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A NEW CHEMICAL MECHANICAL SLURRY FOR POLISHING YTTRIUM
ALUMINIUM GARNET MATERIAL WITH MAGNESIUM OXIDE, SODIUM
METASILICATE PENTAHYDRATE AND ZIRCONIUM DIOXIDE ABRASIVE
PARTICLES

This work provided a new chemical-mechanical polishing mixture with MgO, sodium metasilicate pentahydrate,
ZrO; abrasive particles, and deionized water. With chemical-mechanical slurry (CMS) proposed for polishing
yttrium aluminum oxide (Y3Als012) the surface reaction layer formed with significantly reduced hardness
compared to other Y3Als012 materials, these products combine with MgO to form montmorillonites (3MgO—
Al,03:-3Si0,-3Y203-5Al,03). With this formation, the surface layer of Y3AlsO1, material becomes soft and is
easily removed by ZrO, abrasive particles under the influence of mechanical polishing, resulting in superfine
surfaces generated from the proposed CMS model. The experimental results show that the surface quality with
CMS proposed gives the surface quality with Ra = 0.471 nm along with the material removal rate 31 (hm/min).
Surface quality is improved by 71% along with a superior material removal rate (increased by 287%) compared
to silica slurry. The results show excellent polishing ability from CMS proposed for polishing Y3AI5012
materials.

1. INTRODUCTION

Nowadays, optical and laser devices are constantly evolving [1-3], and the demand for
the fabrication of functional materials in this field is increasing, in which Y3AlsO1, material
has outstanding properties such as good optical properties, high thermal conductivity along
with combinations of excellent rare earth ionic [4-6]. However, with difficult-to-machine
properties such as high brittleness and hardness, it is difficult to achieve ultra-precise
surface quality, with low surface quality that will reduce the efficiency of the laser, due to
the low-quality surface will cause local energy accumulation for laser scattering [7, 8]. In
addition, the cost of the Y3AlsO1> material processing process also increases significantly
due to its chemically stable nature thereby making the residual material removal rate low.

! Hanoi University of Industry, Hanoi city, Vietnam
* Email: hieupm@haui.edu.vn
https://doi.org/10.36897/jme/159661


mailto:hieupm@haui.edu.vn

L.A. Duc et al./Journal of Machine Engineering, 2023, Vol. 23, No. 2, 174-185 175

In recent years various ultra-precision machining methods have been used to produce
ultra-fine Y3AlsO12 workpiece surfaces. The main methods used include chemical,
magnetorheological finishing, mechanical, and chemical mechanical slurry (CMS) polishing
[9, 10]. When mechanical and magnetorheological polishing for Y3AlsO1> material, it is
necessary to use abrasive particles with a higher hardness than Y3Als012, in this case,
scratches appear along with which the Y3AlsO12> workpiece surfaces are easily displaced and
appear large protrusions after polishing [11, 12]. Meanwhile, chemical polishing processes
with Y3AlsO1, material by phosphoric acid at high temperature and concentration will
adversely affect the environment and equipment, in addition, create corrosion pits on the
surface after polishing along with the ability to remove residuals on the surface of uneven
workpieces [13]. These characteristics suggest that mechanical or chemical polishing alone
IS not suitable for polishing Y3AlsO1> material. Studies by Mu et al. [12] show that when
combined mechanical and chemical action in polishing processes can produce high surface
quality by soft abrasive particles. In the process of polishing by CMS, the composition
of the CMS has a great influence on the cost and surface quality [14, 15], the current studies
mainly focus on polishing Y3AlsO1, material by colloidal silica. Y3AlsO12 material surfaces
can be made in nanometer form when polished by chemical cloth and colloidal silica.
The studies by Li et al. [16] showed that the surface of Y3AlsO1> material was significantly
improved when polishing by CMS containing a mixture of SiO2 and NaOH suspensions, but
the removal capacity of the workpiece residue was low at 0.29 (nm/min). Besides, another
factor affecting the use of colloidal silica is that the ability to remove the processing residue
Is reduced in the process of reusing colloidal silica to produce —Si—OH [17, 18]. Several
studies have been conducted to improve the performance of colloidal silica, however,
the performance improvement is still limited [19]. As such, there are still many problems to
be solved in CMS polishing for Y3AlsO12, which necessitates the creation of a new CMS
blend for efficient material removal and improved surface quality better.

