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Abstract We have reported that low-crystalline porous
calcite block, which is useful as a bone substitute or a
source material to prepare apatite-type bone fillers could be
fabricated by exposing calcium hydroxide compact to
carbon dioxide gas saturated with water vapor. In the
present study, we investigated the effect of molding pres-
sure on the transformation of calcium hydroxide into cal-
cite and the mechanical strength of the carbonated
compact. Transformation into calcite was almost com-
pleted within 72 h, however, a small amount of Ca(OH);
still remained unreacted at higher molding pressure be-
cause of incomplete penetration of CO, gas into the in-
terparticle space due to dense packing of Ca(OH),
particles. On the other hand, high molding pressure re-
sulted in an increase in diametral tensile strength (DTS) of
the calcite compact formed. Critical porosity of the calcite
block was calculated as approximately 68%.

Introduction

Calcium carbonate (CaCO5) has been used as bone filler
for the reconstruction of bone defects and as a source
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material for bone fillers. Marine coral is made of arago-
nite-type calcium carbonate (>97%). The coral has been
clinically used as bone substitute in dental, maxillo-facial,
cranio-facial, and orthopedic surgeries for the recon-
struction of bone defects [1-5]. The coral is also used as
a source material to prepare apatite-type bone fillers.
When the coral is hydrothermally treated in diammonium
hydrogen phosphate solution, it transforms into apatitic
mineral without changing its morphology. The bone filler
is called coralline apatite and has been clinically used as a
bone substitute in the United States [6—9]. However, the
usage of the coral is limited due to its high cost and
serious environmental problems. Moreover, the collected
coral have to be cleaned to prevent inflammatory reaction
caused by proteins and other elements present as impu-
rities. Drawbacks of the coral mentioned above would be
solved if calcium carbonate compact can be prepared
artificially. Though the sintering of calcium carbonate
powder results in calcium carbonate block, it would cause
liberation of carbon dioxide and formation of calcium
oxide above 650 °C. In addition, calcium carbonate with
extremely high crystallinity is obtained even when low
crystalline calcium carbonate powder is used. Unfortu-
nately, formation of calcium oxide and high-crystalline
calcium carbonate is not desirable with respect to tissue
response and resorbability, when it is used as the bone
substitute.

In our previous study [10], therefore, we proposed a
fabrication method of pure, low-crystalline calcite compact
with adequate and high mechanical strength calcium
carbonate (calcite) compact by carbonation of calcium
hydroxide (Ca(OH),) compact in CO, stream saturated
with water vapor. We found that development of DTS
proceeded in two stage, which corresponded to rapid
carbonation at the surface of the Ca(OH), particle and
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diffusion process through the calcite layer at the surface to
complete carbonation. It was considered that DTS before
and after carbonation depended on the molding pressure
used.

In the present study, we investigated the formation
process and measured DTS of calcite compact prepared by
carbonation of Ca(OH), compact under wider range of
molding pressure. The aim of this investigation was to
clarify the effect of molding pressure on mechanical
strength and to get more information about the fabrication
process of calcite compact as a bone substitute and/or as a
precursor for apatite block.

Materials and methods
Calcium hydroxide compact preparation

Commercially available calcium hydroxide (Ca(OH),,
Wako Chemicals, Tokyo, Japan) was used in this study.
The Ca(OH), powder, 0.2 g, was placed in a stainless steel
mold and pressed uniaxially with an oil pressure press
machine (Riken Power, Riken Seiki, Japan) under I-
15 MPa pressure. Specimens prepared were 10 mm in
diameter and 1-3 mm in height.

Carbonation of Ca(OH), compact

The prepared Ca(OH), compacts were placed in a reaction
vessel saturated with water vapor at room temperature.
Carbon dioxide gas was introduced in the vessel at a flow
rate of 0.15-0.20 L/min and the Ca(OH), compacts were
carbonated up to 72 h.

Mechanical testing

After the carbonation for the prescribed periods, mechan-
ical strength of the specimens was evaluated in terms of
diametral tensile strength (DTS). The specimens were
crushed using a universal testing machine (IS5000, Shi-
madzu Co., Kyoto, Japan) at a cross-head speed of 1 mm/
min after measuring the diameter and height of each
specimen with a micrometer (156-101, Mitutoyo Co. Ltd.,
Kanagawa, Japan). The DTS values were averaged over at
least eight specimens.

