
Contents lists available at ScienceDirect

Journal of the European Ceramic Society

journal homepage: www.elsevier.com/locate/jeurceramsoc

Original Article

Transparent magnesium aluminate spinel: Effect of critical temperature in
two-stage spark plasma sintering

A. Talimiana,*, V. Pouchlyb,c, H.F. El-Maghrabya,d,e, K. Macab,c, D. Galuseka,d

a Centre for Functional and Surface Functionalised Glass, Alexander Dubcek University of Trencin, Trencin, Slovakia
b CEITEC BUT, Brno University of Technology, Purkynova 123, Brno, Czech Republic
c Faculty of Mechanical Engineering, Brno University of Technology, Technicka 2, Brno, Czech Republic
d Joint Glass Centre of the IIC SAS, TnUAD and FChPT STU, Trencin, Slovakia
e Refractories,Ceramics, and Building Materials Department, National Research Centre, 33 El-Bohous St., 12622, Cairo, Egypt

A R T I C L E I N F O

Keywords:
Magnesium aluminate spinel
Spark plasma sintering
Carbon contamination
Optical properties

A B S T R A C T

The discolouration of magnesium aluminate spinel caused by carbon contamination is a main drawback of
fabricating transparent bodies by spark plasma sintering (SPS). In this study, a two-stage heating rate profile was
used to produce transparent MgAl2O4 without using sintering aids by SPS at 1250°C. The effect of critical
temperature (Tc), at which the heating rate is decreased, on transparency and carbon contamination was in-
vestigated: higher critical temperature resulted in higher contamination. Non-uniform densification indicated
that fast heating results in a hot-zone formation in the centre of sintered pellets; the higher temperature of centre
favoured reaction of graphite die with spinel and formation of disordered carbon structures in residual pores.

1. Introduction

Magnesium aluminate spinel is a promising optical ceramics due to
its high transparency over a wide window of electromagnetic radiation,
from ultraviolet to mid-infrared (0.2–5.5 μm). Its crystal structure is
capable of hosting a variety of optically active ions and, hence, the
optical properties can be modified [1–4]. Having an optically isotropic
structure, highly transparent bodies are obtained by producing highly
dense green bodies and removing the pores, acting as light scattering
centres, by a suitable sintering process [5–9]. Fabricating a highly
dense magnesium aluminate spinel is, however, a difficult task. Due to
slow diffusion of atomic species, particularly oxygen, transparent
magnesium aluminate spinel is usually fabricated either in two steps by
pressure-less sintering followed by hot isostatic pressing or a lengthy
hot pressing process (HP) [10–13]. Subjecting magnesium aluminate
spinel to high temperatures for a long time results in grain growth,
changes the microstructure and deteriorates mechanical properties
[13–16].

Spark plasma sintering (SPS) is a practical method of fabricating
highly dense fine-grained ceramics. However, the carbon contamina-
tion of materials prepared by SPS is inevitable [17–23]. Addition of
lithium fluoride facilitates densification of spinel ceramics and cleanses
the carbon contamination. However, the interactions between LiF and
MgAl2O4 yield detrimental phases, introduce structural defects (i.e. F

centres) and deteriorate optical properties of the final body [21,24–27].
Carbon contamination can be also minimised by optimising the spark
plasma sintering parameters. Several attempts have been made to study
the carbon contamination and to fabricate transparent spinel without
sintering aids [20,28,29]. Morita et al. have reported that the level of
carbon contamination is sensitive to the heating rate during SPS: slow
heating improves the transparency of MgAl2O4 [30]. While slow
heating is beneficial to transparency, it extends the duration of the
process and thereby eliminates one of the main advantages of SPS, i.e
fast sintering.

In the present study, the fabrication time of transparent magnesium
aluminate spinel is reduced by performing a two-stage spark plasma
sintering schedule comprising of initial fast heating followed by slow
heating. The effect of critical temperature, at which the heating rate is
changed, on transparency and carbon contamination was investigated
using a Raman spectroscopy and described following thermodynamic
approach.