The polishing process uses a mixture of colloidal silica, mechanical polishing
processes and chemical reactions are grouped together because the —Si—OH produced are
distributed on the surface of the silica particles as a reactant. With this feature, the polishing
process performance is degraded because there is unbalance between chemical and
mechanical polishing effects, therefore need to generate the Si-OH group in ionic form
instead of solid form on abrasive particles. This process is solved by Na>SiOs solution, in
which Si-OH groups are generated by hydrolysis of SiOs*~ [20], however, in these studies,
the equilibrium condition between mechanical and chemical action must be determined,
which is time-consuming and difficult to determine in polishing processes.

Aim to overcome the shortcomings in the chemical-mechanical polishing processes as
analyzed above, this study develops a more effective chemical-mechanical polishing
compound. Polishing mix is set based on the —Si—OH components are separated from
the abrasive particles created by the Na»SiOs-5H20 solution along with the mechanical
process performed by the ZrO, abrasive. More importantly, the proposed CMS polishing
processes have added MgO to further enhance material removal as well as improve surface
quality. Experimental processes have been performed showing that CMS containing
percentage composition of Na>SiOz-5H.0, ZrO», and MgO of 5%, 8%, and 1%, respecti-
vely, gives the highest polishing efficiency of Y3AlsO1, material.
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2. MATERIALS AND METHODS

The Y3AIlsO12 workpieces used in CMS polishing are diameter and high of 16 mm and
6 mm. The materials used for CMS polishing include deionized water, Na>SiO3-5H20 with
a purity of 99.9%, MgO and ZrO: with average particle size 50 nm. Commercial colloidal
silica containing 10% by weight SiO. was used as a control in CMS. Experimental
procedures were performed on a LAM-PLAN polishing machine as shown in Fig. 1.
The machining parameters of the grinding and polishing processes are described in Table 1.

Table 1. Setting parameters for grinding and polishing of Y3Als01, material

Number Characteristic Force CMS flow rate Speed (rpm) Pad
(N) (ml/min)
1 Grinding 25 12 50 673LAA10-3M
2 Polishing 25 8 90 1C1000

In order to find the most effective CMS polishing compound for Y3AlsO12 material,
different slurries were investigated with the ingredients listed in Table 2. In case it is
necessary to increase the amount of —OH, the mixtures are added with an appropriate
amount of NaOH to give the required pH. The workpieces grinding and polishing processes
are performed on the LAM-PLAN polishing machine. The polishing processes with CMS-1
to CMS-5 for the Y3AlsO12 workpieces are carried out for 120 min and repeated three times.

Table 2. Setting different CMS polishing mixes

CMS pH MgO (%) ZrO; (%) Na,SiO3-5H,0 (%) Solvent
CMS-1 - 0 8 0 Alcohol
CMS-2 0 8 0 Deionized water
CMS-3 13 0 8 0 Deionized water
CMS-4 13 0 8 5 Deionized water
CMS-5 13 1 8 5 Deionized water

The surface morphology of Y3AlsO12 material after polishing by different CMS
mixtures for 120 min was observed by an MX-40 optical microscope. The surface quality
and depth of scratches were measured on a Zygo NewView 7100 roughness test, the amount
of material removed was determined by the scraping method.

Aim to investigate the polishing ability of Y3AlsO12 workpiece by CMS-1 to CMS-5,
the surface morphology was investigated at different locations in surface workpiece as
depicted in Fig. 2. The obtained surface roughness is the average value at the four measure-
ment locations.
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With CMS slurries used in the polishing process of Y3AlsO12 materials as described in
Table 2, the results show the ability to remove materials as described in Fig. 3. The results
show that when the solvent used in CMS-1 is alcohol, the ability to remove the layer
of material is negligible. It can be seen that the Y3Als012 material has a higher hardness
(with Moh 8.5) than the ZrO, abrasive particle (with Moh 7.5), so the mechanical polishing
process is not effective. With the CMS-2 polishing compound, using deionized water as the
solvent instead of alcohol showed a significantly increased ability to remove materials. In
the solvent medium is deionized water, the reaction with Y3AlsO1> creates a hydrated layer
on the surface of the Y3AlsO12 workpiece, ZrO» abrasive particles have a higher hardness
than this layer, thus this layer is easily removed by abrasive particles. When adding the
chemicals NaOH, Na»SiOz-5H,0, MgO to the deionized water, the material removal
increased significantly. Thus, under the influence of these chemicals, beneficial reactions
have been created for the material removed process. The surface morphology of Y3Als01.
material is shown in Fig. 4 with different CMS after 120 minutes of polishing, the results
show that the surface quality and the ability to material removed are better improved when
respectively adding components NaOH, Na»SiOz-5H.0, MgO into deionized water. Thus,
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with the polishing method by CMS, the components of deionized water, NaOH, Na»SiOs-
5H,0, MgO have a very important role in the removal rate of materials and the surface
quality of YAG materials.
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Fig. 4. Surface morphology of YAG material after polishing by different CMS