Microstructure

Morphology of the fractured surface of the specimen was
characterized by means of a scanning electron microscope
(SEM, JSM 5400LV, JEOL Co. Ltd., Tokyo, Japan) at
15 kV of accelerating voltage after gold sputter coating.
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X-ray diffraction analysis

The specimens ground into fine powders were character-
ized by X-ray diffraction (XRD) analysis. The XRD pat-
tems were recorded with a vertically mounted
diffractometer system (RIGAKU RINT 2500V, Tokyo,
Japan) using counter-monochromatized CukK, radiation
generated at 40 kV and 100 mA. The specimens were
scanned from 3° to 60° 268 (where 8 is the Bragg angle) in a
continuous mode at a scanning rate of 2°/min. Quantitative
analysis was also done on the specimens during carbon-
ation. Calibration curve for the quantitative analysis was
made using separated diffraction peaks of Ca(OH), (00 1,
d = 4.905 ;\) and calcite (0 -2 2, d = 2.095 A) respec-
tively. Crystallite sizes, D of the calcite formed by car-
bonation for 72 h of Ca(OH), compact prepared at various
molding pressures were calculated based on XRD analysis.

The following relation holds between half width (f) and
crystallite size (D).

B-cos(0) = Ki/D

where f) and 4 are Bragg angle and wave length of X-ray
(CukK,) used, respectively. After f§ was cormrected for the
instrumental broadening by using well crystallized x-quartz
heated at 1,050 °C, crystallite size was calculated based on
the above equation.

Porosity measurement

For porosity measurement, the apparent density of speci-
men before and after carbonation was calculated from the
specimen’s weight and dimensions. The theoretical densi-
ties of pure calcium hydroxide (2.24 g/em’) and calcite
(2.711 g/lem?) were used for the calculation. As a small
amount of calcium hydroxide still remained after the car-
bonation, its content was taken into account for the
apparent density calculation. Relative density was calcu-
lated from a ratio of the apparent density to the theoretical
density. The total porosity of specimen is then defined as

Total porosity (%) = 100 (%) — Relative density (%)

Total porosity was averaged over at least five speci-
mens.

Results

Figure | shows the X-ray diffraction patterns of calcium
hydroxide compacts prepared at 2 MPa (A) and 15 MPa
(B) and treated with CO, gas for up to 72 h. In each figure,
a diffraction pattern of the sample (a) before carbonation
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Fig. 1 X-ray diffraction pattems of calcium hydroxide compacts
prepared at (A) 2 MPa and (B) 15 MPa treated with CO, gas for
different time periods. In each figure, a diffraction pattern of the
sample (a) before carbonation and (h) commercially contained calcite
powder were also included for companison. Specimens were treated
with CO; gas for (b) 1 h, (¢c) 2 h, (d) 4 h, (e) 8 h, (f) 24 h, and (g)
72 h respectively

and (h) commercially contained calcite powder were also
included for comparison. Specimens were treated with CO,
gas for (b) 1 h, (¢) 2 h, (d) 4 h, (e) 8 h, (f) 24 h, and (g)
72 h, respectively. As shown in this figure, the intensities
of peaks attributed to calcium hydroxide, 20 = 28.7 (0 -1
0) and 20 = 34.1 (0 1 1), decreased gradually with time and
meantime the intensities of peaks attributed to calcite,
20 =29.4 (0 -1 —4) and 26 = 36.0 (1 1 0) appeared and
their intensities increased with time in both cases. In the
case of other molding pressures, the change in XRD
patterns was quite similar though the data are not shown.

Table 1 shows the amount of calcite formed after car-
bonation for 72 h at various molding pressure. As shown in
this table, the amount of calcite varied between 86.3 wt%
and 99.8 wt% and tended to decrease with increasing the
molding pressure.

Table 2 summarizes crystallite size, D of the calcite
formed by carbonation for 72 h of Ca(OH), compact pre-
pared at various molding pressures. Crystallite size of the
initial calcium hydroxide powder was 30.2 nm. As can be
seen in this table, crystallite size increased with molding
pressure to reach 46.8 nm when compacted at 15 MPa. It
should be noted that crystallite size of the calcite formed by
the carbonation was much smaller than that of the com-
mercial one (83.4 nm).

Figure 2 shows the SEM images of the fractured sur-
faces of calcium hydroxide compacts prepared at various
molding pressures before carbonation (left column; (a)—(e))
and after carbonation for 72 h (right column; (f)—(i)).
respectively. The original Ca(OH), powder had particle
size ranging from sub micron to several microns with an
irregular shape. We found no remarkable differences in the
surface structure before and after the carbonation for 72 h
as shown in Fig. 2, nevertheless X-ray diffraction analysis
showed that approximately 86—100 wt% of Ca(OH); had
transformed into calcite depending on the molding pres-
sure.

Figure 3 shows the change in porosity of Ca(OH),
compact before and after carbonation for 72 h as a function
of molding pressure. The porosity decreased with increase
in molding pressure in spite of carbonation. Porosity after
the carbonation was approximately 4% smaller than that
before carbonation regardless of the molding pressure.

