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EXPERIMENTAL 

The exothermic formation of MgH 2 in Mg has been studied by TEM. The hydrides were 
formed in the thinned samples by a high pressure technique. Results on the precipitate 
morphology are reported. The orientation relationship iS(100)MgH, II (0001)Mg and [001]Mgn2 
(I [1 I---20]M~. Our results on high purity hydrides confirm previous structural work. Cracking 
was observed in growing hydrides at the hydride/matrix interface leading to an 'onion 
structure'. Dehydriding was found to occur also through the formation of internal H 2 bubbles 
in the MgH 2 precipitates. A model for the Mg--->MgH 2 transformation is presented and the 
lattice expansion is expressed in terms of the dipole force tensor approach. Finally, the 
implications of the present results on recent kinetic models by Rudman are discussed. 

INTRODUCTION 

THE system Mg-H has several important aspects. The 
exothermically formed hydride MgH2, which is a 
tetragonal, ionic compound with an appreciable 
covalent contribution ~ has been considered as a con- 
venient storage medium for hydrogen for automotive 
and heat storage applications. 2-7 In this context numer- 
ous studies were undertaken concerning reaction kinet- 
ics, 8-~s thermodynamics ~9 and catalytic surface ef- 
fects3 ~ On the other hand, there exist also dilute, 
endothermic solutions of H in Mg (with H occupying 
tetrahedral sites) with well defined solubility limitsY -26 

This work presents a TEM study of the precipitation 
of the hydride phase MgH 2 in high-purity Mg, its 
structure and morphology. Emphasis is also placed on 
the question whether support could be obtained for 
recent models of the hydriding process in MgJ 4,Is 

The structure of MgH2 is tetragonal, with a 
= 0.45025 nm, c = 0.30123 nmY The space group is 
P4Jmnm.  The atomic positions are 2Mg in (000) (1/2 
1/2 1/2) and 4H in _+_ (xx0) (1/2 + x, 1/2 - x, 1/2) 
with x = 0.306 __+ 0.003, 27 a schematic drawing of MgH 2 
is presented in Fig. 1. Further high-pressure phase 
transitions of MgH2 were recently reported. 28 In the 
course of the study it was found that MgH~ reflections 
may have to be separated from reflections of the 
following extraneous phases: Mg (OH)s, hexogonal 
(trigonal), S.G. P3M1; MgO, cubic, S.G. FM3M. 
Magnesium hydroxide may arise here from the reaction 
of the hygroscopic MgH2 with water vapor from the air. 

High purity Mg (99.99 pct) was used in this study. 
3 mm discs were punched from annealed 50 ~m ribbons 
and electropolished for TEM using either one of the 
following solutions A and B. The first one was specially 
developed for this study. 29 
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Fig. l--The tetragonal structure of MgH~ after Ref. 27. 
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Solution A Solution B 

20 g LiCI 
100 ml glycerine 
in 1 1 CH3OH 
75 V, 220 mA 
Flow Rate 2.5, -10 ~ 
(Tenupol polishing apparatus) 

5 pct HCI04 in CH3OH 
70 V, 200 mA 
-10 ~ Flow Rate 10 
(Tenupol polishing apparatus) 

In the work relating to the formation of  the MgH2 
phase, hydrogen charging was performed after the final 
electropolishing step. The reverse procedure (hydriding 
and subsequent preparation for TEM) would lead to in- 
surmountable difficulties. Also, inspection of the as- 
polished foils reveals no second phases or gas bubbles. 
Occasional round features (as on Fig. 2) are artifacts 
from polishing and not H2-bubbles. The 3 mm discs 
were exposed in an all-metal, high pressure reactor to a 
high-purity (99.999 pct) hydrogen atmosphere at 
~ 5  �9 106 Pa and 270 ~ for about 16 h. These condi- 
tions ensured the formation of large hydride patches in 
the thinned portions of the Mg samples. Due to the 

~C 
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instability of the MgH 2 in moist atmosphere, the 
samples were examined immediately after preparation, 
or else stored in a desiccator. 