3. RESULTS AND DISCUSSION

3.1. POLISHED PERFORMANCE BY DIFFERENT CMS

The Y3AlsO12 material was polished with the same treatment parameters by colloidal
silica and the new CMS to investigate the performance of polishing slurries. The results
of surface roughness and material removal are as described in Figs. 5 and 6. Surface quality
results are obtained with Ra = 1.637 nm when polishing with silica while surface roughness
with CMS is suggested for surface quality with Ra = 0.471 nm, thus quality surface has
improved 71%. The material removal capacity when using colloidal silica is 8 (nm/min)
while with the proposed CMS it is 31 (nm/min), thus with the proposed method for superior
machining material removal (increase 287%) compared with silica slurry. The results show
excellent polishing ability from CMS proposed for polishing Y3AlsO12 materials.
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Fig. 5. Surface morphology of Y3AlsO1> workpiece after polishing with different CMS: a) colloidal silica,

b) new CMS polishing
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Fig. 6. Surface quality and material removal rate with different CMS slurries

3.2. HYDRATION REACTION
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Many researchers have studied the interaction between the polishing mixture and the
workpiece surface [21,22]. In this study, the hydration reaction mechanisms on the
workpiece surface were investigated. The generation of AIOOH and YOOH components is
a result of the formation of AI-OH and Y—OH on the Y3AIlsO1. crystal surface. As depicted
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in Fig. 7, due to the breakage of the Al-O and Y-O bond, a lot of voids are created for the O
atom and unsaturated metal atoms are formed on the surface of the Y3Als012 workpiece.
Unsaturated metal atoms tend to adsorb H2O by forming AI-O bonds and Y-O bonds.
Meanwhile, H>O dissociates into the H atom and —OH group. At this time, the O atoms will
bond with neighboring H atoms on the Y3AlsO1. surface and form the —OH group. Thus,
two types of hydroxide groups in CMS and on Y3AlsO12 surface bond together, forming
AIOOH and YOOH. Besides, H>O tends to dissociate into the —OH group in an alkaline
environment, promoting hydration reaction [23, 24]. With this mechanism, CMS-3 has
better polishing performance than CMS-2.
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Fig. 7. Hydration reaction on Y3Als012 workpiece surface

3.3. THE ROLE OF Na;SiO3-5H,0 IN THE POLISHING PROCESS WITH CMS

The XPS spectral descriptions as shown in Fig. 8 combine with the binding energy
reference parameters listed in Table 3 [25, 26] show that different elements exist on the
Y3AI5012 workpiece surface before and after polishing by CMS-4.
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Fig. 8. Spectrum XPS after polishing

The analysis results of XPS spectra show that the changes of binding energies
corresponding to Al>SiOs and Y2SiOs are generated on the surface of the Y3AlsO12
workpiece during the polishing process. Figs. 8a and 8b depict the analysis of Si 2p and O
1s spectra after polishing of the surface layer with extreme points Si 2p (102.51 and 101.40
eV) and O 1s (531.3 and 53.80 eV) [27], respectively, this process shows that the products
generated on the surface of the post-polished workpiece are Al>SiOs and Y2SiOs,
respectively. Figs. 8c and d results of the peak analysis of Y 3d (158.01 and 160.05 eV) and
Al 2p (74.27 eV) [28, 29] also correspond to the formation of Al>SiOs and Y2SiOs. With the
presence of these materials on the Y3Als012 workpiece surface layer, the material removal
process is easier because the ZrO abrasive particles have a higher hardness than
the hardness of Al>SiOs and Y2SiOs. The dehydration mechanisms are as depicted in Fig. 9,
in which the Y3AlsO1> workpiece surface will react with the Si—-OH group created by
the SiO3*~ reduction reaction. The Y-OH and AI-OH groups present on the surface layer
of the workpiece tend to combine with the Si—-OH group to form Y-O-Si and AI-O-Si
bonds in deionized water. The hydration reaction mechanisms are described as follows:

2YOOH + SiOz* — Y2SiOs + 20H"
2AI00H + SiO3*” — Al:SiOs + 20H"
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Fig. 9. Diagram of dehydration reaction

Table 3. Elemental binding energies

Chemical composition Al 2p (eV) Mg 1s (eV) 0O 1s (eV) Si2p (eV) Y 3d (eV)
Y3ALOw - - 530.47 - 157.43
ALSIOs 74.27 - 531.30 102.51
. - - 530.80 101.40 158.00
Y,SiOs 160.05
3MgO-Al203-3Si0»- - 1305.30 - 102.95 -
3Y,03-5Al,03
MgO - 1303.90 - - —

3.4. THE ROLE OF MgO IN THE PROPOSED CMS POLISHING PROCESS

After polishing by CMS-5, the results of XPS spectrum analysis with Mg 1s and Si 2p
for the Y3AlsO12 workpiece are as described in Fig. 10. The result in Fig. 10a obtained
the peak value of Mg 1s (1305.3 eV) [30] which corresponds to the montmorillonite
(3MgO-Al>03-3Si02-3Y203-5Al1>03) formed on the surface of the Y3Als012 workpiece.
Fig. 10b depicts XPS with Si 2p showing peaks at positions 102.51 eV, 101.40 eV, and
102.95 eV, the results show that the formation of Al>SiOs, Y2SiOs, and 3MgO-Al>03-3SiO,-
3Y203-5Al,03, respectively.
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The results of the above analyses show that the production of the montmorillonite
product on the surface layer results from the reaction of Y3Als012 workpiece, NaSiOs, and
MgO ingots in deionized water. Previous studies have shown that the participation of MgO
will accelerate the formation of silicate minerals into montmorillonite (3MgO-Al203-3SiO»-
3Y203-5Al1,03) trilayers [31, 32]. In which the secondary reaction between Al>SiOs and
MgO will form montmorillonite (3MgO-Al203-3Si02-3Y203-5A1203) [33]. The resulting
montmorillonite product is softer than Al.SiOs and is therefore easily removed in mechani-
cal polishing processes. This conversion benefits the CMS polishing process with improved
surface quality as well as the ability to remove material residues.
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Fig. 10. Si 2p and Mg 1s XPS spectra after polishing Y3Als01. workpiece by CMS-5

Experiments established by the proposed polishing model with CMS-5 have the ability
to create ultra-smooth surfaces with high material removal rate for Y3AlsO1. workpieces,
thereby opening up many promises in material machining in the optic field. However,
the current polishing model is only applied in polishing conditions with fixed technological
parameters, along with that the workpiece surface is flat, and not applied to lens faces with
complex profiles. In subsequent studies, the authors study the effect of the proposed CMS-5
mixture based on the reactions of the Si-OH group for other difficult-to-machine materials,
along with the workpiece profiles complex. Processes for creating ultra-fine surfaces from
Y3AlsO1 workpieces and other lens materials are investigated with technological parame-
ters optimized to reduce machining time and costs.

4. CONCLUSIONS

Aim to create the ultra-smooth Y3AlsO1> workpiece surface, a new CMS polishing
method was established with a mass percent composition including ZrO2 (8%), Na>SiOs-
5H,0 (5%), MgO (1%), and deionized water. The results obtained after polishing by the
proposed CMS-5 give out an ultra-smooth surface with high material removal capacity. The
main conclusions being made as follows:
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— The reaction mechanism was elucidated by X-ray photoelectron spectroscopy (XPS)
analysis before and after polishing by different CMSs. Analytical results show that
Y3AlsO012 material produces YOOH and AIOOH in NaxSiOz solution, then combines with —
Si—OH to form (Y-Si) and (Al-Si) with significantly reduced hardness compared to other
Y3AlsO12 materials, these products combine with MgO in CMS-5 proposed to form
montmorillonites (3MgO-Al.03-3Si0.-3Y203-5A1.03). With this formation, the surface
layer of Y3AlsO12 material becomes soft and is easily removed by ZrO, abrasive particles
under the influence of mechanical polishing, resulting in superfine surfaces are generated
from the proposed CMS-5 model.