Figure 4 shows the change in DTS values of Ca(OH),
compacts prepared at various molding pressures as a
function of carbonation time. Irrespective of the molding
pressure, DTS values rapidly increased with time within

Table 2 Compansons of crystallite size, D for each compact formed
by carbonation for 72 h of Ca(OH), compact prepared at various
molding pressures

Molding pressure (MPa) Crystallite size (nm)

Table 1 Changes in the amount

of calcite phase in the compacts HEkSinggasm (“a("O‘
with time at varnious molding {HP) i)
pressures 1 99 8
2 91.7
3 972
5 98.5
TS 928
10 90.1
15 86.3

Initial calcium hydroxide powder 30.2
1 35.5
2 36.9
3 35.2
5 35.3
7.5 423
10 45.1
15 46.8
commercial calcite powder 83.4
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Fig. 2 Typical scanning electron micrographs of the fractured
surfaces of Ca(OH), compacts prepared at (a) and (f) | MPa; (b)
and (g) 3 MPa; (c¢) and (h) 5 MPa; (d) and (i) 10 MPa; (e) and (j)
15 MPa before carbonation (left column) and after carbonation for
72 h (nght column). Bar: 5 um

first several hours and a prolonged carbonation after 24 h
gave only a slight increase in DTS values. Higher molding
pressure resulted in a higher DTS value after 72 h of car-
bonation.

Figure 5 shows DTS values after carbonation for 72 h
plotted against molding pressure. DTS values of the green
compact before carbonation are also plotted in the figure.
In both cases, we found that DTS values almost linearly
increased with the molding pressure. Dependence of the
DTS on molding pressure was much larger in the compact
after carbonation, as shown in larger slope of the regression
line. Thus the extent of increase in DTS by the carbonation
became larger with the molding pressure.
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Fig. 3 Change in porosity of Ca(OH), compacts prepared at various
molding pressures before and after carbonated for 72 h. The bars in
the figure denote standard deviation
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Fig. 4 Change in DTS values of Ca(OH), compacts prepared at
various molding pressures as a function of carbonation time. The bars
in the figure denote standard deviation

Discussion

The results obtained in the present study clearly demon-
strated that Ca(OH), transformed directly to calcite, which
is a most stable phase of calcium carbonate [11] when
calcium hydroxide compacts were carbonated in CO, gas
saturated with water vapor. The carbonation rate was al-
most the same irrespective of molding pressure and the
carbonation almost completed within 72 h. At higher
molding pressure, however, a small diffraction peak of
Ca(OH), was still found at 26 of 34.1° even after 72 h.
Final decreased 99.8 wt% to
86.3 wt% with increasing in the molding pressure. This is
probably caused by less penetration of CO, gas through

conversion rate from
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interparticles due to dense packing at higher molding
pressure. In the other words, the Ca(OH), compact pre-
pared at higher molding pressure had less porosity, as
shown in Fig, 3.

We also found that diffraction peaks of the calcite
formed were broader than a commercially available calcite
powder, which is well crystallized. Since the broadening of
the diffraction peak is usually seen when the crystallite size
became smaller, it is reasonable to consider that crystallite
size of the calcite formed by the carbonation was smaller
than the commercial one. As shown in Table 2, the crys-
tallite size of the calcite obtained was between 35.2 nm and
46.8 nm and much smaller than that (83.4 nm) of the
commercial calcite. The small crystallite size is preferable
when the material is used as a bone substitute or a pre-
cursor of carbonate apatite preparation as a biomaterial.

During carbonation, no morphological changes was
observed even at SEM level, it is probably due to the small
crystallite size of calcite formed as already described.
Therefore fine calcite crystals developed on the Ca(OH),
particles with keeping its original shape. As a matter of
fact, the porosity was slightly decreased by about 4% be-
fore and after carbonation at each molding pressure. The
decrease in porosity almost corresponds to a theoretical
decrease of about 6% calculated under an assumption that a
certain amount of Ca(OH), compact transforms into calcite
without changing its original volume. The carbonation
proceeded by diffusion of CO; gas through the calcite layer
initially formed on the original Ca(OH), particle. Basi-
cally, smaller and less pores were observed in the Ca(OH),
compact prepared at higher molding pressure. This is also
clearly demonstrated by change in porosity of Ca(OH),
compact after carbonation for 72 h with various molding
pressure as shown in Fig. 3.

DTS rapidly increased in a first few hours and after that
it gradually increased as shown in Fig. 4. The initial rapid
increase is caused by the interparticle binding through
calcite formed on the surface of the original Ca(OH),
particles. As already described, the extent of increase in
DTS by the carbonation was larger at higher molding
pressure, which was more effective for an intimate contact
among the particles resulting in tight interparticle binding.
As seen in Figs. 3 and 5, porosity decreases with molding
pressure. This fact suggests that the final DTS mainly de-
pends on the porosity. Actually, the following equation was
theoretically derived to explain the relationship between
the mechanical strength and porosity in brittle solid such as
gypsum [12, 3]

S = S() lOg(Pc”’;P).