2. Experimental procedures

Commercial magnesium aluminate spinel powder, S30CR
(Baikowski, France), was used as the starting material. The powder was
dispersed in isopropanol using an ultrasonic mixer (Sonopuls HD 3400,
BANDELIN, Germany). Afterwards, the mixture was transferred to a
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rotary evaporator and the liquid removed; Ready-to-Press (RTP)
powder was prepared by passing the dried powder through a sieve with
0.5 mm mesh width.

The samples were fabricated by spark plasma sintering (SPS) (DR.
SINTER SPS-625, FUJI, Japan). The granulated powder was filled in a
graphite die with an inner diameter of 12 mm. Graphite paper was used
to separate the powder from the die and the punches. Then, the die was
wrapped in carbon felt insulator. Sintering was performed under va-
cuum (5–9 Pa). The temperature was measured using an optical py-
rometer focused on the hole drilled into a die wall. A constant uniaxial
pressure of 75 MPa was applied above 800 °C.

Preliminary information on the densification behaviour of mixed
spinel powder was obtained by performing a single-stage SPS. The ex-
periments were performed by increasing the temperature of samples to
600 °C in 3 min; then, the samples were heated at 100 °C min−1 to 1300
°C. Afterwards, the two-stage SPS was carried out by increasing the
temperature to 600 °C in 3 min and, afterwards, the samples were he-
ated to a temperature between 1100 °C–1200 °C with the constant
heating rate of 100 °C.min−1. Then, the heating rate was decreased to
2.5 °C.min−1 and heating continued up to 1250 °C. The variations of
temperature and applied pressure against time during sintering profiles
are shown in Fig. 1.

Sintered pellets were subsequently heat treated in a muffle furnace
at 800 °C (heating rate: 2.5 °C min−1) for 60 min in air in order to
remove residual carbon from the surfaces. The samples were carefully
mirror polished on both sides using diamond abrasive papers down to
0.5 μm for further optical characterisation. The final thickness of the
samples after polishing was ∼1 mm.

The density of sintered bodies was measured using Archimedes’
method in deionised water.

The In-line transmission was measured in the wavelength range
between 200−2000 nm using a UV–vis-NIR spectrophotometer (Cary
5000, Agilent, USA) with grating and slit change at 800 nm.

Raman spectroscopy was conducted on the surface and the polished
cross-section of sintered samples by using a Raman microscope spec-
trometer (inVia Qontor, Renishaw, UK) using 532 nm excitation wa-
velength at room temperature.

The microstructure was examined using scanning electron micro-
scopy (JSM-7600 F, JEOL, Japan). The cross-section of samples was
mirror-polished using 1 μm diamond paste. The fracture surfaces and
polished cross-sections were thermally etched at 1150 °C for 30 min.
The etched samples were fixed at aluminium sample holders using the
conductive adhesive tape and, afterwards, coated with carbon; the
grain size was determined from the SEM images using linear

intersection method.

3. Results

Fig. 2 shows the punch displacement (normalised by weight of
samples) and the displacement rate as a function of temperature during
single-stage SPS of magnesium aluminate spinel at the constant heating
rate of 100 °C min−1. The pressure applied by the punches plotted
against sintering temperature is also shown. The displacement of pun-
ches consists of three main regions: the first stage between 800−950 °C
where the shrinkage is the fastest, and the main peak in the shrinkage
rate is observed. The shrinkage is attributed to application of pressure
at 800 °C resulting in particle rearrangement. This is followed by a
continuous shrinkage, with a constant rate between 950−1100 °C. Fi-
nally, the densification slows down, and the shrinkage rate decreases
significantly. The shrinkage eventually stops above 1250 °C where the
displacement curve reaches a plateau, and a density of> 99.0 % is
achieved. Therefore, the maximum sintering temperature was limited
to 1250 °C to eliminate phenomena such as grain growth and pore
coalescence.

