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Spark plasma sintering (SPS) is one of the advanced consoli-
dation techniques developed in the last few decades. We have
studied the decomposition behavior of MgH2 and MgH2/graph-
ite 1:1 mixtures in the SPS process. The standard SPS setup
chosen was modified by including the temperature measurement
inside the sample, so that the data can be compared with findings
from thermal analysis. The results show clearly the reduction of
the decomposition temperature measured in the SPS process if
the necessary conditions (sufficient current density by applying
the insulation) are realized.

I. Introduction

SPARK plasma sintering (SPS) system is a combination of hot
pressing and pulse current generation.1 This technique has

been developed for compaction of various metals, composites,
and, especially, ceramics.2,3 In the SPS method, current pulses
with a length of about 3 ms pass through the die and the sample
while mechanical pressure is applied. This procedure is suggest-
ed to generate sparks between powder particles due to the pulsed
current.1 However, the mechanism of the spark formation in
insulating materials is unknown.

The effects caused by SPS are summarized as follows:

(1) Destruction of the surface oxidation layers on metal
particles.4

(2) Promotion of neck growth between particles.1

(3) Cleaning of powder surfaces from adsorbed materials.
(4) Intensification of diffusion.
(5) Increase of sintering efficiency.

While effects (1) and (2) were confirmed for metal sintering,
they have not been sufficiently investigated for sintering of ce-
ramics, although several investigations were carried out in order
to explore the effect of pulse current on rapid sintering of insu-
lating materials in SPS, e.g., there are indications for an en-
hanced sintering of AlN.5 On the other hand, Tomino et al.6

measured the electric current passing through an alumina com-
pact in the SPS process and reported that the current was very
weak compared with the operating current applied on the sin-
tering tool with alumina powder. These results are in agreement
with microstructure investigations on Al2O3 bodies formed dur-
ing the similar plasma-activated sintering technique.7,8 The
densification of the compact was shown to be driven by Joule
heat transferred from the graphite die without any indication for
a plasma. The findings of 9 indicate a difference between the
measured temperature of the die and the temperature inside the
sample, which depends on the material properties, especially the
electrical resistivity and the thickness of the sample.10 This tem-
perature difference complicates a straight comparison of the SPS
with other sintering techniques.

The present paper describes the influence of the pulsed electric
current on the decomposition of magnesium hydride during the
SPS process. This particular reaction was investigated in detail,
because it was subsequently used for preparation of magnesium
compounds, i.e. magnesium diboride Mg0.96B2

11,12 or magnesi-
um silicide Mg2Si.

13 A thermocouple measuring the tempera-
tures inside the sample allowed comparison with results
obtained by differential thermal analysis (DTA). The decompo-
sition of pure MgH2 and MgH2 in a 1:1 mixture with graphite
was studied in electrically conducting graphite dies as well as in
insulating alumina dies.

II. Experimental Procedure

Commercial powders of magnesium hydride (95 wt%, 5 wt%
excess Mg, Th. Goldschmidt AG, Essen, Germany) and graph-
ite (99.91 wt%, particle size—100 mm, Chempur GmbH,
Karlsruhe, Germany) were used as starting materials. Chemical
analysis of the magnesium hydride gave the following results (in
wt%): Mg—91.6170.15, H—6.9670.07, O—0.2770.010, N—
0.9270.08. Magnesium hydride and graphite powder (50 wt%
each) were blended using a vibrating mill with a polyethylene
capsule and SiAlON balls for 24 h. To avoid contamination with
oxygen during milling or mixing, the complete handling was
carried out in a dry argon atmosphere (argon 99.999%, Messer
Griesheim, Kirchen, Germany, H2O and O2 contento0.1 ppm).

The experiments were performed using an SPS system (Dr.
Sinter

s

SPS 515-S, Sumitomo Coal Mining Co., Ltd., Tokyo,
Japan). The standard SPS setup was modified, and a second
thermocouple was placed inside the sample to analyze the tem-
perature difference between the wall of the die and the reaction
mixture. This thermocouple (type S,+ 1.5 mm, Inconel

s

-sheet-
ed) was plunged through the upper punch and fixed with a zir-
conia-based cement with the measuring tip 4 mm inside the
sample space (Fig. 1). The temperature was controlled by a dig-
ital programmable controller CHIO KP 1000 (Chino Corp.,
Tokyo, Japan). Temperature calibration in the range from 3001
to 9501C was carried out with three melting points of pure el-
ements (Pb, Al, Ge). All experiments were performed in dynam-
ic vacuum (PVacuumo3 Pa), and a uniaxial pressure of 14 MPa
on the die was applied during the entire process.