where S denotes mechanical strength and P denotes
porosity. Sy is a constant and P, is defined as a critical
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Fig. 5 DTS values before and after carbonation for 72 h plotted
against molding pressure. The bars in the figure denote standard
deviation

porosity, where the strength S becomes zero. Later, the
equation was applied for the mechanical strength of dental
gypsum [14] and biological calcium phosphate cement
[15]. Figure 6 shows the relationship between DTS values
and logarithm of porosity of specimens prepared at various
molding pressures and those carbonated for 72 h. It was
found that DTS values are inversely proportional to loga-
rithm of porosity, that is, the above equation well holds.
Critical porosity, Pc, can be obtained by the extrapolation
of the regression lines to zero of DTS, With the compact
before and after the carbonation, P, was 64.6% and

12
—O— after carbonation
10+ —e— before carbonation
. 8
=
&
6t
2
4 }
2k P(‘r
0 . it l‘ i
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Porosity (%)
Fig. 6 The relation between DTS and logarithm of porosity of

Ca(OH), compacts before and after carbonation for 72 h. The bars in
the figure denote standard deviation
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68.4%, respectively, and both values almost coincided.
This fact suggested that DTS values are determined by
porosity in the calcite compact.

As shown in Fig. 5, specimens after carbonation for
72 h followed by being pressed at 1 MPa showed DTS
values of 1.84 (.25 MPa, and then linearly increased
with the molding pressure, finally attained to
10.33 + 0.80 MPa in the case of being pressed at 15 MPa,
which is similar to that of set gypsum. The mechanical
strengths are not sufficient for application to the areas ex-
posed to large stress such as discontinuity defects of the
jaw bones. However, it is enough for non load bearing area
such as the holey bone defects caused by extirpation of
tumors and cysts and the alveolar bone defects resulting
from periodontal diseases. Moreover, when the calcite
block is used as a bone substitute or as a precursor for the
apatite like a coralline apatite, macroporosity plays an
important role for penetration of cells and tissue fluid. Trial
for fabrication of macroporus calcite block with higher
porosity is now progress in our laboratory and a part of
study will be published elsewhere [16].

Conclusion

For an artificial bone substitute, we prepared calcite com-
pacts by carbonation of Ca(OH), compacts under various
molding pressures ranged from 1 MPa to 15 MPa in CO;
gas saturated with water vapor for various periods up to
72 h. It was found that Ca(OH), transformed directly to
calcite and the transformation was not completed at higher
molding pressure though its rate was almost the same
irrespective of molding pressure. It was also found that
DTS were determined by porosity in the calcite compact
depending on molding pressure. There was a linear relation
between DTS and logarithm of porosity.

@ Springer

This method enables us to obtain calcium carbonate
compact with a wide range of mechanical strength by
controlling the molding pressure.
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ABSTRACT

“Environmental cell” microscopy was applied for surveying the reaction of hydrides in
vanadium and magnesium based alloys, which are candidates for hydrogen storage materials of
advanced hydrogen energy systems. In order to clarify the mechanism of hydrogenation process,
in-situ experiment was carried out by using a 200 kV transmission electron microscope (TEM)
equipped with a newly developed environmental cell (EC), which is capable to investigate
transmitted image and electron-diffraction under gas hydrogen environment of 0.1 MPa at room
temperature. In case of vanadium, under hydrogen-gas of 0.1 MPa, bending fringe was created
probably due to local stress induced with the hydrogen solution. On the other hand, when
hydrogen gas reacted with magnesium powders, swelling due to volume expansion was occurred.
In practice, surface steps with several ten nm became straightened, and additionally, the
formation of MgH, was indicated in selected-area diffraction pattern (SADP). In-situ experiment
for hydrogenation reaction by using the environmental cell was recently started. The precise
studies, as well as its improvement, will be continued, especially in the transparence films.

INTRODUCTION

The hydrogen storage alloy attracts attention as one of the hydrogen storage materials.
Although many studies have been done for development of better materials, microscopic
observation of the hydrogen absorption reaction process aiming at evaluation or control of
material has not been performed. TEM observation and in-situ XRD analysis are carried out to
understand effects of microstructures and temporal structure changes. (e.g. reference [1],[2]).
Although these ways are very effective for understanding of material properties, it isn’t able to
observe successive microstructural changes with hydrogenation. We thought the environmental
cell enables to observe them and it is useful to the development of advanced hydrogen storage
materials.

