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A quantitative analysis of hydriding kinetics of
magnesium in a Milg/Mg,Cu eutectic alloy
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Comparing the hydriding kinetic equations of magnesium derived from a theoretical model
with the experiemental data published by Karty et a/. [1], the kinetic mechanism of the hydrid-
ing reaction of magnesium in a Mg/Mg,Cu eutectic alloy is analysed. As the eutectic structure
of the alloy has the uniform interlamellar spacing of 1 um, one-dimensional growth of the
hydride phase is assumed for the Mg, Cu-catalysed magnesium. The concurrent hydriding
reactions of the vapour-deposited pure magnesium as well as Mg, Cu-catalysed magnesium
are discussed. In both cases, the diffusion of hydrogen through the hydride phase is the rate-
controlling step. Quantitative equations for the reaction and the effective particle size of pure
magnesium are given, which can be used for reactor design.

1. Introduction
Magnesium has a very high hydrogen storing capacity
per unit weight, which is particularly attractive for
automobile application as hydrogen fuel. However,
magnesium exhibits a very slow hydrogen absorption
and desorption reaction rate. To improve the kinetics,
many researchers have modified the metal by alloying
with various alloying elements [1-9] and by surface
coating techniques [10, 11]. For alloy design, the
knowledge of accurate hydriding reaction mechanism
of pyre magnesium is needed. But to obtain intrinsic
kinetic data of pure magnesium is very difficult. The
reason is that there is always surface contamination
and this contaminant layer inhibits hydriding and
dehydriding reactions that may affect the chemisorp-
tion site of a particle or the layer could be a diffusion
barrier. In the latter case the transfer of hydrogen
across the contaminant layer could be rate-limiting
step. Dymova et al. [12] successfully carried out a
hydriding reaction of unalloyed magnesium by con-
current ball-milling. The ball-milling cracked the MgO
surface layer exposing fresh magnesium surfaces, but
during the hydriding reaction some could be contami-
nated. Stander [13] was also successful using very pure
H, gas pregettered by magnesium. However in this
case about 50% of the magnesium was contaminated.
Recently Karty et al. [1] obtained kinetic data of the
hydriding reaction of unalloyed magnesium in the
Mg/Mg,Cu eutectic system under the conditions that
only pure magnesium can be hydrided. In this system
the Mg-vapour deposit formed because of the tem-
perature gradient in the sample container, or as a
consequence of the heating and cooling system. They
have assumed that the amount of the vapour-deposited
magnesium was saturated and obtained the kinetic
data at 300 and 400° C with the following relation for
the total reaction fraction (F)

F = (1 — oF, + oF, (M

where F| is the reacted fraction of magnesium which is
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catalysed by Mg,Cu; F, is the reacted fraction of
vapour-deposited magnesium; 1-g is the fraction of
magnesium which is catalysed by Mg,Cu; and g is the
fraction of the saturated amount of the vapour-
deposited magnesium which is almost 0.3 + 0.05 [1].

The Johnson—Mehl-Avrami equation [14] which is
the classical rate equation for the nucleation and
growth process was adapted to analyse the change of
F with time and they concluded the rate-controlling
step of the hydriding reaction is the hydrogen dif-
fusion through the hydride phase and Mg,Cu acts
only as a catalyser in the applied hydrogen pressure.

In this work, it is attempted to analyse the kinetic
data further in detail with the suggested model. The
structural model which has Mg/Mg, Cu eutectic alloy
with the 1um interlamellar spacing is derived as
shown in Fig. 1. In this structure the hydrogen moves
fast through the Mg, Cu compound or the interface of
Mg/Mg,Cu. Then a hydride film is formed at the inter-
face of Mg/Mg,Cu and grows as a one-dimensional
layer in the magnesium matrix. Simultaneously a
hydride layer is also formed at the magnesium vapour
deposit. The magnesium vapour deposit contains many
surface cracks which are made during the hydriding—
dehydriding cycles and seems to be a sponge-like
material. As suggested by Mintz et al. [2], this material
is considered in the concept of the effective particle
size. The effective particle size means a unit size less
than original particle because of cracks. The shape of
vapour-deposited magnesium is assumed to be flat
plate in view of the shape of reactor and the amount
of sample. Therefore it is also assumed the one-
dimensional hydride layer growth from the surface of
the flat plate. The kinetic data will be compared with
the model. Understanding of all these variables can be
used as important data for reactor design.