Complications also arose from the radiation damage 
in MgH 2 by the 120 kV electrons. The structure was 
found to be very sensitive at room temperature and 
transformed to a fine, polycrystalline structure within 
seconds of observation time. Also, electron beam heat- 
ing was believed to play a certain role although a 
temperature of 290 ~ has to be reached to produce an 
equilibrium pressure of 105 Pa 4. Severe electron radi- 
ation damage in ionic and covalent crystals is normal. 
For a thorough discussion, see for instance, Ref. 30. The 
problems of radiation damage could be overcome to a 
large extent by use of the cooling holder of the TEM at 
a temperature between - 130 and - 150 ~ At these 
temperatures, MgH 2 precipitates could be examined for 
several minutes with only a slight decrease in crystal 
perfection. 

RESULTS 

Precipitate Morphology 

After hydrogenation large 'blocky' patches (1 to 
50/~m in size) of the hydride phase could be observed 

(fig. 2). These areas were further subdivided by domain 
or twin boundaries into smaller single-crystal regions, a 
few #m in diameter, which were well suited for selected 
area diffraction patterns. In a few cases, there was a 
high density of thin twins producing extensive streaking 
in reciprocal space. An analysis of these streaks resulted 
in a (011 }-type twin plane. The observed simple 
domain pattern was in agreement with the tetragonal 
crystal structure. The hydride MgH 2 did not precipitate 
in the form of thin plates on a well defined habit plane. 
The close proximity of the foil surfaces is not found to 
have much effect on the morphology of hydride pre- 
cipitation. Even in the very thick areas (-1 #m) the 
'blocky' morphology was observed rather than thin 
plates. Also, SEM micrographs of hydride precipitation 
in bulk samples display the 'blocky' hydrides. We 
believe, therefore, that the morphology (and also the 
crystallography) observed in the TEM work is repre- 
sentative of the bulk. The patches had rather planar 
Mg-MgH 2 interfaces which were shown by trace anal- 
ysis to be parallel to low-index planes of the MgH 2 
structure such as {011 }, (001 }, (110} and {111}. 

The orientation relationship between MgH 2 and Mg 
was obtained from several SAD patterns showing both 
phases (Fig. 3) by transferring this information onto 
stereographic projections. It__was found that (100)MgH 2 
II (0001)Ms; and [00I]MgH2 II [1120]Ms. MgH2-regions dis- 
played, in general, a somewhat higher dislocation 
density than the parent phase. (This increase may not 

Fig. 2--MgH2-precipitate in Mg inside poirits A, B, C, D. Note 
internal twin boundaries which are of {011 } type. BF, 120 kV, 
kinematical. 

Fig. 3--A typical SAD pattern showing reflections of both phases, Mg 
and MgH 2. The particle contained no twin boundaries. The sharp 
reflections on a regular hexagonal grid pertain to Mg. 
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be visible on all micrographs due to the poor contrast of 
dislocations in Mg.) This is also indicated by a broad- 
ening of MgH 2 reflections. This increased dislocation 
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Fig. 4~The reciprocal lattice of the MgH 2 structure. Large circles 
corresponding to metal lattice reflections, small circles: hydrogen 
superlattice(a) containing extinction conditions for this structure 3j (b) 
additional reflections may appear due to double diffraction. Sec- 
tions of this reciprocal lattice are actually observed by TEM. 

density was certainly produced by the migrating phase 
boundary. It is emphasized that at least the smaller 
precipitates did not show internal or peripheral cracks 
and were solidly embedded in the matrix. 