Environmental cell is a technique for in-situ observation in TEM. In the past study, in-
situ observation of the oxidation process of Ni-Cr alloy was performed using the HVEM which
is the acceleration voltage of 1.2 MV (pressure 2.4-2.8 kPa, temperature of 500 °C) '), In the
catalytic reaction, P. L. Gai et al. are performing in-situ observation for the catalytic reaction of
molybdic acid bismuth which is a heterogeneous catalyst on 100 Torr and 400-500 °C conditions
using C:He gas '“!. As an example of the in-situ observation of crystal growth, cryostat is



introduced in a microscope and in-situ observation of crystal growth process of sulfur
hexafluoride (SF) is performed at 50 Torr and below 150 K 151 As the multiple usages with
open-type environmental cell other than heating, there is a case whu.h is doing the ten51le test
pouring hydrogen gas, and the interaction of hydrogen and a rearrangement is observed °

Although the above cases of application of environmental cells were reported, the
environmental cell had not been used for the hydrogen storage alloys. In this study, therefore, an
environmental cell capable to build gas environment in a column without converting a TEM
body was manufactured in order to perform in-situ observation of a hydrogen absorption reaction.
As the first report of in-situ observation of the hydrogenation reaction process, vanadium and
magnesium were investigated using the manufactured environmental cell.

EXPERIMENTAL

The scheme of the newly manufactured environmental cell
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Figure 1. The schematic view of the nose
of environmental cell holder

&

0.5mm
3.0mm

6(-3}:1m

"ﬂ' i, A

ermocoup e( ‘\
vacuum gauge

EC holder |=(“

&T’&J;Q&?’L\ X
compound gauge (* _(“‘f ( NS
N |gas

A

Figure 2. Photograph of the gas-control
part and schematic view of a
gas-control system
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Figure 3. The schematic view of an electron-transparent grid



The holder manufactured was a modified holder of a general-purpose type TEM (JEOL
JEM-2010). The environmental cell holder is mainly made of aluminum, and the acroteric is
brass. The stainless steel pipe with a valve, which is for the path of gas, is located in the inside of
this holder. The schematic view of the nose of a holder is shown in figure 1. This environmental
cell is a closed (window) type and airtightness is kept by three O-rings about 0.2 mm in thick and
the grid of two upper and lower sides by which the film was covered. The narrow tunnel is
extended toward the acroteric hollow and gas flows through this. Moreover, this narrow tunnel is
connected with the stainless steel pipe in a holder. Figure 2 is a photograph of a gas-control part
of an environmental cell, and a schematic view of a gas-control system. The tube extended from
the inside of a holder is connected with the gas-control part which has a rotary pump and a gas
cylinder. By this gas-control part, arbitrary gas can be introduced from several pascals to (.1
MPa. Figure 3 is a schematic view of a grid. The grid is made of copper with the carbon film (50
nm in thick), which is stabilized with the triacet%il cellulose (TAC) film (20 nm in thick). The
TAC is stable against accelerated electron beam ', so that observation can be carried out without
breaking vacuum in column. A single hole grid is used as a spacer when using a powder sample.

Sample preparation

The powder of magnesium hydride (MgH», Alfa Aesar) packed into the quartz tube with
a valve was heat-treated at about 250 °C for 1 hour in electric furnace with a diffusion pump for
degassing. This dehydrogenated Mg powder was used as a Mg sample.

Pure vanadium used in this study was provided from National Institute for Fusion
Science (NIFS). The vanadium was cold-rolled to (.1 mm in thick. Subsequently, a TEM disc (3
mm in diameter) was punched out, followed by the vacuum encapsulation with the zirconium
foil as oxygen getter at the quartz tube. The quartz tube was annealed in an electric furnace at
900 °C for 30 minutes, and air-cooled. The TEM disc was electro-polished using a twin jet
electrolytic-polishing device (TenuPol-5), at 9 V and 20 °C with a solution of sulfuric (80 %)
and methanol (20 %). The electro-polished sample was immediately put into ethanol in order to
avoid oxidation of surface, and dried within a glove box.

Specimen loading to the environmental cell

Primarily, the head of the environmental cell holder was cleaned by ethanol with
ultrasonic. In order to remove the ethanol, which might adhere into a holder line, bake-out was
carried out with a pre-evacuation device at 55 °C for | hour. For preventing oxidation and
keeping surface activity, the holder was loaded with the sample within the globe box in argon
atmosphere. Firstly, O-ring, Cu grid, two sheets of single hole grid and paper lid are attached to
the head of a holder in the air. The edge of upper single hole grid is folded so that it may be easy
to remove. This single hole grid is for making powder covers only the center of grid. Then, the
valve of the environmental cell holder was opened, so that it might be easy to flow through gas.
After these steps were completed, a stereoscopic microscope, an environmental cell holder, a
sample and tools were put in the glove box. A stereoscopic microscope is used for precise
specimen setting. The inside of a glove box is evacuated using a rotary pump, and it is filled up
with the argon gas at an atmospheric pressure. This process has done twice. And the following
processes were carried out within a glove box.



When Mg powder was picked with tweezers and dropped on the grid, the holder was set
upside-down struck it lightly, and then, big powders that might break films were dropped. Small
powder only remained on the film of a grid by this process. After carrying a sample, the paper lid
and the folded single hole grid tend to be dismounted, so that the lid with two O-rings was
stabilized with screws. In the case of vanadium, the single hole grid is not necessary. The TEM
disc was set instead of it. Finally, the valve of the environmental cell holder was closed and it
took out from the glove box.

