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This work presents a theoretical model of metal hydride particle decomposition with particular rela-
tion to titanium hydride and magnesium hydride. The model is based on the shrinking core approach,
revealing the variation of major parameters such as temperature and hydrogen fraction with time. An
experimental effort aimed at examining the theoretical model includes TGA-DTA tests of hydride particle

decompositionin argon atmosphere. The model predictions reveal good agreement with the experiments.
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1. Introduction

Metal hydrides have been investigated by many researchers
since the 1960s. They are used in the mechanical and chemical
industries due to their unique mechanical and thermodynamic
properties [1,2]. Thermochemical calculations show that certain
metal hydrides can improve the energetic performance of chem-
ical propellants. Recently, the use of metal hydrides for hydrogen
storage has become of major interest, offering compactness, safety,
and ease of storage and transportation of hydrogen.

Among of the promising hydrides are titanium hydride and mag-
nesium hydride, as well as their ternary compositions, which may
exhibit better hydrogen desorption properties than binary hydrides
of either magnesium or titanium [3]. Note, however, that hydro-
genation rate of magnesium is slow, and the release of hydrogen
from MgH, requires high temperatures [4]. Since metal hydrides
are used in many modern technologies, the option of an inexpen-
sive and fast production of them is very attractive. In the last two
decades methods of mechanochemical synthesis [5-8] and of self-
propagating high-temperature synthesis (SHS) [9-11] have been
developed.

Metal hydride decomposition occurs usually as a result of heat-
ing of the hydride to a high temperature. Certain less stable
hydrides (like aluminum hydride) may undergo some decomposi-
tion almost without heating. The chemical kinetics of metal hydride
decomposition have been investigated, using different methods
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and techniques such as TGA (thermo gravimetric analysis), DSC
(differential scanning callorimetry), TDS (thermal desorption spec-
trometry), TC (thermo cycling) [12], and others. Most of the known
models for hydride decomposition consider hydrogen desorption
as the rate controlling step of the decomposition process, which is
different for every metal hydride. The main available models can
be divided into three groups: “shrinking core” models, “nucleation
and growth” models, and “multiple step” kinetics.

1.1. “Shrinking core” models

These models assume a simplified phase diagram of
metal-hydrogen, including only two phases: a bulk of a hydride
phase surrounded by a solid solution of hydrogen within the metal,
containing a smaller concentration of hydrogen compared to the
hydride phase core. The decomposition process is characterized by
shrinkage of the hydride phase core region. The decomposition rate
is calculated by the rate-determining step of the decomposition
process among the following processes: diffusion of hydrogen
within the hydride region, diffusion of hydrogen within the solid
solution region, phase transformation from hydride to the solution,
surface penetration of hydrogen atoms, surface recombination of
hydrogen atoms into molecules, gas desorption. Models adopting
this general scheme are presented, for instance, in [13-16]. The
main advantages of this type of models are the relatively simple
calculations involved and the good agreement with experimental
results. A disadvantage of the “shrinking core” kinetic model is
its inadequacy to predict decomposition rate for irregular sample
shapes.
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Nomenclature