2. Theory
The hydriding reaction of metal with continuous
moving boundary is divided into all possible sequential
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Figure 1 Model of hydriding of Mg,Cu-catalysed magnesium and
hydriding of vapour-deposited pure magnesium.

reaction steps and when one of them is rate controlling,
overall rate equation is derived.

2.1. Mg, Cu-catalysed magnesium

In Fig. 1a as the surface of magnesium is contaminated
with oxides, the hydrogen may transfer mainly
through the Mg,Cu phase or Mg,Cu/Mg interface.
The hydrogen diffusion through Mg, Cu phase which
acts as catalyser [1] or through Mg,Cu/Mg interface
should be fast, this step can be ignored as a rate-
controlling one. The possible rate-controlling steps for
the hydriding reaction will be as follows: (a) the mass
transfer of hydrogen molecules to the metal surface;
(b) the hydrogen diffusion in the hydride phase; and
(c) the interfacial chemical reaction between hydride
and magnesium.

2.2. Vapour-deposited pure magnesium
Because the vapour-deposited magnesium is formed
under high purity hydrogen atmosphere, the surface of
the magnesium should be clean and hydrogen is easily
absorbed through the surface. Therefore possible rate-
controlling steps are: (a) the mass transfer of hydrogen
molecules to the metal surface; (b) the chemisorption
of hydrogen molecules on the surface of the specimen;
(c) the hydrogen diffusion through the hydride phase;
and (d) the interface chemical reaction between metal
and hydride.

2.3. Theoretical rate equations
Park and iee [15] had derived rate equations applying
spherical moving boundary model for the LaNi; system
to explain the hydriding kinetic mechanism. However
in this study the hydriding reaction equations of the
flat plate for one-dimensional growth are derived as
follows.

As the hydriding reaction rate R, is a function of
temperature, pressure and reacted fraction, R can be
described as Equation 2

R = Kf(T)f(P)(F) @

where: K is the rate constant; 7 is the temperature; P
is the pressure; and F is the reacted fraction.
Rudman and co-workers used the pressure sweep
method [1, 16—18] to obtain the kinetic data at a
constant pressure and temperature. The method is
described in [16] in detail. Therefore R is reduced to
Equation 3
R = Kf(F) 3

where K’ is the rate constant at constant 7 and P.

Now the reaction rate equation of each step is only
a function of the reacted fraction F, which varies with
time ¢. The overall rate equations when each step is
rate controlling are expressed in F against ¢ plot as
follows:

2.3.1. The mass transfer of hydrogen
molecules to the metal surface

If the mass transfer in the system is rate-controlling

step. Two types of gas flow, forced and Knudsen flow,

should be considered by comparing the gas mean free

path (4) and diameter of cracks (2r). For the case of

forced flow (A < 2r), the reaction rate equation [15] is

Ar(P} — PZ)
16RTHAL

where: A is the crack surface area; P, is the applied
pressure; P, is the equilibrium hydrogen pressure for
the hydride formation at T T is the reaction tempera-
ture; R is the gas constant; # is the viscosity of hydrogen
gas; and AL is the channel length of gas flow.

For the case of Knudsen flow (1 > 2r), the rate
equation is

F = @

ADk(PO B Peq)

F = RTAL ©)

where: D, is the Knudsen diffusion coeffcient and
(2r/3)/(8RT/2M)"?; and M is the molecular weight of
hydrogen.

2.3.2. The chemisorption of hydrogen on the
metal surface

The rate equation when chemisorption of hydrogen

on the metal surface is rate controlling is [15] given by

F = ky(Py — Pt (©)

where: k, is the rate constant.

2.3.3. The hydrogen diffusion in hydride

The hydrogen diffusion through the hydride phase
being rate-controlling step. The rate equation of the
flat plate for one-dimensional growth can be derived,
based on the continuous moving boundary model [19],
as Equation 7

2D, AC\"?
- (e o

where: Dy is the diffusivity of hydrogen in the hydride
phase; ACy is the concentration difference between
hydride phase and the hydrogen equilibrium concen-
tration; gy is the hydrogen concentration in hydride
phase; and L is the distance in that direction hydride
phase in growing.

2.3.4. The interfacial chemical reaction
between metal and hydride

If the chemical reaction between metal phase and the

hydride phase is the rate-controlling step, the rate

equation can be derived as follows

Ks CH t

Loy

where: K is the rate constant for metal/hydride inter-
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Figure 2 Schematic diagrams of ¢/t against reacted fraction (a) gas
phase mass transfer, chemisorption of H, on the sample surface,
chemical reaction at the interface, (b) diffusion through hydride
phase.

face reaction; and Cy is the hydrogen concentration at
the interface.