Structure 

The reciprocal lattice for the MgH 2 structure as 
obtained from Ref. 31 is graphically shown in Fig. 4(a). 
Certain hydrogen superlattice reflections are missing. 
Also, metal lattice reflections occur only when 
(h + k + l) = 2n. In practice, however, the reciprocal 
lattice to be observed due to double diffraction is shown 
in Fig. 4(b). Here, all reflections shown may occur. Our 
observed SAD patterns correspond precisely to sections 
of Fig. 4(b) as Fig. 5 demonstrates. The low intensity 
spots (where (h + k + l) is odd) in Fig. 5 are hydrogen 
superstructure reflections. These would be invisible in 
X-ray studies. We may therefore conclude that our 
results are a direct confirmation of the earlier conclu- 
sions. 27 We may point out, however, that the early 
work 27 was done on powder (with only (87.8 pct MgD2) 
of an isotopic compositon of about D0.9H0. l (The gas 
phase had a 9.6 at .pct H 2 contamination in the 
deuterium gas) while this study was performed with 
single crystal areas with 100 pct MgH 2 and 100 pct H. 

Precision SAD's containing sharp Mg reflections as 
internal calibration yielded the following lattice pa- 
rameters for MgH2: a = 0.450 _ 0.001 nm; 
c = 0.303 _ 0.001 nm. The present value of a is, within 
experimental limits, the same as in the neutron study; 27 
whereas c is slightly larger. We also note that no phase 
transition was observed in MgH 2 down to - 150 ~ 

Growth of Hydrides 

In our thinned samples the following sequence of 
events was observed with increasing hydriding time: 
1) small faceted hydride particles are formed at many 
spots: they extend through the foil. 2) At a critical size 
( -5  to 10 ~m) partial cracking occurs around the 
periphery of the MgH 2 particles and the hydride front 
has a new plane of attack. By repeated cracking at the 
periphery an 'onion structure' of hydrided layers is 
formed. A typical example is shown in Fig. 6 (details in 
Figure Caption). Finally, the large hydride patches 
impinge and form larger agglomerates. The initial stages 
of hydriding of bulk samples as observed by SEM and 
optical microscopy were quite similar: first, small, 
white, faceted particles appeared on the surface. In later 
stages, these nuclei grew larger and coalesced. Finally, a 
whitish hydride layer covered the samples. 

Recrystallization and Decomposition 

The large single crystal regions of MgH: were found 
to be unstable at higher temperatures (>300 ~ 
and/or  slightly oxidizing atmospheres. They trans- 
formed to a fine grain structure. As an example Fig. 7 
shows the same area as in Fig. 2 after exposure to the 
combined effects of electron irradiation and beam 
heating. Many small grains have apparently formed; 
typical sizes are 10 to 20 nm. The SAD patterns reveal 
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Fig. 5--(a) to (f): SAD patterns from MgH 2 
single crystal areas corresponding to the 
reciprocal lattice in Fig. 4(b). Fig. 5(e) con- 
tains also weaker reflections from a twin 
lamella. 

the presence of rings corresponding to a complex 
mixture of Mg, MgH 2 and MgO reflections. 

Furthermore, deliberate dehydriding runs in the heat- 
ing stage of the TEM showed the simultaneous ap- 
pearance of hydrogen bubbles and the formation of the 
fine grain structure. A typical case is presented in Fig. 8 
(Details in Figure Caption). The final dehydriding state 
of previously hydrided areas was a loose structure of 

Fig. 6---Larger MgH 2 area in Mg showing the onion skin structure 
arising from repeated cracking around the periphery of the growing 
MgH 2 particle. BF, 120 kV, kinematical. 

Mg grains with sizes below 100 to 200 nm. Thus, areas 
within the Mg matrix which are hydrided may not be 
converted again to the initial matrix orientation by 
dehydriding. Here lies a fundamental difference in the 
hydriding- dehydriding behavior between Mg and met- 
als like Nb, Ti, Ta and V. (Hydrided patches in Nb, for 
instance, return to the same matrix orientation after 
dehydriding. Only the dislocation density in the af- 
fected area is increased considerably?:) Finally, we note 
that dehydriding is accompanied by a plastic defor- 
mation of the surrounding matrix as witnessed by the 
emission of dislocation loops. This plastic deformation 
may not be visible on all micrographs of similarly 
treated samples depending on the grain orientation. 
Figure 9 shows an example of a MgH 2 particle in the 
initial stages of dehydriding. 