Cg hydrogen mass fraction in hydride core

Cy hydrogen mass fraction in solid solution

Cam maximum hydrogen mass fraction in solid solution

Cp average specific heat of particle

Cp_ox specific heat of oxide

Goa specific heat of solid solution

Cp;ﬁ specific heat of hydride core

D diffusion coefficient

Do diffusion coefficient constant

d particle average density

dy solid solution density

dg hydride core density

dox oxide density

E activation energy

f function of heating

Hg_.,  heat of phase transition from hydride to solid solu-
tion

Hy,_.v  heatof phase transition from solid solution to metal

m mass desorption rate of hydrogen

Ox oxidizer

R particle radius

r radial coordinate

T temperature

T particle temperature

To initial particle temperature

t time

tx time of hydride core decomposition

Lox time of final hydrogen desorption from the particle

w molecular weight

Greek

8 thickness of oxide film

P hydride core radius

R universal gas constant

1.2. “Nucleation and growth (NG)” kinetic models

This type of modeling is based on a different view of the hydride
particle behavior during decomposition: instead of a shrinking core,
where the product is formed outside of the core region, the NG
model assumes random nucleation and growth processes within
the bulk, where the product is formed evenly within the particle
volume. Such models are usually based on a direct dependence of
decomposition rate on temperature (Arrhenius type parameter),
and are presented by Avrami Yerofeev equations (e.g., in [17]) of
different orders for two-phase reactions. The instantaneous decom-
position rate is determined by the reacting fraction of the material,
using a parameter n (known as Avrami parameter), which is some-
times defined as a number of nucleation/growth dimensions or the
order of chemical reaction [18-20]. The NG model gives apparent
global kinetics having to be calibrated by experiments.

1.3. “Multiple step” kinetics

This class of models includes several consecutive steps in the
calculation of decomposition rate: hydride decomposition, phase
transition, bulk diffusion, surface penetration, hydrogen atoms
recombination, and final gas desorption. Calculating decomposi-
tion rate according to every step and comparing with experimental
data determine the limiting step (or steps) of the reaction. Dif-
ferent groups of researchers applying this approach have used
a different number of steps: Martin et al. [21] defined five

Hydride core region
/

Fig. 1. Schematic illustration of a metal hydride particle during decomposition.

intermediate stages, whereas Chou et al. [22] defined only one step
(diffusion within the hydride region). Gondor and Lexcellent [23]
presented two models: for a macro hydride sample (a group of par-
ticles) and for a micro sample (a single particle). The models were
based on multiple step kinetics combined with evaluation of hydro-
gen absorption/desorption by modeling of pressure composition
isotherm (PCI) or temperature composition isobar (TCI) curves. The
first model included three steps (chemisorption, bulk diffusion, and
phase transformation) and the second - five steps.

The above mentioned models refer to hydride decomposition
without any chemical interaction with the ambience: i.e., decom-
position under vacuum or in inert gas atmosphere. The proposed
model refers to similar conditions. However, it accounts for the
existence of an initial oxide layer around the particles, and the
resulting hydrogen diffusion through it. The assumption of natu-
ral oxide film presence corresponds to investigations of different
metal hydrides (e.g., hydrides of titanium, magnesium, lithium and
zirconium) [24-27]. Several works [28-30] reveal that the diffusion
coefficient of hydrogen through a titanium oxide film is smaller
by a few orders of magnitude than diffusion coefficients of hydro-
gen within titanium hydride or titanium-hydrogen solid solution.
For slow heating regime, like in TGA, one may assume that diffu-
sion of hydrogen through the oxide layer is the rate determining
step of hydride decomposition, whereas hydrogen concentration
gradients within the other regions of the particle are negligible.
Experimental work with corresponding conclusions is presented
by [31,32].

1.4. Objectives

The present research studies metal hydride decomposition. Its
main objective is to develop a theoretical model for decomposition
of metal hydride particles in inert atmosphere or vacuum and to
compare the prediction to experimental results. In particular, the
study deals with decomposition of titanium hydride and magne-
sium hydride under heating regimes typical to thermal analyses.

2. Theoretical model

The proposed model includes several assumptions concerning
the main characteristics of the different stages, as stated below.
It further suggests that the decomposition rate of a metal hydride
particle is limited by hydrogen diffusion through the oxide film
surrounding the particle.

(1) A spherical metal hydride particle of a radius R, consisting of
a hydride core surrounded by a thin surface oxide film of a
thickness §, is considered (see Fig. 1).

(2) During the initial stage of decomposition, the particle contains
a hydride core region B, (0<r<R - 4§), with a constant hydro-
gen mass fraction Cg. As a result of hydrogen desorption the
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hydride core shrinks, creating a region of a solid solution of
hydrogen and metal with a constant hydrogen mass fraction
C(xm.

(3) The rate determining process of the hydrogen release from
the particle is hydrogen diffusion through the oxide film, since
diffusion coefficients within the hydride phase and within the
solid solution are larger by several orders of magnitude than
those within the oxide [28-30]. As a result it is assumed that
hydrogen concentration within both the hydride core and the
solid solution is practically uniform. The model addresses a
situation where heating rate of the metal hydride particle is
sufficiently slow that hydrogen release during the decompo-
sition process does not lead to the oxide layer cracking.