The holder loaded with the sample was inserted in TEM (JEOL JEM-2010). In
observation of magnesium, bright filed images and selected-area-diffraction patterns were taken
before hydrogen introduction. The argon gas in an environmental cell holder was evacuated with
the rotary pump after photographing. Subsequently, H» gas of 0.1 MPa was introduced, and some
images were taken in the same manner. When vanadium sample was observed, images were
taken using DigitalVideo by a CCD camera.

RESULT AND DISCUSSION

In-situ_observation of the hydrogenation of V

100 s

Figure 4. Sequence BF image and SADP of vanadium after the hydrogen introduction

Figure 4 shows sequence image of the hydrogenation reaction of vanadium. These
images were recorded by DigitalVideo. As shown in figure 4, distortion seemed to be occurred
locally and the interference fringe (black contrast) was observed. In addition, spreading and
moving of interference fringe were observed, suggesting that a strain was locally produced when
hydrogen solid-solve to vanadium and moving continuously. This interference fringe actually
moved for about 20 minutes On the other hand, this remarkable change was not seen in
diffraction pattern, meaning that there is no formation of hydride. The plateau area for a low
pressure area of vanadium is 1 Pa or less, and the gas pressure of the hydrogen introduced this
time is 0.1 MPa. Even if there are some leaks, the hydride of vanadium (V:H) should be
generated theoretically. This result suggested that the surface condition of vanadium would be a
key. The oxide film or hydroxide (it originates in electrolytic polishing) could be formed on the
specimen surface. Basically, vanadium is a metal which chemical attraction with oxygen is very



strong and initial activity is bad *’. In order to observe the formation reaction of hydride using
the environmental cell manufactured this time, a contamination-free specimen should be required.

In-situ observation of the hydrogenation of Mg

vacuum H; introduction

.

after 10 min after 20 min

- - — - 111 be gen introduction

s

200mm

Figure 5. BF and SADP of Mg particles before and after introducing hydrogen.

Figure 5 shows the bright field (BF) images and selected-area-diffraction patterns
(SADP) of Mg grains before and after hydrogen introduction. The broken line shows the grain
size before hydrogen introduction. As shown in a figure 5, grains were expanded slightly after
introducing hydrogen. In the photograph before hydrogen introduction and after introduction for
20 minutes, maximum width of grains was increased about 10 % and the cross-sectional area
seemed to be increased about 28 %.

Moreover, it assumed that the measured cross-sectional area was equivalent to the cross-
sectional area of a sphere, and the rate of volume increase was calculated. It seems that the
volume of the grains hydrogen-introduced for 20 minutes increased about 40 %. From the crystal
structure and the lattice constant of Mg and MgHo, it is expected that the ideal cubical expansion
by hydrogenation is about 30 %, suggesting that the assumption used this time for the estimation
of volume expansion was not appropriate.

A right viewgraph in figure 5 is the comparison of SADP before and after introduction
for 20 minutes. The spacing of lattice planes corresponding to a spot is calculated from the
following formula: (d =AL/R). _

Where 4 is wavelength of electron beam (=0.0251 A at 200 kV), L is camera length (=80 ¢cm) and
R is the distance between a spot and center. With R measured from the film, the spacing of lattice
planes, d, can be calculated. Furthermore, the value of the spacing of lattice planes, d, and the
calculated value from JCPDS card (Mg, Mg oxides, and MgH,) were compared, and also Miller
indices were determined. There is a spot disappeared in 20 minutes after hydrogen introduction.
It is probably a pattern from Mg because the Mg sample used this time was simple substance.
Moreover, there is a firm ring-like pattern before and after hydrogen introduction, and this is
considered to be a pattern from MgH,. There is a possibility that the dehydrogenation of MgH;



was incomplete. Although dehydrogenation was carried out at 250 °C, unless MgH; might be
heated up to 600 K, dehydrogenation does not fully occur. Therefore, it is almost certain that
MgH exists at the time before the hydrogen introduction in this experiment.

Although diffraction spots showing d=5.8 A were observed in this experiment, we could
not identify what they resulted from.

SUMMARY

Using the environmental cell newly manufactured for the in-situ observation of the
hydrogenation reaction process, vanadium and magnesium were observed. It seems that the
manufactured environmental cell was a powerful tool for investigation of a hydrogenation
reaction.

In the in-situ observation of vanadium, the interference fringe moved continuously for the
local distortion by hydrogen solid-solved to vanadium. However, the formation of hydride was
not observed. Observation of hydrogenation reaction in vanadium tends to be influenced by the
surface condition, suggesting that contamination-free surface specimen would be needed for
detailed analysis.

