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In the present study, the dopant effect of Zn on the crystal structure, thermal properties and morphology of magnesium
aluminate (MgAl,04) spinel (MAS) structure was investigated. A pure and two Zn-containing MASs (e.g. MgAl; 93Zng o704
and MgAl| g¢Zng.1404) were synthesized for this purpose via a wet chemical method, and the as-prepared samples were
characterized by X-ray diffraction (XRD), Fourier transform infrared (FT-IR) spectroscopy, differential thermal analysis (DTA),
thermogravimetric analysis (TGA), scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) spectroscopy
techniques. It was found that the crystal structure, thermal properties and morphology of the MAS system change with the
increase in the amount of Zn. MgO phase formation was observed. The values of the lattice parameter, unit cell volume and
crystallite size increased, and the crystallinity percentage decreased. The morphology was also affected by adding of Zn.
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1. Introduction

Spinels with the chemical formula of AB,Oy,
where A and B are cations in the tetrahedral and
octahedral sites, respectively are a class of miner-
als [1, 2]. Magnesium aluminate (MgAl,Oy4) spinel
(MAS), which is a member of this class, is a very
attractive material used for a long time in various
industrial applications due to its excellent structural
properties including, high melting point, low di-
electric constant, high refractoriness, excellent re-
sistance to chemical attack, high electrical resistiv-
ity, low thermal conductivity and high resistance to
radiation damage [3-12].

There is a great number of reports on the MAS
system. The optical properties of MASs implanted
with He ions were studied by Gritsyna et al. [13].
Izumi et al. [14] investigated the optical response
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and electronic structure of Zn-doped MAS single
crystals grown by a floating-zone method. The ef-
fect of Zn substitution in the place of Mg in MASs
on microwave dielectric properties was reported by
Zheng et al. [15]. The effects of co-dopants of Co
and Zn replacing Mg on the physical properties of
semiconducting MAS prepared via solution com-
bustion synthesis assisted by microwave irradia-
tion, were studied by Igbal et al. [16]. The photo-
catalytic properties of MASs synthesized by sol-gel
auto combustion method using various fuels (e.g.
oxalic acid, urea, and citric acid) at different tem-
peratures were investigated by Nassar et al. [17].
The formation of a thin MAS layer at the Al/MgO
interface was reported by Yang et al. [18]. A de-
tailed study on the effect of average grain size on
the static and dynamic mechanical properties of
transparent polycrystalline MAS was performed by
Sokol et al. [19]. Characterizations of ZnO con-
taining MASs produced by solid oxide reactions
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of calcined magnesia and calcined alumina were
made by Ghosh et al. [20]. The optical properties of
transition metal (Ti, Mn and V) doped MASs were
investigated by Hanamura et al. [21]. The effect of
transition metals of Ti and Mn on the optical prop-
erties of MAS grown by the micro-pulling-down
method was reported by Jounini et al. [22]. Zhang
et al. [23] produced the TiAIN/MgAl,O4 nano-
multilayers with different MgAl,O4 layer thickness
and reported that crystallization of MgAl,O4 lay-
ers plays a key role in the strengthening-toughening
behavior of these nanomultilayers.

In this work, we aimed to investigate the ef-
fect of Zn adding on the crystal structure, phase
composition, thermal properties and morphology
of MAS. In this context, three MgAl,_,Zn,O4,
spinels, where x was chosen as 0, 0.07 and 0.14,
were prepared using a wet chemical synthesis,
and the as-obtained MASs were characterized via
X-ray diffraction, Fourier transform infrared
(FT-IR) spectroscopy, differential thermal analysis
(DTA), thermogravimetric analysis (TGA), scan-
ning electron microscopy (SEM) and energy dis-
persive X-ray (EDX) spectroscopy.

2. Materials and method

The preparation of MgAl> Oy,
MgAl; 93Zng o704 and MgAl; g6Zng 1404 samples
was performed using the following steps. The
chemicals of magnesium nitrate hexahydrate (MN,
Mg(NO3);-6H,0), aluminum nitrate nonahydrate
(AN, AI(NO3)3-9H,0) and zinc nitrate hexahy-
drate (ZN, Zn(NOs3),-6H,0) were purchased from
Sigma-Aldrich and used as received. Appropriate
amounts of these chemicals were dissolved in
distilled water in the order of MN, AN and ZN
for each sample. The as-prepared solutions were
mixed in a magnetic stirrer at 90 °C for 1 h. The
solutions were dried in an oven at 130 °C for 21 h,
and then heated in an electric furnace at 950 °C
for 2 h in order to eliminate the residues such as
nitrates and carbonates. In this way, the pure and
Zn-assisted MASs were obtained.