A set of various sintering regimes was applied: the heating rate was
decreased to 2.5 °C.min−1 after a specific temperature in the interval
between 1100−1200 °C (namely 1100, 1150, 1175 and 1200 °C) was
achieved. In the latter text, this temperature is denoted as critical
temperature, Tc. Fig. 3 shows the appearance, and the values of in-line
transmissions measured at 550 nm of samples produced by SPS, using
different Tc between 1100 °C–1200 °C. A sample produced by slow
heating from 1100 °C to 1200 °C is also shown. Samples produced with
the Tc = 1100 and 1150 °C are almost transparent and exhibit a
maximum transmission of 65 and 67 %. The sample fabricated using Tc
= 1175 °C has a large dark spot in the centre, and the transmission
decreases to 51 %. The sample sintered with a Tc of 1200 °C is almost
entirely black with a limited transmission of 10 %. However, the per-
iphery of the pellet is transparent. The sample sintered by slow heating
from 1100−1200 °C, is transparent in the centre, but it is opaque and
whitish at the edges, indicating the presence of large pores and in-
complete sintering.

Fig. 4 shows the in-line transmission, ILT, of the samples as a
function of the incident light wavelength measured in the range be-
tween 200−2000 nm. The measured ILT is recalculated to the same
thickness of d2 = 1.0 mm, using Eq. 1[16]:
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Fig. 1. Temperature and pressure against time of two-stage spark plasma sintering profiles.
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where RS is the total surface reflectance (≈0.14), and ILT(d1) is the
value obtained for the sample with the thickness d1. A discontinuity at
the ILT curve that is observed at 800 nm, and recorded for all samples,
is related to instrumental limitations and the detector and grating
change-over. Therefore, the measured spectrum is divided into two
regions: 200−795 nm, and 805–2000 nm. Samples produced using Tc
of 1100 and 1150 °C exhibit similar transmission in both IR and UV
ranges with a sharp decrease in transmission at λ = 300 nm. Con-
versely, the transmission of samples produced with a Tc = 1175 °C,
decreases with a shallow slope as the wavelength decreases. The
blackening of transparent bodies fabricated by spark plasma sintering is
attributed to carbon contamination [29–31].

The distribution of carbon in samples was examined by Raman
spectroscopy. Fig. 5 shows micro-Raman spectra collected over the
surface of samples fabricated using a sintering regime with the critical
temperature of 1150 °C (the highest transparency) and 1200 °C (the
lowest transparency); Raman spectra of the used carbon paper and RTP
spinel powder are also shown.

The Raman spectrum of the as-received powder contains five major
peaks attributed to vibration modes of magnesium aluminate spinel and
three other peaks corresponding to sulphate, chloride and carbonate
species. The strong peaks located around 410, 672 and 770 cm−1 are
associated with Eg, T2g and A1g vibrations of MgAl2O4, respectively. The
weak band centred around 311 cm−1 is attributed to T2g vibration of
MgAl2O4. The peak located at 727 cm-1 is associated with the breathing

mode of aluminium cations located in tetrahedral sites implying that
inverse spinel structure exists in the powder [5,32–35]. The peak
around 980 cm-1 is attributed to the vibration of SOx species. There are
also two more peaks assigned to the vibration modes of trace Cl2 and
CO3

2- at 560 and 1064 cm-1, respectively [36]. The chloride, sulphate
and carbonate species originate from the process of powder synthesis
[37].

The peaks of impurities at 560, 980 and 1064 cm−1 disappeared
entirely in the samples subjected to spark plasma sintering. Instead, the
Raman spectrum of the sample produced at the Tc = 1200 °C is dis-
tinctively different from the spectrum of the sample fabricated at the Tc
= 1150 °C: it exhibits a strong peak associated with the D-band mode of
disordered graphite (1350 cm-1). In contrast, the Raman spectrum of
carbon paper exhibits a strong peak at around 1580 cm-1 that is asso-
ciated with the G-band mode of graphite and a highly ordered structure.
The presence of carbon in the sintered bodies with a different structure
from the carbon paper rules out the possibility that the observed
blackening of samples is caused by carbon inclusions introduced from
the debris of the die or carbon paper. Blackening of samples can be thus
attributed to deposition of carbon formed through the reaction of
carbon from graphite paper/die with MgAl2O4 at high temperatures.