For reacting, magnesium hydride powder or powder mixture
was SPS heated stepwise from ambient temperature to 5001C at
different heating rates (varying from 2 to 20 K/min) and sub-
sequently annealed at this temperature for 10 min. For process
control, the temperature within the die (TD) was used. The rel-
evant parameters—die temperature TD, sample temperature TS,
gas pressure P inside the vacuum chamber, and displacement D
along the pressing direction—were recorded with the time in-
crement of 2 s. Graphite and alumina dies were used in order to
investigate the influence of the resistivity of the die material on
the decomposition process.

In order to determine the decomposition temperature of
MgH2, all SPS experiments were carried out at at least four dif-
ferent heating rates. Two different variables indicating the de-
composition (D and P) can be used for further analysis. The
displacement reflects the shrinkage of the sample and the ther-
mal expansion of the graphite punches, the spacers, and the
plungers. In combination with the experimental noise, this pre-
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vents a reasonable extraction of exact onset temperatures. Exact
monitoring of the gas pressure P is difficult due to the large
amount of hydrogen (up to 2–3 dm3) formed during the rela-
tively short time of the reaction. This results in an overflow of
the pressure-measuring unit and makes a definition of the onset
impossible. Therefore, the starting point of the reaction is de-
fined as the first deviation in the P(t) curve from the corre-
sponding baseline. The obtained decomposition temperature
values (TS scale) are heating rate dependent and therefore
were linearly extrapolated to a heating rate of 0 K/min (extrap-
olated decomposition temperature).

DTA/TG measurements (STA 449, NETZSCH, Selb, Ger-
many, completely integrated into an argon-filled dry box; argon
purified with Oxisorb

s

; alumina crucibles with lid; thermocou-
ple type S) were performed to analyze the decomposition be-
havior of pure MgH2 and its mixture with graphite in the
absence of SPS conditions. Temperature calibration was carried
out with melting points of five pure elements (Bi, Sn, Al, Ag,
Au). The obtained decomposition temperature values (TS scale)
were extrapolated to a heating rate of 0 K/min to account for
the heating rate dependence.

After the reaction, the samples were analyzed by X-ray pow-
der diffraction (HUBER Guinier Image-Plate camera G670,
Huber Diffraktions technik, Rimsting, Germany; CuKa radia-
tion, l5 1.54060 Å; germanium monochromator).

Chemical analysis of the commercial MgH2 was performed
with an ICP-OES system (VARIAN Vista RL, Middelburg, The
Netherlands) and specific elemental analyzers (for hydrogen—
LECO RH 402; for oxygen and nitrogen—LECO TC-436 DR,
Mönchengiadbach, Germany) by the carrier-gas hot-extraction
method.

For electrical resistivity measurements (four-probe van-der-
Pauw method, 231C, argon atmosphere), the powder mixture
was cold compacted in a sapphire cell with four platinum wires
pressed into the powder.

III. Results and Discussion

(1) Decomposition of Magnesium Hydride in the
Graphite Die

The displacement D in the direction of pressing, the tempera-
tures of the die (TD) and the sample (TS), as well as the gas
pressure inside (P) the reaction chamber versus time t are pre-
sented in Fig. 2. While the sample is heated up to 3001–4001C,

both the displacement and the gas pressure display an abrupt
increase as the decomposition starts. After the reaction, the ev-
olution of gas stops, the displacement rate decreases, and the
pressure inside the chamber reverts to the initial value due to the
dynamic vacuum conditions.

During the entire heating period before the decomposition
reaction, TS is lower than TD. From this fact it can be inferred
that the heat is transferred from the graphite die and the punch-
es to the reaction mixture. Because of the insulating nature of
magnesium hydride, no generation of Joule heat in the powder
takes place. As the decomposition starts, the electrical conduc-
tivity of the sample increases with magnesium content. Conse-
quently, the temperature of the sample rises faster than the
temperature of the die, even though the decomposition reaction
is endothermic (DHR, 600 K5 79 kJ/mol14). During the decom-
position, the PID controller of the SPS setup does not work ex-
actly, because the changes of the electrical and thermal
conductivity in the reaction mixture are faster than the on/off
time of the control system. Thus, some deviations from a linear
heating rate were observed. With increasing heating rate, the
decomposition reaction shifts to higher temperatures. The ex-
trapolated decomposition temperature for MgH2 in the SPS
process was found to be 379(8)1C (Table I). The XRD pattern of
the reaction product showed only Mg and a small amount of
MgO (originating from the oxide impurities in the starting pow-
der; see analytical results above).

