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HIGHLIGHTS

e The transmission of the sample achieved 86.8% at the wavelength of 1100 nm.
o The ready-to-sinter spinel led to a decrease in sintering temperature to 1100 °C.

o The final strength of the sintered sample obtained 97.8 MPa.
o The density of the sintered sample obtained 99.98%.

o The ready-to-sinter spinel method is easier than other chemical synthesis methods.

ARTICLE INFO ABSTRACT

Keywords:

Spinel MgAl;04

LiF

Transparent ceramics
Spark plasma sintering
Sintering aid

In this study, to achieve high transparency of magnesium aluminate spinel, the ready-to-sinter spinel (RSS)
powder was sintered by spark plasma sintering (SPS). To prepare the RSS powder, LiF nanopowder was syn-
thesized at diverse temperatures and concentrations on the spinel powder surface (0.7 wt %). The optimal
temperature and concentration were achieved to be (60 °C) and (200 g/1), respectively. Then, the spinel body
was fabricated by SPS method. The XRD, BET, ICP, FESEM and TEM analyses were applied for the character-

ization of the prepared powder. Also, the results of TEM and XRD analysis confirmed the presence of the fluoride
light element (LiF compound) on the spinel particles surface. Finally, the final strength and density of the spinel
body were measured 97.8 MPa and 99.98% respectively, with the transmission of 86.8% at the wavelength of
1100 nm after sintering at 1100 °C.

1. Introduction

The MgAl,O4 spinel has great importance in modern technologies,
because of its interesting properties [1-10]. It has an acceptable thermal
shock resistance, significant mechanical strength, and high melting
point (2135 °C), and low thermal expansion coefficient [11-17]. It also
has an acceptable toughness and high hardness [18,19]. The MgAl,O4
spinel as a kind of optical materials has a broad range of applications in
different engineering parts, including the medical application (implants,
anti-wear coatings), optical lenses, smartphones (anti-wear and shock-
proof plates), watches (anti-wear and anti-shock lenses with high
strength), cars, and etc [20-23]. The principal aim in the development of
MgAl,04 spinel ceramics is to achieve optical transparency and suitable
mechanical properties. The developments in different sectors such as
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powder synthesis, shaping and sintering can make achievable fabri-
cating of high transparent spinel ceramic. Generally, high-quality initial
nanopowder, suitable powder pre-treatment, sintering aids, and sinter-
ing processes are vital factors to obtain transparent spinel ceramics [24].

Lithium fluoride is widely used as an additive material serving as a
sintering aid and as a component for high capacity electrode materials
used in Li-ion batteries [25,26]. Moreover, the physical methods used to
synthesize metal fluorides, such as mechanical milling, laser dispersion
or molecular-beam epitaxy, some chemical methods like hydrothermal
treatment, micro emulsion, precipitation, mechano-chemical method,
and the sol-gel method should also be noted [27,28]. Spinel is known to
be densified by the sintering aids; this is such that many materials such
as CaCOs, CaO, B50s3, AlCl3, AlF3, Na3AlFg and LiF has been recom-
mended for powder densification [29,30]. However, the only material
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Table 1
RSS powder synthesis under different concentrations and temperatures of the
LiOH solution.

RSS Powder LiOH Solution Concentration LiOH Solution Temperature
Sample /D (]

a 20 (Low) 4 (Low)

b 200 (High) 4 (Low)

c 200 (High) 60 (High)

Fig. 1. The SPS cycle.

producing the least number with the homogenous porosity and
contamination in the sintered spinel is lithium fluoride [30-39]. So,
owing to possess the maximum effect of additive (without the decrease
of mechanical and optical properties in the final product), raw materials
and additives should be distributed homogeneously. Transparent
MgAl,04 are usually sintered by hot press (HP), hot isostatic press (HIP)
and spark plasma sintering (SPS) methods. The SPS method can be used
to consolidate ceramic powders to fully dense parts during a short time
at low temperatures which can make maximum densification and
limited grain growth [40]. Frage et al. have reported the conditions for
the fabrication of transparent spinel using the SPS method with LiF (1 wt
%) as a sintering aid [30]. The highest transparency of the product in the
visual wavelength range was about 75%. Morita et al. have achieved the
results of transparent spinel fabrication also by SPS at 1300 °C without
additives, and the transparency which was obtained 55% [41]. Zegadi
et al. have sintered commercial powders by SPS between 1250 and 1350
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°C with an incremental step of 20 °C and after sintering at T = 1350 °C
exhibits the highest real in line transmission (83.6%) at the wavelength
of 550 nm which was enhanced by a post-annealing at 1200 °C up to ~
85% [42].