DISCUSSION 

The interesting orientation relationship between Mg 
and MgH 2 may be visualized in Fig. 10. Note that only 
the metal atoms are shown in Fig. 10. There is one plane 
common to both crystals (containing the vectors a and 
e) where there is only a 6 pct length change along a 3 and 
13.6 pct along [0001]. Here, the crystals match rather 
well and this "invariant' plane does not rotate during the 
transformation. Figure 10 shows a proposed model of 
the transformation: the metal atoms have to move only 
fractions of atomic distances along the dotted lines to 
reach their positions in the MgH2-structure.* The above 

* The orientation relationship reported here is different from any of 
those reported by Bradbrook et al (J. Nucl. Mat. 1972, vol. 42, p. 142) 
for zirconium hydride in hcp Zr. This is not unexpected, however, 
because the fcc structure of the metal sublanice in zirconium hydride 
is much different from that of MgH 2. 

orientation relationship was obtained from untwinned 
precipitates. Twinning could provide a means of ac- 
commodating the mismatch, but it does not seem to be 
the main mechanism or to be required here. Quite often 
large MgH 2 particles could be observed without any 
twin boundaries at all. 
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From Fig. 10 we can also obtain information on the 
hydrogen-induced lattice expansion by considering 
equivalent volumes of unit cells in Mg and MgH 2. 
When we take a Mg hcp unit cell as reference we obtain 
the volume expansion shown in Fig. 11. For  purposes of 
comparison we have included data on the FeTi-H 
system. It is seen that the slopes are rather similar. To a 
first approximation we may obtain information on the 
lattice expansion (as a function of hydrogen content) at 
low concentrations by considering the expansion of the 
concentrated phases and assuming a linear behavior. 
(This approach works surprisingly well for Nb 32 and 
FeTp3). For low concentrations and isotropic expansion 
we may apply the standard dipole force tensor ap- 
proach as recently reviewed by Peisl. 34 This approach is 
not affected by possible 'thin film' effects since the 
lattice parameters used are virtually identical with 
the'bulk' parameters. 

The volume change A V ~  V upon hydriding is 

AV Av 
T = c .  ~-  [1] 

( c  = concentration, Av = characteristic volume change 
per H atom, f~ = mean atomic volume of a metal 
atom). This volume change is given for a random 
distribution and a cubic crystal by: 

AV c 
= - -  �9 K �9 T r P , j  [2] 

V 3f~ 

(K = compressibility, P,, the dipole force tensor). From 
Fig. 11 and Eq. [1] we obtain for Mg-MgH2: 

Av 
- - =  0.15731 

Fig. 7--Same area as in Fig. 2 (inside points ABCD) after electron 
beam heating in the TEM. The originally single crystal areas have 
transformed to a fine grain structure containing small grains of Mg, 
MgH 2 and MgO. Many small hydrogen bubbles have formed 
internally and at the MgH2-Mg interface. ABCD denotes again the 
shape of the original hydride plate. BF, 120 kV, kinematical. 

Fig. 8--Dehydrided area in Mg. The vertical ribbon was originally a 
MgH 2 precipitate. The sample was heated shortly to 250 ~ in the 
TEM in the absence of electron illumination. Small grains of Mg (and 
some MgO) and a high density of H~--bubbles may now be observed. 
Arrows denote some of the larger bubbles. Tilting allows differen- 
tiation between Mg-grains and gas bubbles. During the heating the 
microscope vacuum was observed to deteriorate dramatically. H~ is 
the only gas that could be evolved from the sample at such a rate. The 
Mg grains have lost their relationship to the matrix, BF, 120 kV, 
kinematical. 
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Fig. 10--Graphical presentation of the orientation relationship be- 
tween two unit cells of Mg and one unit cell of MgI-I 2 (Only the metal 
atoms are shown). Note good match in the plane containing vectors a 
and c. For the Mg ---, MgH2 transformation the atoms have only to 
move along the dotted lines to their new positions. 