Fig. 6 shows the Raman spectra collected near the centre of the
pellets and close to the edge of the pellets’ cross-sections. The spectra
collected at the centre and the edge of the samples prepared at the Tc =
1100 °C are basically the same, implying that carbon contamination is

Fig. 2. (a) Punch displacement (normalised by weight) and pressure against temperature as a function of temperature; (b) first derivative of punch displacement.
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very limited. In contrast, the peaks associated with carbon D-band
(1350 cm−1) and G-band (1600 cm−1) start to be visible in the spec-
trum collected in the centre of the samples fabricated at the Tc = 1150
°C. The intensities of peaks associated with carbon increased sig-
nificantly in the sample sintered using the Tc = 1175 °C. Carbon-re-
lated peaks have become the main peaks for the samples produced at
the Tc = 1200 °C. The Raman spectra collected near the edge are es-
sentially similar for all samples, and no peaks associated with carbon
appear in the spectra. However, low-intensity peaks associated with the
carbon D-band and G-band are observed in the spectrum of the sample
prepared with a critical temperature of 1200 °C.

4. Discussion

4.1. Densification

The densification curve shown in Fig. 2 consists of three main steps:
the first step corresponds to the powder compaction, crushing of
granules and/or particle rearrangement, which appears as a fast dis-
placement of the punch after the pressure is applied at T =800 °C. The
displacement rate is almost constant in the next temperature interval
between 900−1100 °C. The starting temperature of this step is similar
to the densification threshold for conventional sintering of the used
spinel powder (S30CR, Baikowski) [38,39].

The densification produces a solid body containing isolated closed
pores. The deformation of the solid body subjected to the pressure is
limited and, hence, the punch displacement during the final stage of
sintering (> 1100 °C) is caused only by sintering. At the same time, the
gas pressure increases inside the closed pores, which shrink as the result
of applied temperature and pressure. The increase of internal pressure
of gasses also results in the decrease of shrinkage rate.

In addition to conventional sintering mechanism, i.e. grain
boundary diffusion or lattice diffusion, densification during spark
plasma sintering is a result of ceramics’ creep under large compressive
stresses [40]. Increasing concentration of lattice defects such as va-
cancies and dislocations introduces light scattering centres and dete-
riorates the transparency of ceramics [28]. However, the slip systems of
magnesium aluminate spinel are not activated below 1300 °C [41,42].
Granger et al. studied the sintering behaviour of magnesium aluminate
spinel during SPS and concluded that grain boundaries sliding, ac-
commodated by the in-series reaction of interfaces and lattice diffusion
of oxygen, governs the densification process [41]. Therefore, the
transparency of samples is unlikely to be affected by the changes in
dislocation density at the temperatures applied in this study.

Fig. 7 visualises a sample fabricated by fast heating (100 °C min−1)
to TC = 1100 °C followed by slow heating (2.5 °C min−1) to 1200 °C.
While the central region of the sample is transparent (a transparent
region ca. 6 mm in diameter is present), the edge of the sample is
opaque. This indicates that during the sintering the samples have been

Fig. 3. Optical photographs of samples pro-
duced with the use of a slow heating regime
(2.5 °C/min) between Tc and 1250 °C; the
samples have a thickness of ca 1 mm and are
placed directly at the background. The values
of ILT were measured at a wavelength of 550
nm. (arrows point out the spot of transmission
measurements (Fig. 4) amd collecting Raman
spectra ((Fig. 5)).

Fig. 4. In-line transmittance against the wavelength of samples fabricated by
two-stage spark plasma sintering using different critical temperatures Tc: 1100,
1150, 1175 and 1200 °C. The transmission was evaluated for a thickness of 1
mm using Eq. 2.

A. Talimian, et al. Journal of the European Ceramic Society 40 (2020) 2417–2425

2420



densified in-homogenously: the centre is denser than the rim and free
from large pores.

Fig. 8 shows the grain size distribution in the centre and at the
periphery of samples sintered at various Tc. While the grain size of
samples is independent of Tc, the centre of all samples is characterised
by larger grains than the peripheries. Similarly, such non-uniform dis-
tribution of grain size in ceramic bodies, e.g. Al2O3 and Y2O3, has been
reported in other works [43,44]. Three factors can be held responsible
for larger grains in the centre: lower carbon contamination, a higher

concentration of defects, and temperature gradient. As shown in Fig. 3,
sintered samples exhibit larger amounts of carbon in the central area.
Thus carbon contamination cannot explain the non-uniform distribu-
tion of grain size. The accumulation of defects, i.e. vacancies, might be
responsible for the grain growth; however, it eventually results in the
increase of samples’ porosity, particularly in the centre. In contrast,
samples show a different distribution of pores. Fig. 9 shows the fracture
surface of pellets sintered at Tc = 1100 °C. All observed pores are
isolated and located at the grain boundaries. Moreover, the edge of the

Fig. 5. Raman spectra collected from the as-received spinel
powder (red line), and the samples produced by spark plasma
sintering at 1250 °C using critical temperatures of 1150 °C and
1200 °C. The spectra collected from graphite paper used in SPS is
shown for comparison. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web
version of this article).