In this study, a fully dense MgAl,O4 spinel body was fabricated with
high transparency, and the LiF nano powder was uniformly synthesized
on the surface of the spinel powder as a sintering aid. Furthermore, the
presence of LiF nanoparticles (0.7 wt %) led to the decrease of the spinel
sintering temperature to 1100 °C. Finally, the final strength, density,
and transmission at the 1100 nm wavelength of the spinel body were
obtained 97.8 MPa, 99.98%, and 86.8%, respectively after SPS at 1100
°C.

2. Materials and methods

In this study, highly pure powder of spinel was synthesized via highly
pure powder of a-Al;03, and the highly pure powder of magnesia [43].
The synthesized spinel powder, Ethanol (99.6%, Merck, Germany),
Extra pure acetone (>99%, Merck, Germany), Lithium hydroxide
(99.9%, Merck, Germany), Hydrofluoric acid (60%, Merck, Germany),
and de-ionized water (18 MQ) were used as precursors.

LiF nano powder was synthesized on the spinel particle surface by
chemically in-situ method, and the effect of concentration and temper-
ature of lithium hydroxide solution on the size of LiF nano-particles was
studied [27,43]. For this purpose, lithium hydroxide solutions were
prepared by 100 cc de-ionized water (20 g/1 and 200 g/1 concentrations)
according to Table 1, and the spinel powder was mixed with them,
separately. Then, the mixed powder was deagglomerated by the ultra-
sonic probe (20 KH, 400 W, Topsonic, Iran) during 30 S and with 100 W
energy. Hydrofluoric acid was added to the suspensions during stirring
at 4 and 60 °C, separately. Afterwards, 200 cc acetone was instantly
poured into the suspensions. After suspensions mixing for 10 min, they
were poured on filter paper, and washed by de-ionized water three times
so as to remove the impurities. Eventually, the final powder
ready-to-sinter spinel (RSS) was put in the oven at 50 °C. The RSS
powder was sintered by SPS method at 1100 °C under 8 kN/Cm? pres-
sure, for 60 min with the heating rate of 10 °C/min by SPS-1050 (SPS
Syntex Inc., Kawasaki, Japan) under vacuum 10~* bar utilizing graphite

Table 2

Chemical analysis (ICP) of the synthesized spinel powder.
Element (ppm) Ca Fe K Li Na S
Spinel Powder 115 70 121 258 339 18

Fig. 2. FESEM image of the synthesized spinel powder.
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Fig. 3. FESEM images (RSS powder of sample a) at 4 °C and 20 g/1 LiOH.

Fig. 4. FESEM images (RSS powder of sample b) at 4 °C and 200 g/1 LiOH.

die with a 20 mm inner diameter. Fig. 1 shows the SPS cycle of sintered
RSS powder. Briefly, the flowchart of spinel body preparation is shown
in Supplemental Fig. 1 (Appendix A. Supplementary data).

The inductively coupled plasma-optical emission spectrometer (ICP-
OES) (Optima-4300DV, PerkinElmer Inc., MA, and the USA) was used to
determine the purity of the powder. Measurement of the specific surface
area of the powders was done by utilizing the BET (Micromeritics in-
strument corporation, Japan) method by nitrogen adsorption. A Philips
X’PERT MPD X-ray diffractometer with CuKoa Radiation (A\CuKal =
0.154 nm, incident angle = 0.03°) was utilized to characterize the
powder samples. The investigation of the powder particles morphology
and the microstructure of the spinel body after sintering was carried out
by a field emission scanning electron microscopy (FESEM, Mira 3-XMU)
and energy-dispersive X-ray spectroscopy (EDS). Transmission electron
microscopy (TEM) with high-angle annular dark-field detector (HAADF)
analysis was also conducted using FEI Titan Themis. In order to measure
the optical transmittance of the MgAl»O4 spinel body, a UV-visible
spectrophotometer (Model U-2800, Hitachi, Tokyo, Japan) was utilized.
The wavelength was studied in the range of 200-1100 nm. The spinel
body samples strength were measured by the three-point bending test
(H50KS, Hounsfield, England). The cylindrical shape samples 18.17 mm
diameter and thickness of 2.210 mm were located under the jaws of the
three-point bending test, and their strength was studied.