Fig. 9 - - M g H  2 parttcle (marked A, B, C, D) in M g  after warming to 
150 ~ in the T E M  without electron illumination. Dehydriding has 

started as witnessed by the emission of dislocations f rom the particle. 
These dislocation loops were shown to be emitted by small H 2 gas 
bubbles in the interface. BF, 120 kV kinematical.  

For  other M-H hydrogen systems the following values 
of Av/f~ were obtained: 0.174 (Nb), 34 0.155 (Ta), 34 0.19 
(V), 34 0.19 (Pd), 34 0.199 (FeTi). 33 Using the Mg com- 
pression modulus 1/K = 0.3736 �9 l0 It Pa we obtain for 
the trace of the dipole force tensor: 
TrP,j = 2.556 eV (Mg-H system), which is (due to the 
smaller compression modulus) considerably lower than 
values listed for other systems: 10.1 eV (Nb), 3a 9.0 eV 
(Ta), 34 7.03 eV (V) 34 and 9.3 eV (FeTi). 33 For the 
characteristic volume change per H a tom Av we obtain 
for the MgH system: Au = 3.65 �9 10 -3 (nm) 3. This quan- 
tity A,  is within 25 pct of  the value 2.9 �9 10 -3 (nm) 3 
found to be valid for many  other mater ia ls )  4 

As to the reaction kinetics, R u d m a n  ~4,15:9 has sug- 
gested that 1) the hydriding kinetics are determined by 
H-diffusion through the growing hydride layer, 2) the 
dehydriding kinetics are governed by the rate of H- 
diffusion through the growing metal, and 3) the dif- 
fusing species is the H-anion. 35 Although we concur 
qualitatively with these conclusions, the present exper- 
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Fig. 11--Latt ice expansion during the format ion of MgH 2 as based 
on the model in Fig. 10. For purposes of  compar ison the values for 
the FeTi-H system are included. 

iments suggest the following remarks and criticism of 
the above model: 1) the initial step of hydriding is the 
nucleation, growth and coalescence of 3-dimensional 
MgH 2 clusters (This is in complete agreement with other 
work in Refs. 10-12) and not the formation of a thin 
continuous M g H  2 layer, 2) the growth of the present 
MgH 2 precipitates should be at least partially controlled 
by H-diffusion along the Mg-MgH 2 interface. (This 
interface was observed here to be a regular dislocation 
phase boundary.  Presumably, it short-circuits H-dif- 
fusion through the bulk and offers convenient points of 
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entry into the lattice). Thus a phase boundary diffusion 
term should be incorporated in Rudman's model. 3) It 
is also shown here, that flaking or cracking along the 
Mg-MgH 2 interface is an important phenomenon. It 
creates repeatedly fresh surface area and reduces there- 
by the diffusion distances. 4) as seen in Fig. 9, dehydrid- 
ing may also occur by the formation of H2-bubbles in 
the hydride and at the Mg-MgH 2 interface. Thus, an 
additional internal sink term should be added to the 
dehydriding model. 

Adding to the considerable complexity of hydriding/ 
dehydriding kinetics are also the following factors: 
1) Sublimation of Mg, formation of MgH 2 in the gas 
phase; 2) condensation of Mg particles and subsequent 
hydrogenation; 3) the instability of single-crystal 
hydride precipitates at elevated temperatures and/or 
oxidizing atmosphere(see for this point also Ref. 36) 
and the formation of very fine Mg grains in the 
dehydriding cycles. 
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