3. Results and discussion

With the reaction rate equations established above,
schematic diagrams are plotted in Figs 2 and 3 by F
against f and R against F, respectively. Fig. 2 shows a
relation of F against ¢/t (t is the time required to
complete the reaction). When mass transfer, chemi-
sorption or chemical reaction is the rate-controlling
step, the relation is linear like curve (a). Diffusion in the
hydride phase being the rate-controlling step, the
relation is concave downward, curve (b). Fig. 3 shows
a schematic relation of the R against F plot. The linear
curve (a) is for the case of mass transfer, chemisorp-
tion and chemical reaction being rate controlling and
curve (b) for the case of diffusion, namely the further
the reaction proceeds the slower kinetics are. Figs 4
and 5 show hydriding kinetics at constant pressure
which were derived from the pressure sweep data [1].
Comparing the shape of curves of Figs 4 and 5 with
Fig. 2, the hydriding reaction of magnesium at 300
and 400° C is controlled by the hydrogen diffusion
through the hydrogen phase.

The relations of rate against reacted fraction are
shown at 300, 400° C in Figs 6 and 7, respectively. As
the reaction temperature is increased, reaction rate is
increased and as the reacted fraction is increased, the

(a)

Rate (dF/d¢)

(b}

Reaction

0 05 |
Reacted Fraction (F)

Figure 3 Schematic diagram of various type hydrogen absorption
rate depending on reacted fraction. (a) mass transfer, chemisorption
and chemical reaction, (b) hydrogen diffusion in the hydride phase.
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Figure 4 Hydriding kinetics of magnesium at constant pressure at
300° C. (0) 4.76; (a) 4.42; (O) 3.74; (@) 3.06; (a) 2.38 atm.

reaction rate is decreased. Comparing the shape of
curves in Figs 6 and 7 with Fig. 3, the rate controlling
step of hydriding of magnesium is also hydrogen dif-
fusion through the hydride phase.

To investigate hydriding behaviour with the size of
the Mg,Cu-catalysed magnesium and the vapour-
deposited pure magnesium. Let the Mg, Cu-catalysed
magensium (Fig. 1a) be system 1 and the vapour-
deposited pure magnesium (Fig. 1b) be system 2. And
let the distance through which the hydriding reaction
proceeds be L for system 1 and M for system 2,
because the reaction starts from both sides of plate
shaped magnesium. According to Rudman’s obser-
vation [1], L is about 0.5 um. The effective particle size
is about 1 um for system 1. It is assumed that the effec-
tive particle size of system 1 is constant (2L = lum)
throughout the whole hydriding-dehydriding reac-
tions. But considering the sintering effect of the metal
[20], the average effective particle size of system 2 at
300 and 400°C has a relation of 2My < 2M .
Because of size difference of system 1 and 2 they may
not finish the reaction simultaneously. To analyse the
hydriding behaviour a few relations between L and M
are classified as follows:

.L>M
In this case, system 2 finishes the hydriding reaction
faster than system 1. If it takes time, ¢, to complete
whole reaction and at time ¢, (¢, < 1,) system 2 finishes
the reaction, only system 1 will continue the reaction
after r,. Therefore at 0 < r < ¢, the total reacted
fraction F is a function of time of system 1 and 2 and
att; < t < t, Fis a function of time of only system 1.
For the above 2 cases, the relation, F against  combining
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Figure 5 Hydriding kinetics of magnesium at constant pressure at

400° C. (0) 18.03; (a) 17.68; (O) 17.35; (O) 17.01; (@) 16.67; (a)

16.63; (W) 15.99 atm.



dF/d¢, x100 (FhY)

Figure 6 Hydrogen absorption rate with reacted fractions and
hydrogen pressures at 300° C. (0) 4.76; (a) 4.42; (Q) 3.74; (®) 3.06;
(a) 2.38 atm.