3. Results and discussion

Fig. 2 shows the spinel powder with semi-spherical morphology and
the average size 100 nm. The ICP results of the high pure spinel powder
are shown in Table 2. Sintering aids are added to the spinel powder by
mixing (random) or colloidal (regular) processing. Colloidal processing
is more complex than mixing, since it needs chemical processing, heat
treatment, and crashing. As a result of the regular mixing of the spinel
powder and the LiF sintering aid, the formation of a heterogeneous re-
gion during sintering that would decrease the mechanical and optical
properties could be avoided [44]. For the effective sintering of the spinel
powder, a low amount of LiF sintering aid particles should be used.
Loutfy et al. worked on the induced precipitation mixing method for
nano-mixing magnesium aluminate spinel with a uniformly distributed
which consisted of LiF sintering aid to make the ready-to-sinter spinel
(RSS) powder [45].

The RSS powder was synthesized by 0.7 wt% nano LiF sintering aid
in different temperatures and concentrations, and addition of acetone.
According to sample a in Fig. 3, there are a few of large LiF particles
beside spinel particles due to very few places for nucleation. Also, the
formed crystals were grown by transferring the materials from ion rich
regions to the poor ones. Moreover, in the low temperature due to the
lower nucleation rate, the few LiF particles were synthesized [46]. Fig. 4
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Fig. 5. FESEM images (RSS powder of sample c) at 60 °C and 200 g/1 LiOH.
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Fig. 6. Results of EDS quantity analysis from (a) A point, and (b) B point.

shows a reduction in LiF particles size of sample b due to the concen-
tration increase of LiOH solution at constant temperature compared to
sample a. Fig. 5 shows some of the cubic LiF nanoparticles on the spinel
substrate homogeneously at higher temperature and constant concen-
tration compared to sample b. In fact, nucleation process would domi-
nate the growth process, and the number of nuclei was increased in the
sample c. The effect of temperature on heterogeneous nucleation was
calculated by equation (1):

Jhc[ = thl exp (_A Gl:ﬂ / kT) (1)

Equation (1) shows the heterogeneous nucleation rate. Where J is the
nucleation rate, AG is the free energy of the system, k =1.38 x 10%3 J/K,
T is temperature, and Q = 2D/d? (D is the diffusion coefficient, and d is
the interlaminar spacing between the crystal surfaces) [46]. The
appropriate distribution of LiF nanoparticles on the surface of spinel
particles was homogeneously occurred, that improved the sintering
properties. According to Fig. 6, the results of EDS quantity analysis
showed pure spinel (point A), and cubic LiF/spinel nanoparticles (point
B) and the higher weight percentage of fluoride in the point B (33.7 wt
%) as compared to the point A (0.5 wt%), confirming the presence of LiF
nanoparticles on the spinel substrate. Fig. 7(a) shows LiF nanoparticles,
which were brighter than the spinel substrate. Also, Fig. 7(c) confirmed
the presence of LiF composition on spinel surface. Fig. 8 shows the X-ray
diffraction patterns of synthesized powder samples ((I) LiF, (II) spinel,
and (II) spinel with 20 wt% nano LiF). It should be noted that 20 wt%
LiF was coated in the spinel powder surface in order to confirm its phase
by X-ray analysis. According to the data below, intensity of sample II
peaks were measured in 60, 56, and 78 angles so as to compare to sample
III for identifying LiF phase.

Sample II Sample III

I400/1511 < L400/1511 - 1.26 < 1.43
Lso0/Ta22 < Lsoo/1a22 - 5.93 < 6.47
1400/1533 < T1400/1533 - 5.43 < 6.22

Hence, the presence of the LiF phase was proven in sample (III). Also,
no impurities were detected in the sample (III) during synthesis of LiF
nanoparticles on spinel surface. Fig. 9 shows the cubic morphology of
coated LiF nanoparticles on spinel powder surface. There are two
problems during adding the LiF additive to spinel powder and preparing
the RSS powder. The first problem is the heterogeneous distribution of
the additive, and the second problem is contamination by mechanical
mixing methods. To solve the contamination problem, Villalobos et al.
formed a 1 wt% LiF coating on spinel particles, and used spray drying to
get more a homogeneous distribution of the LiF on the spinel powder.