XRD analyses of the powdered samples were
performed using a Rigaku diffractometer, RadB-
DMAX II model in the 20 range from 10 to 80°

with a step size of 0.02° using CuK«x (0.15406 nm)
radiation filtered with Ni. Using the KBr pellet
method, Fourier transform infrared (FI-IR) spec-
tra were measured using a PerkinElmer Spectrum
One spectrometer with a spectral resolution of
4 cm™! in the wavenumber range of 400 cm™!
to 4000 cm~!. A Shimadzu DTA 50 was used to
investigate thermal behavior of the as-synthesized
MASs, and this measurement was carried out by
heating 10 mg of each sample in a Pt crucible in the
temperature range of 25 °C to 1000 °C at a heating
rate of 10 °C-min~!. Thermogravimetric analysis
experiments were performed on a Shimadzu TGA
50 thermal analyzer. The morphology investiga-
tion and elemental analysis of the as-prepared sam-
ples were performed using a scanning electron mi-
croscope (SEM, LEO EVO 40xVP) equipped with
an energy dispersive X-ray (EDX, Rontech xflash)
spectrometer. The SEM images were taken with an
accelerating voltage of 20 kV and at magnification
of x2500 for each sample.

3. Results and discussion

0
® :spinel (MgAI,0,)
0 :MgO

MgAl1 86Z2M0.14%4

MgAl1 93Zn0.07%4

Intensity [a.u.]

®(440)

o(511)

50
20[°]

Fig. 1. XRD patterns of as-prepared MASs.

Fig. 1 shows the X-ray diffraction (XRD) pat-
terns of pure and Zn-containing MASs. The pure
MAS is composed of a single phase of MgAl,O4
(JCPDS PDF# 21-1152) with a cubic crystal
structure, and no impurity has been detected in
this sample. For Zn-containing samples, besides
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the major phase of MgAl,O4 (JCPDS PDF# 21-
1152), the formation of secondary phase of MgO
(JCPDS PDF# 79-0612) having cubic crystal struc-
ture is observed. While the diffraction peaks of
111),220,311),400),422),511),
4 4 0), (620)and (5 3 3) planes belonging
to MgAl,O4 phase have been detected in all the
samples, the peak of (2 0 0) plane correspond-
ing to MgO phase is observed only for Zn-doped
MASs. The crystal structure has not changed de-
spite the formation of the new phase. Addition-
ally, the amount of MgO phase increased with
adding of Zn, namely, MgO content was detected
to be 3.8 % and 5.6 % for MgAl; 937Zng 704 and
MgAl; g6Zng 1404 samples, respectively.

All the XRD results concerning the crystallite
size D, crystallinity percentage Xc, lattice param-
eter a and unit cell volume V for each sample are
listed in Table 1. The crystallite sizes were calcu-
lated for both the most intense peak of (3 1 1) plane
as D31 and all the diffraction peaks of MAS struc-
ture as an average value D,y for each sample, using
following Scherrer equation 1:

092
~ BcosH

where A is the wavelength of incident X-rays wave-
length (0.15406 nm for CuK« radiation), 3 is the
full width at half maximum (FWHM), and 0 is the
Bragg angle.

Just as in the calculation of the crystallite size,
the average value of lattice parameter (a = b = c¢)
was computed for each sample using the following
relation [24]:

)

a=dvVh+k+1? (2)

where h, k, 1 are Miller indices, and d is the inter-
planar spacing of the crystal. The unit cell volume
of the samples with a cubic crystal structure was
evaluated using the following relation [24]:

V=d (3)

Calculation of the crystallinity percentage
Xc % can be found in the literature [25].

As can be seen from the results given in Ta-
ble 1, the crystallite size increases with increas-
ing amount of Zn for both values, D31 and Dyyg,

whereas the Dyjgo value calculated for the sec-
ondary phase of MgO decreases. Depending on
this increase, the lattice parameter also increases
with the addition of Zn, and a gradual expansion
in the unit cell volume is observed. These increase
may be explained as follows: The ionic radius of
Zn>* (0.074 nm) is greater than that of Mg”*
(0.065 nm) [26]. Due to this difference, the increase
in the D, a and V values can be expected if Mg ions
are replaced by Zn ions. The calculated values of
the lattice parameter and crystallite size obtained
in this study are in a very good agreement with the
results reported by Saberi et al. [27], and Sanjabi
et al. [28]. The crystallinity percentage decreases
with increasing Zn content, and the presence of Zn
ions in the MAS structure also causes MgO phase
formation as mentioned before. According to the
results reported by Deraz et al. [29], with the in-
crease in magnesia (MgQO) content in spinel struc-
ture, the crystallinity decreases, and in this regard,
our finding is in a very good harmony with the lit-
erature. Both these findings and other ones given
below also support the result that the composition
of the spinel affects its properties [30].
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Fig. 2. FT-IR spectra of the as-synthesized MAS sam-
ples.

Fig. 2 shows the FT-IR spectra of the MAS sam-
ples. Two bands observed at about 481 cm~! and
684 cm~! are associated with the characteristic vi-
brations of metal-oxygen-metal bond belonging to
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Table 1. The detailed XRD analysis report for the pure and Zn-containing MAS samples.