(4) Since § <R, the hydrogen concentration profile within the
oxide film is approximately linear.

(5) Hydrogen concentration on the sample external surface is
practically zero, since all decomposed hydrogen immediately
desorbs to the gas phase.

(6) The diffusion coefficient of hydrogen through the oxide film
depends on temperature, D(T)=Dg exp(— E/% T).

(7) According to phase diagram, the maximum values of hydrogen
mass fractions in the hydride core and later in the solid solu-
tion are practically independent of temperature, Cg = const,
Cam =const.

(8) Theinstantaneous moving phase boundary of the hydride core
and solid solution is defined by p: 0<p<R-6.

(9) An equilibrium hydrogen concentration within the solid solu-
tion exists. The diffusion flux of hydrogen through the oxide
film is compensated by hydride core decomposition, so the
concentration of hydrogen within the solid solution does not
change until the completion of the hydride core decomposi-
tion.

(10) The particle is small enough to assume a uniform temperature
within the particle.

(11) The rate of change of particle temperature is determined
by a heat balance resulting from external heat transfer and
endothermic reaction of hydride decomposition.

(12) The surrounding gas pressure is constant.

(13) Spherical symmetry is assumed (like in microgravity).

2.1. Initial conditions

Initial hydrogen mass fractions are defined for the hydride zone,
solid solution zone, [there is no solid solution initially] and oxide
film zone. The latter is characterized by a linear profile of hydrogen
mass fraction: For r=R—§, C=Cg, and for r=R, C=0.

0

R

Cp 0<r<R-8§ (1)
= C

Cﬂ—%(r+5—R) R-5<r<R

2.2. Equations system

The total mass flow rate of hydrogen desorption:

i ATR2D(T)Co(t)da

- @)

The decomposition balance within the particle at any time in its
differential form is (accounting for the assumption that Com and Cg
are unchanged):
dp(t) dp(t)

d dt

ampA () g = amp(t) 2 CanXT)

. Cam —47R

(3)

Rearranging Eq. (3), one gets:

(4)

The last expression is also known as Stephan condition for mat-
ter conservation on a moving phase boundary.

The heat balance on the particle includes the particle heating
effect f(T) either by the hot ambience gas or due to a constant tem-
perature increase rate, as in TGA, and the endothermic effect of
hydrogen desorption as follows (Hg_,, is defined as positive):

4_ L d(TedCy) 5, dp
SR ) - (4np dﬁa> Hg .o +£(T) (5)

The average specific heat of the particle is calculated as follows:

& _14/3)7p*dsCo p + (4/3)IR ~ 8’ — p*1daCpua +(4/3)T(R® — (R — 8)*donCpoon)
” (4/3)R3d
(6)

The average density of the particle is:

(4/3)mp3dg + (4/3)[(R - 8)° — p*1da + (4/3)T(R® — (R — 8) )dox)

d= (4/3)7R?

(7)

dy and G, o were calculated by first order interpolation for hydrogen
mass fraction within stochiometric hydride and in pure metal.

d —d
dy :dﬂ—F(Cﬂ—Ca)i( meng ﬁ)
(Cﬂmeml -G ﬂ) (8)
Cra= Cp,ﬁ + (Cﬁ - Ca)pciﬁm

The second stage of the process is hydrogen desorption from
the solid solution, after the hydride core region diminishes to zero.
During this stage there is no source to balance hydrogen diffu-
sion through the oxide film from the solid solution, and hydrogen
concentration decreases asymptotically to zero. The differential
hydrogen balance equation in this case gets the form:

2
4R spdC) AR e o
3 dt ) (9)
Co(t =t.) = Cam

During this stage the heat balance on the particle includes
endothermic transformation of the solid solution to the metal, since
the hydride core is totally decomposed:

4_ 5d(TdCy) [ 4nR2D(T)Cody
3R = ——< 5 )HOHMH(T) (10)

H,_.\ is positive and proportional to the hydrogen concentration
within the solid solution.
Hy.m = Hy — Hy

Hy; — H 11
Hy = Hg, + (Co —Cam)M (n

0 —Cam

At this stage the average specific heat Cp and average density d
are expressed as follows:

& _ (4/3)ml(R — 8)°)daCp. +(4/3)T(R® — (R — 8)° JoxCp.ox]

b (4/3)mR3d (12)

- {(4/3)7(R = 8)° Ida + (4/3)7(R3 — (R — 8)° )dox)
d= (4/3)7R3 (13)
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Fig. 2. Model prediction vs. TGA test of titanium hydride decomposition (mean particle size 50 um). Heating rate 20° /min.
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Fig. 3. Model prediction vs. DTA test of titanium hydride decomposition (mean particle size 50 wm). Heating rate 20°/min.
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Fig. 4. Model prediction vs. TGA test of magnesium hydride decomposition (mean particle size 0.5 wm). Heating rate 20°/min.
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Fig. 5. Model prediction vs. DTA test of magnesium hydride decomposition (mean particle size 0.5 wm). Heating rate 20°/min.
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Fig. 6. Model prediction of the influence of initial thickness of oxide layer on titanium hydride decomposition. Mean particle size 50 pm.

400

300

400

700

TIK1I

800

200

1000

1
1100 1200

100

995

0

o

w
T

Weight percent
0
@
T

975

7

1

1

1

96
300

Fig. 7. Model prediction of the influence of titanium hydride particle size on decomposition. Actual mean particle size in TGA test 50 pm.

400

500

600

700

TIK]

800

200

1000

1100 1200

163



164 G. Stepura et al. / Journal of Alloys and Compounds 513 (2012) 159-164

3. Experimental details

To examine the theoretical model two test series were performed. The ther-
mal decomposition behavior (weight change) of titanium hydride and magnesium
hydride was tested in a TGA-DTA apparatus at different heating rates under inert
(argon) atmosphere. A constant thickness of oxide layer of 100 A [33] was assumed.
Diffusion coefficient for hydrogen through titanium oxide was taken from [28,34]:

D=10"2 exp (ﬂ) [m?/s]

Fig. 2 presents TGA test data versus model prediction for titanium hydride
decomposition at a heating rate of 20 degrees per minute. Aldrich TiH, powder
with a mean particle size of 50 wm and purity of 98% was used. Similar results were
obtained at other heating rates. A good agreement is demonstrated between the
theoretical and experimental results during the initial decomposition stage. Then
some deviation occurs, possibly because of traces of oxygen and moisture in the
surrounding argon or leaking of traces of air from the ambience into the system,
which may cause some oxidation of the metal at high temperatures.

Fig. 3 presents differential temperature analysis (DTA) of titanium hydride
decomposition. The decomposition is described as an endothermic process: a neg-
ative peak of temperature difference. Close to 800K there is a small region of
temperature plateau, which may indicate phase transition of the material. Simi-
lar TGA-DTA tests were performed with magnesium hydride. The sample powder
was prepared in the lab by long-time grinding of an as-received magnesium powder
under 20 atmospheres of hydrogen. The resulting magnesium hydride powder was
of 0.5 wm mean particle size. Figs. 4 and 5 present a comparison between model pre-
dictions and experimental results, showing good agreement. There is some deviation
in the temperature of the onset of decomposition. It may be caused by inaccurate
data on physical properties and their dependence on temperature. For the model
calculations, diffusion coefficient for hydrogen diffusion through magnesium oxide
was taken from [35]:

D =0.015 exp (ﬂ) [m?/s]

Comparative results of TGA for titanium hydride of various particle size and
oxide layer thickness are presented in Figs. 6 and 7. As one sees, the model prediction
for decomposition rate is only slightly affected by the oxide layer thickness over a
range of 5-10 nm. Both particles of 25 and 50 wm size exhibit similar behavior.

4. Summary and conclusions

This work presents a physical-mathematical model for metal
hydride decomposition, using the shrinking core approach and con-
sidering that hydrogen release rate is limited by hydrogen diffusion
through the oxide film surrounding the hydride particle. Experi-
ments of titanium hydride and magnesium hydride decomposition
have been conducted. The model results of decomposition under
inert atmosphere show a reasonable agreement with TGA-DTA
experimental data for both hydrides.
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