The in-situ observation of magnesium indicated grain expansion due to introducing
hydrogen. Besides, disappearing of diffraction spot during hydrogenation reaction was observed.
The spacing of lattice planes of the spot was quite larger than Mg and its compound was also
seen, however, what it is a pattern resulting from had unknown.
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Abstract. “Environmental cell” microscopy was applied for surveying gas reaction of hydrndes in
magnesium base alloys, which are candidates for hydrogen storage materials in advanced hydrogen
energy systems. In order to clarify the mechanism of hydrogenation process, in-situ experiment has
been carried out by using a 200 kV transmission electron microscope (TEM) equipped with a newly
developed environmental cell, which is capable to 0.1 MPa in the temperature range between R.T. and
200°C. When hydrogen gas reacted with magnesium powders, straightening of surface steps (60~70
nm in height) was observed, indicating that volume expansion occurred. In addition, the formation of
MgH2 was indicated in selected-area-diffraction patterns (SADP). The precise study on this in-situ
experiment, as well as its improvement, will be continued, with using transparent films.

Introduction

The hydrogen storage alloy attracts attention as one of the hydrogen storage materials. Although
many studies have been done for development of better materials, microscopic observation of the
hydrogen absorption reaction process aiming at evaluation or control of material has not been
performed. TEM observation and in-situ XRD analysis are carried out to understand effects of
microstructures and temporal structure changes. (e.g. reference [1],[2]). Although these ways are very
effective for understanding of material properties, it 1sn’t able to observe successive microstructural
changes with hydrogenation. We thought the environmental cell enables to observe them and it is
useful to the development of advanced hydrogen storage materials.

Environmental cell is a technique for in-situ observation in TEM. In the past study, in-situ
observation of the oxidation process of Ni-Cr alloy was performed using the HVEM which is the
acceleration voltage of 1.2 MV (2.4-2.8 kPa, 500 °C) "), In the catalytic reaction, P. L. Gai er al. are
performing in-situ observation for the catalytic reaction of molybdic acid bismuth which is a
heterogeneous catalyst on 100 Torr and 400-500 °C conditions using CsHs gas . As an example of
the in-situ observation of crystal growth, cryostat is introduced in a microscope and in-situ
observation of crystal growth process of sulfur hexafluonde (SF;) 1s performed at 50 Torr and below
150 K 1. As the multiple usages with open-type environmental cell other than heating, there is a case
which 1s doing the tensile test pouring hydrogen gas, and the interaction of hydrogen and a
rearrangement is observed °,

Although the above cases of application of environmental cells were reported, the environmental
cell had not been used for the hydrogen storage alloys. In this study, therefore, an environmental cell
capable to build gas environment in a column without converting a TEM body was manufactured in
order to perform in-situ observation of a hydrogen absorption reaction. As the first report of in-situ
observation of the hydrogenation reaction process, magnesium was investigated using the
manufactured environmental cell.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the
written permission of the publisher: Trans Tech Publications Ltd, Switzerland, www.lip.net. (ID: 133.87.1.154-03/10/07,11:23:41)
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Experimental

The scheme of the newly manufactured environmental cell. The holder manufactured was a
modified holder of a general-purpose type TEM (JEOL JEM-2010). The environmental cell holder 1s
mainly made of aluminum, and the acroteric is brass. The stainless steel pipe with a valve, which is for
the path of gas, is located in the inside of this holder. The schematic view of the nose of a holder is
shown in figure 1. This environmental cell is a closed (window) type and airtightness is kept by three
O-rings about 0.2 mm in thick and the grid of two upper and lower sides by which the film was
covered. The narrow tunnel is extended toward the acroteric hollow and gas flows through this.
Moreover, this narrow tunnel is connected with the stainless steel pipe in a holder. Figure 2 is a
photograph of a gas-control part of an environmental cell, and a schematic view of a gas-control
system. The tube extended from the inside of a holder is connected with the gas-control part which has
a rotary pump and a gas cylinder. By this gas-control part, arbitrary gas can be introduced from several
pascals to 0.1 MPa. Figure 3 is a schematic view of a grid. The grid is made of copper with the carbon
film (50 nm in thick), which is stabilized with the triacetyl cellulose (TAC) film (20 nm in thick). The
TAC is stable against accelerated electron beam !, so that observation can be carried out without
breaking vacuum in column. A single hole grid is used as a spacer when using a powder sample.

lid
&P« O-ring
<
Cu grid with films — gl
\ single hole grid :
| & powersample™ gas
(or disk specimen ; i
l p }> é thermocoup °
- vacuum gauge

Y
electron beam

Figure 1. The schematic view of the nose of Figure 2. Photograph of the gas-control part
environmental cell holder and schematic view of a
gas-control system

Carbon film (50 nm in thickness)
t@ TAC reinforcement film (20 nm in thickness)
Cu grid (200 nm in thickness)

-
-
.