Sample Phase composition [%] Dayz; D311 Dmgo Xc a \"
MgAl>,O4 MgO [nm] [nm] [nm] [%] [nm] [nm?]
MgAl,O4 (JCPDS# 21-1152)  100.0 - - - - — 0.8083 0.5281
MgAl, 04 100.0 - 14.77 1520 - 99.1 0.8089 0.5293
MgAl; 93Zng 0704 96.2 3.8 15.37 16.30 23.10 95.7 0.8097 0.5308
MgAl, g6Zng 1404 94.4 5.6 16.60 16.72 10.51 93.5 0.8106 0.5326

Mg and Al elements, indicating MgAl,O,4 forma-
tion [28, 31, 32]. While the band at 684 cm™~! ob-
served for the pure MAS shifts to the wavenum-
ber value of 680 cm~! for both Zn-containing
MASSs, the other band detected at 481 cm™! shifts
to 479 cm~! and to 472 cm~! with increasing Zn
content.
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Fig. 3. DTA curves of the samples at the temperature
range of 25 °C to 1000 °C.

The DTA curves of the as-synthesized MASs
are plotted in Fig. 3. The wide endothermic peak
centered at about 300 °C for MgAl| 93Zng 0704 is
associated to the removal of the adsorbed water in
the sample [28, 33, 34]. Similar thermal behav-
ior was reported by Gusmano et al. [35] for the
MAS produced by thermal decomposition of co-
precipitated hydroxides. An exothermic peak re-
lated to the formation of magnesium aluminate
spinel structure [36] is observed at 862 °C, 857 °C
and 851 °C for MgA1204, MgA11493Zn0,07O4 and
MgAl; 36Zng 1404, respectively. The position of

this peak shifts gradually from 862 °C to 851 °C
with increasing Zn content. Additionally, as can be
seen from Fig. 3, the sharpness of this peak de-
creases with adding of Zn. This decrease in the
sharpness can be related to the decrease in the crys-
tallinity of the samples, that is the crystallinity de-
creases with the addition of Zn. This finding sup-
ports the XRD results.
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Fig. 4. TGA curves of the MAS samples.

Fig. 4 presents the TGA plots of the samples
in the temperature range from 25 °C to 1000 °C.
Similarly, there is a mass loss up to a certain tem-
perature for all the samples, and then a mass gain is
observed. The mass losses of 1.38 %, 0.38 % and
0.48 % up to the temperature of 511 °C, 416 °C
and 396 °C have been detected for MgAl;Oq4,
MgAl;.93Zng.0704 and MgAl; g6Zng.1404, Tespec-
tively. It is seen that this limit value decreases
in the temperature range of 511 °C to 396 °C
with increasing Zn content. The mass gain starts
after these temperatures and continues up to
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903 °C, 922 °C and 839 °C for MgAl,Oq,
MgA11_93Zn0_07O4 and MgA11.86Zn0,14O4, respec-
tively. Once 1000 °C is reached, there is a mass
gain of 1.54 % for MgAl; 937Zng (704, while the
mass loss of 0.46 % is detected for MgAl,Oj,.
When the mass change of the sample with the high-
est Zn content (MgAl; g6Znp 1404) is examined, it
can be seen that a maximum mass gain of 1.45 %
at the temperature of 858 °C is observed and then,
unlike in the other two samples, an extra mass loss
of 0.36 % is seen at 1000 °C. All the TGA curves
are in a very good agreement with the reported one
by Alvar et al. [37]. Although the mass change for
all the samples is not remarkable, it can be seen that
Zn content significantly affects the mass change in

the MAS.
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Fig. 5. SEM micrographs and EDX analysis reports for
each sample.

The SEM micrographs, EDX spectra and ele-
mental compositions of the MAS samples are given
in Fig. 5. All the samples exhibit a dense and com-
pact morphology. With increasing Zn content, the
molar ratios of Al/Mg and (Al + Zn)/Mg for the
pure and Zn-containing MAS samples were found
to be 1.96, 1.98 and 2.09, and these values are very
close to the stoichiometric ratio of 2.00, support-
ing magnesium aluminate spinel formation for each

sample. For Zn-doped samples, the EDX analysis
results confirm the introduction of Zn to the MAS
structure, and as expected, the detected Zn content
increases with increasing Zn amount.

4. Conclusions

A pure and two Zn-containing magnesium alu-
minate spinel (MAS) samples were successfully
produced using a wet chemical synthesis at 950 °C.
We can conclude that the addition of Zn into the
MAS structure significantly affects all the investi-
gated properties. The FT-IR, SEM and DTA results,
as well as the XRD analysis, confirm the formation
of MAS structure for all the samples. The crys-
tallinity percentage decreases dramatically from
99.1 to 93.5, whereas the lattice parameter, MgO
phase content and crystallite size increase gradu-
ally from 0.8089 nm to 0.8106 nm, from 0 wt.%
to 5.6 wt.% and from ~15 nm to 17 nm, respec-
tively, with increasing amount of Zn. For all the
samples, the mass change in the temperature range
from 25 °C to 1000 °C is less than or equal to
1.54 %. All the samples have a dense and compact
morphology. Zn ions replacing those of Mg, affect
the crystal structure, phase composition, thermal
properties and morphology of the MAS samples.
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