦C. (b) 200 ◦C. (c) 300 ◦C. (d) 400 ◦C. (e) 500 ◦C.

The CT images in Figure 10a–e correspond to the cross-section that is marked by a red
square in Figure 9a. They can more intuitively analyze whether the two pores that are the
yellow pore and the green pore, which is long strip pore in Figure 9a, connect. Based on
the region marked by a white square at 25 ◦C, the two pores connect into one at 200 ◦C and
disconnect at 300–500 ◦C. At 200 ◦C, the sizes of the pores are slightly larger than the same
pores at elevated temperatures. Furthermore, there are some small pores that disappear
in the CT images at elevated temperatures. The size marked by arrows is about 17 µm at
25 ◦C, 300 ◦C and 400 ◦C, 21 µm at 200 ◦C and 13 µm at 500 ◦C. Based on Figures 9a–e
and 10a–e, with the increase of volume at 200 ◦C, some near-branched pores connect into
large pores that are mainly Type III pores. Additionally, the pore separates into two or
more pores with an increasing temperature because the weak connection is broken with
the decrease of volume. The connection or disconnection of adjacent pores is one of the
reasons for the amount change of Type III pores with an increasing temperature.
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In sum, at 200 ◦C the statistics of pores indicate that the amount and total volume of
Type I and III pores and the porosity are the largest; and the sizes of pores are the largest
on the basis of the 3D structure of pores during evolution. Therefore, the change of pores
is the most significant at 200 ◦C. According to reference [6], the first significant rate of
hydrogen loss of LiH was at 100 ◦C. Additionally, the decomposition of LiH to release
hydrogen required a high temperature above 900 ◦C [35]. Thus, it may be the release of
residual hydrogen that induces the hydrogen loss of LiH when the temperature is under
200 ◦C. The release of residual hydrogen inducing the expansion of pores may be the reason
for the size increase of the three kinds of pores at 200 ◦C. Some Type I pores with sizes
under 4.1902 µm expand until they are detected. The expansion of some Type I and II
pores causes them to branch out, which leads them to directly form or connect into Type III
pores. Some Type III pores expand and then connect. After 300 ◦C, the grains gradually
grow [7,8]. The increase of temperature is conductive to the migration and diffusion of
substances and the migration of the grain boundary in LiH. During this process, some
hydrogen in pores may be released after its migration and diffusion. Furthermore, there
is no more residual hydrogen releasing, so the sizes of the three kinds of pores decrease
in the range of 300–500 ◦C. Some Type I pores with an Equivalent Diameter under 9 µm
disappear, and some Type III pores disconnect into several small pores. This shows that
the expansion and contraction of pores are the cause of the size changes of the three kinds
of pores with an increasing temperature, resulting in the appearance and disappearance
of some Type I pores with an Equivalent Diameter under 9 µm, the connection of some
adjacent pores and the disconnection of some Type III pores, which in turn lead to the
amount and total volume change of pores with an increasing temperature, as shown in
Figure 4a,b. In summary, the expansion and contraction of pores are the main reasons
leading to the porosity evolution of LiH with an increasing temperature.

4. Conclusions

The temperature effect on the pores of sintered LiH ceramic was investigated by XCT
in the range of 25–500 ◦C. The in situ evolution of pores in sintered LiH ceramic at elevated
temperatures was analyzed in detail, such as the statistics of pores and the 3D structure of
pores.

(1) The porosity of LiH significantly increased from 25 ◦C to 200 ◦C and decreased after
200 ◦C because of the significant change in the number and total volume of Type I
and III pores with an increasing temperature. The amount and total volume of Type
II pores slightly changed with the temperature.
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(2) The positions of pores in LiH did not change. The sizes of pores rose in the range of
25–200 ◦C and fell from 200 ◦C to 500 ◦C. Some small round-shaped (Type I) pores
with an Equivalent Diameter under 9 µm appeared at 200 ◦C and disappeared at
elevated temperatures. Some adjacent pores of all types connected at 200 ◦C, and
some branched crack-like (Type III) pores gradually disconnected with an increasing
temperature.

(3) The reason for the most significant change of pores at 200 ◦C might be the expansion
of pores caused by the release of residual hydrogen. After 200 ◦C, the migration and
diffusion of some hydrogen in pores, resulting in the contraction of pores, might be
the reason for the change in the porosity, amount of pores, total volume of pores and
pore size with an increasing temperature.
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