0.5mm

3.0mm

6(-)L;m >

Figure 3. The schematic view of an electron-transparent grid



Advanced Materials Research Vols. 26-28 879

Sample preparation and loading. The powder of magnesium hydride (MgH,, Alfa Aesar) packed
into the quartz tube with a valve was heat-treated at about 250 °C for 1 hour in electric furnace with a
diffusion pump for degassing. This dehydrogenated Mg powder was used as a Mg sample.

Primarily, the head of the environmental cell holder was cleaned by ethanol with ultrasonic. In
order to remove the ethanol, which might adhere into a holder line, bake-out was carried out with a
pre-evacuation device at 55 °C for 1 hour. For preventing oxidation and keeping surface activity, the
holder was loaded with the sample within the globe box in argon atmosphere. Firstly, O-ring, Cu grid,
two sheets of single hole grid and paper lid are attached to the head of a holder in the air. The edge of
upper single hole grid is folded so that it may be easy to remove. This single hole grid is for making
powder covers only the center of grid. Then, the valve of the environmental cell holder was opened, so
that it might be easy to flow through gas. After these steps were completed, a stereoscopic microscope,
an environmental cell holder, a sample and tools were put in the glove box. A stereoscopic
microscope is used for precise specimen setting, The inside of a glove box is evacuated using a rotary
pump, and it is filled up with the argon gas at an atmospheric pressure. This process has done twice
And the following processes were carried out within a glove box.

When Mg powder was picked with tweezers and dropped on the grid, the holder was set

upside-down struck it lightly, and then, big powders that might break films were dropped. Small
powder only remained on the film of a grid by this process. After carrying a sample, the paper lid and
the folded single hole grid tend to be dismounted, so that the lid with two O-rings was stabilized with
screws. The TEM disc was set instead of it. Finally, the valve of the environmental cell holder was
closed and it took out from the glove box.
The holder loaded with the sample was inserted in TEM (JEOL JEM-2010). In observation of
magnesium, bright filed images and selected-area-diffraction patterns were taken before hydrogen
introduction. The argon gas in an environmental cell holder was evacuated with the rotary pump after
photographing. Subsequently, H, gas of 0.1 MPa was introduced, and some images were taken in the
same manner.

Result and discussion

Vacuum H, introduction

‘.? cakm e 110 before hydrogen introduction
EEDA

200nm ' 200nm

Figure 4. BF and SADP of Mg particles before and after introducing hydrogen.

Figure 4 shows the bright field (BF) images and SADP of Mg grains before and after hydrogen
introduction. The broken line shows the grain size before hydrogen introduction. As shown 1n a figure
4, grains were expanded slightly after introducing hydrogen. In the photograph before hydrogen
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introduction and after introduction for 20 minutes, maximum width of grains was increased about
10 % and the cross-sectional area seemed to be increased about 28 %.

Moreover, it assumed that the measured cross-sectional area was equivalent to the cross-sectional
area of a sphere, and the rate of volume increase was calculated. It seems that the volume of the grains
hydrogen-introduced for 20 minutes increased about 40 %. From the crystal structure and the lattice
constant of Mg and MgHo, it is expected that the ideal cubical expansion by hydrogenation is about
30 %, suggesting that the assumption used this time for the estimation of volume expansion was not
appropriate.

A right viewgraph in figure 5 is the comparison of SADP before and after introduction for 20
minutes, The spacing of lattice planes corresponding to a spot is calculated from the following
formula: (d =AL/R). Where 4 is wavelength of electron beam (=0.0251 A at 200 kV), L is camera
length (=80 cm) and R is the distance between a spot and center. With R measured from the film, the
spacing of lattice planes, d, can be calculated. Furthermore, the value of the spacing of lattice planes,
d. and the calculated value from JCPDS card (Mg, Mg oxides, and MgH,) were compared, and also
Miller indices were determined. There is a spot disappeared in 20 minutes after hydrogen introduction.
It is probably a pattern from Mg because the Mg sample used this time was simple substance.
Moreover, there is a firm ring-like pattern before and after hydrogen introduction, and this is
considered to be a pattern from MgH,. There is a possibility that the dehydrogenation of MgH, was
incomplete. Although dehydrogenation was carried out at 250 °C, unless MgH, might be heated up to
600 K, dehydrogenation does not fully occur. Therefore, it is almost certain that MgH, exists at the
time before the hydrogen introduction in this experiment.

Although diffraction spots showing @=5.8 A were observed in this experiment, we could not
identify what they resulted from.

Summary

Using the environmental cell newly manufactured for the in-sifu observation of the hydrogenation
reaction process, magnesium was observed. It seems that the manufactured environmental cell was a
powerful tool for investigation of a hydrogenation reaction.

The in-situ observation of magnesium indicated grain expansion due to introducing hydrogen.
Besides, disappearing of diffraction spot during hydrogenation reaction was observed. The spacing of
lattice planes of the spot was quite larger than Mg and its compound was also seen, however, what it is
a pattern resulting from had unknown.
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