On heating of magnesium hydride, the DTA measurement
showed only one endothermal peak in the temperature range
between 3701 and 6001C depending on the heating rate (Fig. 3).
As in the SPS process, the peak onset shifts to higher temper-
atures with increasing heating rate. The endothermal reaction is
accompanied by a weight loss of about 6.9 wt%, which is in
good agreement with the analytically determined amount of 6.96
wt% hydrogen in the commercial magnesium hydride powder
(see above). XRD patterns of the product revealed the presence
of only Mg and a small amount of MgO, similar to the SPS
process. The onset of the decomposition of MgH2 in the DTA
process, extrapolated to the heating rate of 0 K/min, was found
to be 394(7)1C (Table I).

Fig. 1. Schematic representation of the experimental setup.

Fig. 2. Time dependences of displacement (D), temperature of the die
(TD), temperature of the sample (TS), and gas pressure inside the reaction
chamber (P) for the SPS decomposition ofMgH2 (heating rate 6 K/min).

Table I. Extrapolated Decomposition Temperatures (TDecomp)
for MgH2 Based on the Measurements of the Temperature of

the Sample (TS)

MgH2

TDecomp. (1C)
for SPS

TDecomp. (1C)
for DTA

379 (8) 394 (7)

MgH21graphite 386 (6) (graphite die) 397 (7)
314 (7) (alumina die)

SPS, spark plasma sintering; DTA, differential thermal analysis.
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(2) Decomposition of Magnesium Hydride in the Mixture
with Graphite

In order to study the influence of the electrical conductivity of
the initial powder mixture on the reaction course in the SPS
process, the decomposition of a 1:1 MgH2/graphite mixture was
investigated. We did not observe any indication for a reaction
between carbon and magnesium under the applied conditions.

Before the decomposition reaction starts, the reaction mix-
ture shows a conductor-like behavior. The temperature of the
sample increases faster than the temperature measured in the
graphite die (Fig. 4). This finding is in good agreement with
the observed value of about 230 mO �m for the electrical resis-
tivity of the cold-compacted powder mixture (own measure-
ments) in comparison with the resistivity of about 14 mO �m for
the graphite, used for the production of the pressing tool (value

given by manufacturer). The decomposition reaction starts at
higher temperatures with increasing heating rate. The extrapo-
lated decomposition temperature for MgH2 in the mixture with
graphite in the SPS process is 386(6)1C (Table I). XRD patterns
showed only Mg, graphite, and a small amount of MgO in the
reaction product. Both the DTA and the TG curves for the de-
composition of MgH2 in the 1:1 mixture with graphite reflect
only one event. The heat flow per mass is only half of that found
for pure MgH2, because of the graphite amount in the mixture
(Fig. 3). The extrapolated onset of the decomposition for MgH2

in the mixture with graphite in the DTA is 397(7)1C (Table I).
This value is very close to the value assumed for pure MgH2 (see
above).

Because of the sufficiently high electrical conductivity for the
MgH2/graphite mixture, it was possible to replace the graphite
die by one made of dense sintered alumina (density5 3.9 g/cm3;
BCE Special Ceramics, Mannheim, Germany) with the same
dimensions, and applying the graphite punches. By this, the
electric current is constrained to pass through the reaction mix-
ture. An indirect heating of the sample caused by the generation
of Joule heat in the die walls is impossible in this setup. Before
the decomposition of the hydride, the temperatures in the sam-
ple and the die are nearly equal (Fig. 5). With the beginning of
the evolution of hydrogen, the temperature inside the sample
and the displacement increase faster. The temperature difference
between the sample and the die, in combination with the low
thermal conductivity of the alumina die causes a strong oscilla-
tion tendency in the control circuit of the SPS process (see
below). These circumstances resulted in fluctuation of the tem-
peratures in the sample and the die, combined with fluctuation
of the gas pressure inside the vacuum chamber. To avoid dam-
ages, the PID controller setup was manually regulated when the
decomposition started. For this, the PID setup was changed to
conditions with a higher P ratio.

With the increasing amount of magnesium formed by the de-
composition of the hydride, the temperature difference between
the sample and the die increases. The extrapolated decomposi-
tion temperature for MgH2 in the 1:1 mixture with graphite in
the SPS process is found to be 314(4)1C if the alumina die was
used (Table I). This value is remarkably lower (by 721C) com-
pared to the graphite die data.

Points measured with more than 20 K/min have no corre-
sponding points in the DTA analysis. For this, the points are
shown in Figs. 7 and 8, but were neglected in all calculations.