Fig. 6. Raman spectra collected from polished cross-section of samples at the edges and in the centre of samples SPSed at 1250 °C using the critical temperature of: (a)
1100 °C, (b) 1150 °C, (c) 1175 °C and (d) 1200 °C.
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pellet contains more pores than the centre (Fig. 9a vs Fig. 9b) due to
inhomogeneous densification (compare to Fig. 7) and expressed in in-
creased opacity of the sample edge. Therefore, the increasing porosity
in the periphery cannot be explained by the increase of defect con-
centration only.

The non-uniform densification of electrically non-conductive

materials is mainly attributed to the temperature gradient during SPS,
i.e. to the third proposed mechanism [45,46]. Ceramic compacts are
heated up by passing an electric current through the graphite die.
Consequently, one expects that the edge of non-conductive samples is
hotter than the centre. Astonishingly, the visual examination of samples
prepared in this study suggests the opposite behaviour (Fig. 7). Cola-
suonno reported on the inhomogeneous temperature distribution and
the formation of local hot-zones in ceramics due to the electric current
flow paths shift during spark plasma sintering [47]. Part of fine gran-
ules of the RTP powder escapes from the gap between punches and die
wall during the initial powder compaction and produces a ring sur-
rounding the punches. This results in a change of the current pathways
and formation of a hot spot in the centre of the pellet. Understanding
the reason behind such peculiar densification inhomogeneity in samples
and the temperature distribution, however, requires more studies.
Nonetheless, the results obtained in this study indicate the pellets’
centre might have experienced a significantly higher temperature
during sintering, resulting in transparent centres of sintered pellets; the
effects and results of hot-zone formation during SPS will be discussed
further later on.

Although highly dense bodies were produced by spark plasma sin-
tering, small pores remain at the grain boundaries. Pores’ diameter is
smaller than 100 nm; although such pores have limited scattering effect
at higher wavelengths (> 1000 nm), their effect becomes prominent in
the ultraviolet region of the spectrum (<400 nm) where the light
wavelength is comparable with the effective diameter of the residual
pore.

4.2. Carbon contamination

Carbon contamination becomes significant and is responsible for the
light transmission decrease in samples fabricated using Tc>1150 °C.
Although graphite particles can be introduced directly to the ceramic
bodies produced by SPS, [23] Raman analyses revealed highly dis-
ordered or glassy carbon in the samples, which is entirely different from
possible carbon contamination source (graphite paper). This rules out
direct contamination by debris from graphite paper. Moreover, all
samples were subjected to the same cooling process and, thus, the
carbon contamination is unlikely to occur during cooling.

Kim et al. reported that annealing spinel powder prior to spark
plasma sintering removes volatile species and results in higher trans-
parency, and concluded that carbon-containing species present a priori
in powder cause carbon contamination during SPS [48]. In other works,
the graphite die/paper is shown to be responsible for carbon con-
tamination [30,31]. In our case, the presence of some carbonate species
was confirmed by Raman analysis (see Fig. 5); it is, therefore, important
to verify the source of carbon contamination. The formation of solid
carbon in pores from volatile species can be expressed by Boudouard’s
reaction:

→ +CO g CO g C s2 ( ) ( ) ( )2 (2)

Fig. 7. Optical photographs of a spinel disk produced two-stage SPS: initial fast
heating (100 °C min−1) to Tc= 1100 °C, followed by slow heating (2.5 °C
min−1) to 1200 °C.

Fig. 8. Grain size distribution of samples as a function of Tc in the centre and at
the edge of sintered pellets; median values, 25th and 75th percentiles, as well as
maximum and minimum values are shown.