Equations 1 and 7 results in Equations 9 and 10
0 < 1t < t, (simultaneous reaction of system 1 and 2)

2DHACH>”2 | <2DHACH>”2 i
F = ol —/—/—") "+ (1 - —— 1
Y ( o M (-0 ol

&)

t, < t < t, (reaction of only system 1)

1/2
o+ (-0 (2—’—)—‘59—) M (10)

F =
ouL

From Equations 9 and 10 one can expect a linear

relation passing the origin in the F against 7' plot at

0 < t < t, and after ¢, another linear relation with

the intersection of F axis at ¢ (=0.3 + 0.05 [1]).
2.L =M

In this case both systems finish the hydriding reaction

o dFIdE, x100 {F p~1)

Figure 7 Hydrogen absorption rate with reacted fractions and hyd-
rogen pressures at 400° C. (0) 18.03; (a) 17.68; (0) 17.35;(O) 17.01;
(®) 16.67; (a) 16.33; (W) 15.99 atm.
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Figure 8 Reacted fraction with reaction time at various hydrogen
pressures at 300°C. (O) 4.76; (a) 4.42; (O) 3.74; (®) 3.06; (a)
2.38atm.

almost simultaneously. The relation of F against 7 will
follow Equation 9.
3. L< M

In this case system 1 completes the reaction faster than
system 2 (with the time division similar to the case 1).
Letting the time which takes to complete whole reaction
be #; and the time which takes to finish reaction for
system 1 be ¢, and combining Equations 1 and 7,
Equations 11 and 12 can be derived. 0 < 7 < ¢ (sim-
ultaneous reaction of system 1 and 2)

2DHACH>”2 | <2DHACH)”2
F = it il LZ T [ RO HY a2
Q( onM’ (-9 oul’

(1

t < t £ t; (reaction of only system 2)

D 12
(1—-9 +o (Aﬂéﬁ) 112 (12)

F =
QHM2

From the above relations, in the time span of 0 <
¢t < t; the F against ¢'7 plot is a straight line passing
through the origin and after #; another straight line
which passes an intersection of Faxis, ] — ¢ (=0.7 +
0.05 [1]), will continue.

To identify which case is the real situation Rudman’s
data was reanalysed and plotted by Fagainst ' at 300
and 400° C in Figs 8 and 9. Fig. 8 shows initially all
the plots pass through origin and then the slope of the
straight line deviate to have intersections of the F axis.
The values of intersection are about 0.3 + 0.05. Both
the change of slope and the value of the intersection
correspond to case | (L = M) in the above analysis.
The M value is calculated by the ratio of slopes of two
curves of Equations 9 and 10

oLl + (1 — oM
M1 — o)
withg = 0.3 + 0.05, L = 0.5 um and the slope ratio

of about 2 from Fig. 8. The M,y value is 0.17 ~
0.27 ym. The average effective particle size, 2M;,, of

slope (0 <7< ¢)
slope (1, < t < t,)

(13)
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Figure 9 Reacted fraction with reaction time at various hydrogen
pressures at 400°C. (O) 18.03; (a) 17.68; (O) 17.35; (O) 17.01; (@)
16.67; (a) 16.63; (W) 15.99 atm.

vapour-deposited magnesium is 0.34 ~ 0.56 um.
Fig. 9 shows almost the same phenomena except the
value of intersection. The values of the intersection are
about 0.7 + 0.05. This case corresponds to the case 3
(L < M). M,y is calculated to be 1.3 ~ 2.1 um. The
average effective particle size of vapour-deposited
magnesium at 400°C is 2.6 ~ 4.2 um.

4. Conclusions

The hydriding reactions of magnesium in a Mg/Mg,Cu
eutectic alloy is well explained by the one-dimensional
continuous moving boundary model. The both hydrid-
ing reactions of magnesium in a eutectic alloy and that
of the vapour-deposited pure magnesium are controlled
by the hydrogen diffusion in the hydride phase. As the
average particle size of Mg/Mg,Cu eutectic alloy is
1 um, the effective particle size of vapour-deposited
pure magnesium at 300°C is in the range of
0.34-0.54 ym. And the reaction equations for each
step of hydriding reactions are

0<1<y
3 2D4AC,\” |, 2D,ACH\" |,
F = Q(QHM2> "+ (1 Q) onl’ t
(14)
L<t<g<t
2D, AC\"
F=90+(1-9 (—ﬁ) M (15)
H
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The average effective particle size of the vapour-
deposited pure magnesium at 400° C is calculated to be
2.6 ~ 4.2 um. And the corresponding rate equations
are

0ty

B 2D,ACK\” 2D, AC\" |,
F—Q<QHM2>t + ({d - 9 ol t

(16)

H<t<£t

2D, AC\"? |,
F=(1—Q)+Q—Q—A7— t Qan
H

The above data can be utilized for reactor design.
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