There are some disadvantages including low productivity (68%),
possible contamination during spray-drying resulting from solution
pumping, dryer heater, hot air pollution, and the contact with the
metallic components of the spray dryer, declining the commercial
application of this method [45]. Sanghera et al. prepared the RSS
powder by mixing magnesium aluminate core and fluoride salt solution
in a solvent, and the obtained slurry was sprayed in a dry column with
oxide atmosphere at the temperature range of 400-750 °C [47-49]. The
powder synthesis method of present study was better than costly
methods such as fluidized bed, drying column and spray-drying. It was
independent of different parameters including special atmosphere
(oxide), separation conditions, drying, and deagglomeration unlike the
fluidized bed method. Also, the problems of possible contamination in
the final powder, the high cost equipment, and energy-wasting were
tackled using glass and plastic equipment and low temperatures pro-
cessing (maximum 60 °C) of the present method as compared to the
spray-drying method. Furthermore, its efficiency was increased from 68
to 95%, and the final powder did not need calcination to remove the
organic compounds [45,48-52]. The RSS method was used for other
engineering ceramics [50,53]. According to Fig. 10, it seems that the
minor charges of acetone chains created LiF solvation which prevented
the growth of LiF nanoparticles. The minor charge of oxygen in acetone
structure was more negative and stronger than oxygen minor charge in
water structure. Meanwhile, regard to hard & soft acids and bases theory
(HSAB theory), hard acid (Li*) was more inclined to the solvation.
Acetone big molecules occupied around Li* ion, preventing from ionic
bonding with F~ ion and LiF formation, so that Li* solvation would
dominate LiF high ionic bond strength. The acetone played a preventive
role to inhibit the uncontrolled growth and agglomeration of LiF parti-
cles [46]. After preparation of powder, the RSS powder was sintered by
SPS. Platinum sheets were utilized for decreasing carbon diffusion, and
enhancing transmission in the spinel body. The SPS technique has some
benefits including the short sintering time and the ability to achieve
dense and transparent optical ceramics [47]. In this research, spinel
ceramic body was made by the synthesis of RSS powder, which sintered
at 1100 °C by a heating rate of 10 °C/min and the pressure of 8 kN/Cm?
for 60 min. The in-line transmittance was achieved 86.8% at the
wavelength of 1100 nm with a thickness of 2.210 mm. Ping Fu et al.
realized that the optimal annealing temperature (900 °C) reduced car-
bon and oxygen vacancies. If the annealing temperature was raised to
more than 1000 °C, oxygen vacancies and pores would result in a
decrease in transparency. Ping Fu et al. could achieve the in-line
transmittance of 74.9% at the wavelength of 550 nm [54]. Benaissa
et al. sintered nano spinel powder at 1300 °C, 1350 °C and 1400 °C by
the SPS method, and obtained ultimate densities of 99.93%, 99.63% and
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Fig. 7. TEM images of (a) bright field, and area HAADF of the (b) substrate, (¢) nanoparticles on the substrate surface.
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Fig. 8. X ray diffraction patterns of (a) LiF (b) spinel, and (c) spinel powder with 20 wt% LiF.

Fig. 9. FESEM image of coated LiF nanoparticles (20 wt %) on spinel powder surface.

99.58%, respectively. Also, they obtained the in-line transmittance at
1300 °C was 78% in wavelength of 1100 nm [55]. Fig. 11 indicates the
in-line transmittance diagram of the SPS-sintered RSS powder. As can be
seen in Fig. 12, the sintered body was created the structure of dense and
pore-free, leading to a shortage of refraction, and the increase in the
in-line transmittance. The relative density and strength of the sintered
body were obtained 99.98% and 97.8 MPa.

4. Conclusions

In this study, to achieve high transparency, the fully dense trans-
parent spinel body was fabricated by the rapid and efficient SPS method.
LiF nano powder (0.7 wt %) was synthesized chemically at different
temperatures and concentrations on the spinel particles surface to pre-
pare the RSS powder. Also, the RSS powder was synthesized with a
homogenous distribution of LiF nano powder at the temperature of 60
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Fig. 10. The schematic of in-situ chemical synthesis in the presence of acetone and LiF solvation effect.

Fig. 11. The in-line transmittance diagram of the SPS-sintered RSS powder.

Fig. 12. The fracture surface of the sintered body.
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°C, with the concentration of 200 g/1 LiOH solution and the addition of
acetone. The results of TEM (HAADF detector), FE-SEM (EDS detector)
and XRD also demonstrated the presence of the fluoride light element
(LiF compound) on the spinel particles surface. After sintering at 1100
°C, the final strength, density, and transmission at the wavelength of
1100 nm of the spinel body were measured 97.8 MPa, 99.98%, and
86.8%, respectively.
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