Fig. 9. Scanning electron microscopy
images of the fracture surface of sam-
ples SPSed at 1250 °C with Tc = 1100
°C; the images were taken from (a) the
centre of sample and (b) close to the
edge of the sample. The samples were
subjected to a heat treatment at 1150 °C
for 30 min to remove the residual
carbon from the pores. Arrows indicate
trapped pores.
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The Gibbs free energy variations of Boudouard’s reaction against
temperature change was calculated using FactSage® software by as-
suming most stable carbon phases are produced and considering the
total pressure inside closed pores varying between 10 Pa (vacuum ap-
plied in the SPS chamber) and 75 MPa (the nominal applied mechanical
pressure during SPS). Immediately after the closure of pores, the pres-
sure of gasses trapped in them is assumed to be equal to the vacuum
pressure in the SPS chamber. As the pores shrink by sintering, the
pressure increases, until it reaches the maximum value of 75 MPa, i.e.
the hydrostatic pressure in the pores equilibrates with the applied ex-
ternal mechanical pressure. Fig. 10 shows the variation of Gibbs free
energy for Eq. 2 as a function of temperature; the temperature windows
between 1100 °C and 1250 °C is enlarged in Fig. 10b. Under low
pressures Gibbs’ free energy of Eq. 2 is positive indicating carbon de-
position is not thermodynamically favoured. The negative free energy
of reaction below 1150 °C in Fig. 10b, implies that the deposition of
carbon from volatile species occurs only at low temperatures under
high pressures. In contrast, samples produced using Tc of 1100 and
1150 °C, which are exposed to the carbon deposition conditions for a
longer time, show higher transparency compared to those produced
using Tc= 1175 °C and 1200 °C. Thus, carbonate species are unlikely to
be the cause of carbon contamination.

It is also interesting to investigate how carbon contamination is
distributed in the samples; Raman spectra were collected in two di-
rections: along the radii of the pellets, and across the thickness in the
centre of the pellets. The spectrum collected in each point was treated
by removing the background and fitting carbon’s D, G and D’ peaks
using a Gaussian function following least-squares curve fitting approach
[49]. The amplitude of the peaks was used to evaluate the concentra-
tion of respective species. Fig. 11 shows the distribution of carbon and
the ratio of carbon D-band to G-band in the samples produced using the
critical temperature of 1175 °C. Carbon contamination is distributed
almost uniformly across the height of samples (Fig. 11a), with 3 times
higher concentration of disordered carbon (D-Band) than highly or-
dered carbon (G-band). On the contrary, carbon contamination is
concentrated in the centre of the sample followed by a gradual decrease
towards the edges (Fig. 11b). The disordered carbon (D-Band) dis-
tribution resembles typical error function from the centre to the edge
(dashed line in the graph). The contamination of samples due to carbon
diffusion from the carbon paper should produce a concentration

gradient decreasing from the edge towards the centre of plots; this is
opposite to the measured concentration profiles. Therefore, carbon
distribution seems to be a result of the temperature gradient in the
samples. Moreover, the uniaxial distribution of carbon suggests that it is
introduced into samples through a deposition process from the atmo-
sphere with increased partial pressure of carbon in the furnace. Ac-
cording to Morita et al., carbon contamination during SPS of MgAl2O4

occurs as a result of reactions between graphite die/paper and mag-
nesium aluminate spinel powder, especially when high heating rates are
applied [29–31]. Wang et al. reported on the fabrication of transparent
magnesium aluminate spinel ceramics using two-step pressure profile
[28]. The sintering programme consisted of an initial low-pressure step
followed by the application of high pressure in the final step; the results
showed that applying a lower pressure for a shorter time results in
lower carbon contamination during spark plasma sintering.

Magnesium aluminate might react with carbon resulting in the de-
position of glassy carbon in samples; therefore, it is worth investigating
further the impact of applied pressure on carbon contamination. The
reaction of magnesium aluminate spinel with the carbon impurity
present in the pores, which is coming from graphite die/paper, can be
simplified and written as [49] :

+ → + +MgAl O s C s g Mg g Al O g CO g( ) 3 ( , ) ( ) ( ) 3 ( )2 4 2 (3)

Fig. 12 shows the variation of Gibbs’ free energy of Eq. 3 as a
function of the temperature under different pressures between the
pressure corresponding to the vacuum (10 Pa) and pressure related to
the pressure applied by punches (75 MPa), which is considered to be
equal to the equilibrium pressure of gasses trapped in closed pores. The
Gibbs’ free energy decreases continuously with the temperature; how-
ever, in the whole relevant temperature interval, the free energy has
always a positive value.