The SPS system allows the measurement of the electrical cur-
rent and voltage during the process (Fig. 6, top, middle). From
these data, the average resistivity of the experimental setup can
be calculated. Before the reaction, the resistivity of the system
with an alumina die was higher than those with a graphite die.
After the reaction, the resistivity is practically independent of the

Fig. 3. DTA results for MgH2 (top) and a 1:1 mixture of MgH2 with
graphite (bottom).

Fig. 4. Time dependences of displacement, temperature of the die and
the sample, and gas pressure inside the reaction chamber for the SPS
decomposition of MgH2 in the 1:1 mixture with graphite in the graphite
die (heating rate 6 K/min).

Fig. 5. Time dependences of displacement, temperature of the die and
the sample, and gas pressure inside the reaction chamber for the SPS
decomposition of MgH2 in the 1:1 mixture with graphite in the alumina
die (heating rate 6 K/min).
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die material. This behavior becomes transparent when the dif-
ferent paths of the electrical current are considered. In case of
the graphite die, the current flows simultaneously through the
die and the reaction mixture, while it only passes through the
powder if an alumina die is used. After the decomposition re-
action, the conductivity of the sample was much higher than the
conductivity of graphite (due to the formation of metallic mag-
nesium); thus, the current flows predominantly through the
sample. This leads to nearly the same overall resistivity for con-
ducting or insulating die after decomposition of MgH2 to Mg
and H2 (Fig. 6, bottom).

(3) Determination of Activation Energies

Determination of the apparent activation energy for the decom-
position of MgH2 has given useful information concerning the
possible changes in the nature of the reaction. The onset tem-
perature for the decomposition increases with increasing heating
rate for both processes, SPS and DTA (Fig. 7). The temperature
dependence of the onset of the reaction is shown in an Arrhenius
plot in Fig. 8. In this representation, a straight line can be well
fitted to the data. The slope of the fitted line, which represents
the activation energy for different experimental conditions, has
values between 106 and 195 kJ/mol (Table II). This is in the
same range with the published data for pure MgH2 (91–142 kJ/
mol).15–17 On the one hand, the fluctuations may be explained
by the oxide content in the used MgH2, because there is a strong
influence of surface oxide films on the decomposition reaction.18

In addition, the activation energy values for SPS processing fall
in the middle of the range of the literature data (obtained, e.g.,
by DTA). On the other hand, the activation energy in the SPS
process (114–116 kJ/mol) seems to be significantly lower than
for the DTA experiments (191–195 kJ/mol) independent of the

different starting powders, which suggests a different decompo-
sition mechanism at least for our experiments.

Independent of this, the SPS process in the alumina die clear-
ly shows a different behavior. Despite the activation energy is in
the range of the other SPS experiments, the interaction occurs at
a significantly lower temperature of the reaction mixture and
shows different dynamics of the hydrogen evolution in compar-
ison with the graphite die.

Fig. 7. Determination of the decomposition temperature for pure
MgH2 (top) and MgH2 in a 1:1 mixture with graphite (bottom) in the
DTA and SPS processes. The point at very high heating rate (SPS, alu-
mina die) was not accounted.

Fig. 6. Voltage (top), current (middle), and total resistivity of the sys-
tem (bottom) during the SPS process for the decomposition of MgH2 in
the 1:1 mixture of MgH2 and graphite.

Fig. 8. Arrhenius plots for the decomposition of MgH2 in DTA and
SPS processes.
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IV. Conclusions

Our results show that there is no significant difference in the
extrapolated decomposition temperature for pureMgH2 and for
its 1:1 mixture with graphite in SPS (graphite die) and DTA
processes. For the chosen experimental setup, the SPS process-
ing is comparable with a conventional heating technique. By
replacing the graphite die with the corundum one, the extrap-
olated decomposition temperature of MgH2 is significantly low-
er than that observed by DTA or by SPS using a graphite die.

It is obvious that a high current density inside the sample is
necessary to cause this SPS effect. Up to now, it is impossible to
finally conclude on the exact mechanism of this influence. A
generation of plasma, according to the mechanism proposed by
Tokita,1 cannot be excluded. An alternative explanation can
also be suggested: the electrical current produces local overheat-
ing at the graphite particles in the powder mixture; close to these
hot spots, the decomposition of the MgH2 starts earlier than in
more distant regions. Plasma does not necessarily appear in this
case.

The presented results clearly show that the SPS processing for
materials with an electrical conductivity differs considerably
from conventional heating if the necessary current density is
achieved. The reduction of the temperature of the reaction mix-
ture at the start of a decomposition reaction (e.g., of MgH2) by
pulsed electric current is documented for the first time.
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