The free energy of the reaction is negative above 1300 °C and only
under the reaction pressure below 50 Pa. The formation of gases and
the magnesium aluminate spinel degradation is therefore energetically
favoured at temperatures below 1300 °C under vacuum (10 Pa). The
positive reaction free energy at the higher pressures, i.e. above 50 Pa,
implies that solid phases, carbon, MgAl2O4, and possibly other oxides
such as MgO and Al2O3, are stable.

Taking into account the changes of the stability of phases upon the
application of pressure, the following mechanism can be proposed for

Fig. 10. Changes of the Gibbs free en-
ergy as a function of temperature for
the formation of solid carbon from the
reaction of oxides trapped in the closed
pores under hydrostatic pressures be-
tween 10 Pa to 75 MPa (equal to the
applied pressure during SPS process).
Gibbs free energy vs. temperature: (a)
1100−1400 °C-P=10 Pa- 75 MPa, (b)
1100−1250 °C-P = 50 MPa and 75
MPa.
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the generation of carbon contamination in the transparent spinel bodies
produced during the two-stage spark plasma sintering.

During the initial stages of sintering, the pores are connected, and,
therefore, the gas pressure is equal to the vacuum applied during SPS.
The fast heating in the first stage of sintering programme (100 °C
min−1) and the changes in electrical pathways result in the formation
of hot zones close to the pellet’s centre. Consequently, the local tem-
perature could exceed the critical temperature of magnesium aluminate
degradation resulting in the formation of carbon-containing gases.
Further densification produces closed pores, in which the hydrostatic
pressure of entrapped gasses increases, eventually equilibrating the
mechanical pressure applied the punches. The increase of pressure and
the formation of hot zones provides the thermodynamically favourable
conditions for the deposition of carbon and MgAl2O4. The local tem-
perature and size of hot zones increases when a higher critical tem-
perature is applied (i.e. 1100 vs 1200 °C), which is reflected in the
formation of larger black areas of samples produced at Tc = 1200 °C.

5. Summary and conclusions

Transparent magnesium aluminate spinel was fabricated using two-
stage spark plasma sintering of a commercial MgAl2O4 powder: a high
heating rate, 100 °C min−1, was used up to a Tc, critical temperature,
between 1100 and 1200 °C. Subsequently, the heating rate was slowed
down to 2.5 °C min−1, until the maximum temperature of 1250 °C was
reached. Transparent bodies are obtained at a critical temperature
lower than 1150 °C. Discolouration and lack of transparency observed
in the samples sintered at the applied Tc>1150 °C was caused by
carbon contamination.

The critical temperature has a decisive role in achieving transpar-
ency. Samples produced using a critical temperature lower than 1150 °C
exhibit a higher in-line transmission compared to those prepared using
a higher critical temperature. The level of carbon contamination de-
creases with decreasing critical temperature. Visual inspection and
analysis of Raman spectra confirmed that carbon contamination is
distributed inhomogeneously. The formation of hot zones in the centre
of sintered compacts is responsible for inhomogeneous densification.
Thermodynamic calculations indicate that local increase of temperature
can cause reactions between spinel and graphite paper/die, producing
volatile gasses. Increase of pressure in closed pores changes the ther-
modynamics conditions favouring the formation of disordered carbon

Fig. 11. Carbon concentration profile over polished cross-section of samples
SPSed at 1250 °C using Tc = 1175 °C. The intensities of carbon D-band and G-
bands, in relative units (r.u.), are shown to represent the concentration of
carbon over: (a) the sample thickness at the centre and (b) along the radial axis
of the disks.

Fig. 12. Comparison of the Gibbs free energy change for the reaction of MgAl2O4 with graphite and formation of gasses according to Eq. 4 under vacuum (10 Pa) and
a hydrostatic pressure applied during the SPS (75 MPa). The dashed line points out ΔG = 0.
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precipitates, which act as light scattering centres.
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