— The newly developed CMS-5 polishing compound has produced an ultra-smooth
surface with Ra = 0.471 nm along with a high workpiece residue removal of 31 nm/min.
With the CMS-5 proposed method, the surface quality has improved by 71%, and superior
machining material removal (an increase of 287%) compared with silica slurry. The results
show excellent polishing ability from CMS proposed for polishing Y3Als012 materials.
The model polishing with CMS-5 has been successfully experimented exhibiting feasibility
and high applicability.

ACKNOWLEDGEMENTS

The data used to support the findings of this study are included in: https://assets.researchsquare.com/files/rs-
1198259/v1/035e3351-e9d1-43cf-9d03-9b3f3f756 7fc.pdf?7c=1653395797

REFERENCES

[1] SHARMA A., YADAVA V., 2018, Experimental Analysis of Nd-YAG Laser Cutting of Sheet Materials — A
Review, Optics & Laser Technology, 98, 264-280.

[2] SHI B., ATTIA H., VARGAS R., TAVAKOLI S., 2008, Numerical and Experimental Investigation of Laser-
Assisted Machining of Inconel 718, Machining Science and Technology, 12, 498-513.

[3] YILBAS B.S., AKHTAR S.S., KARATAS C., 2012, Laser Straight Cutting Bronze Sheets: Thermal Stress
Analysis and Experiment, Machining Science and Technology, 16, 20—39.

[4] POULOS M., GIAREMIS S., KIOSEOGLOU J., ARVANITIDIS J., CHRISTOFILOS D., VES S,, et al., 2022,
Lattice Dynamics and Thermodynamic Properties of Y3AI5012 (YAG), Journal of Physics and Chemistry of
Solids, 162, 110512.

[51] ZHANG Y., BU A., XIANG Y., YANG Y., WEI X., CHEN W., et al., 2021, Rapid Synthesis of Y3AI5012
Powders via Plasma Electrolysis, Ceramics International, 47, 30147-30155.

[6] LI J, MA Z, WANG F., WANG Z., 2021, Synthesis and Mechanoluminescent Properties of Submicro-Sized
Y3AI5012:Ce3+ Particles, Chemical Physics Letters, 775, 138664.

[71 LIJ, LUO R, LI Q., WANG T., 2008, Study of the Infiltration and Mechanical Behavior of C/C Composites
Prepared by ECVI, Materials Science and Engineering, A, 480, 278-282.

[8] FU Y. LIJ, LIU Y, LIUL., ZHAO H., PAN Y., 2015. Influence of Surface Roughness on Laser-Induced
Damage of Nd:YAG Transparent Ceramics, Ceramics International, 41, 12535-12542.

[91 ZHANG R., WANG X., SHROTRIYA P., BISWAS R., BASTAWROS A., CHANDRA A., 2007, Molecular
Approach to Material Detachment Mechanism During Chemical Mechanical Planarization, Machining Science
and Technology, 11, 515-530.

[10] SABIA R., STEVENS H.J., 2000, Performance Characterization of Cerium Oxide Abrasives for Chemical-
Mechanical Polishing of Glass, Machining Science and Technology, 4, 235-251.

[11] ROSS D., YAMAGUCHI H., 2018. Nanometer-Scale Characteristics of Polycrystalline YAG Ceramic Polishing,
CIRP Annals, 67, 349-352.



L.A. Duc et al./Journal of Machine Engineering, 2023, Vol. 23, No. 2, 174-185 185

[12]
[13]
[14]
[15]
[16]
[17]

[18]

[19]

[20]

[21]
[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

MU Q., JIN Z., HAN X., YAN Y., ZHANG Z., ZHOU P., 2021, Effects of Slurry Ph on Chemical and Mechanical
Actions During Chemical Mechanical polishing of YAG, Applied Surface Science, 563, 150359.

ZHANG Z.,JIN Z., GUO J., 2020, The Effect of the Interface Reaction Mode on Chemical Mechanical Polishing,
CIRP Journal of Manufacturing Science and Technology, 31, 539-547.

TSAI M.Y. LIAO Y.S., 2009, Dressing Characteristics of Oriented Single Diamond on Cmp Polyurethane Pad,
Machining Science and Technology, 13, 92-105.

JAIN V.K., 2008, Abrasive-Based Nano-Finishing Techniques: An Overview, Machining Science and Technology,
12, 257-294.

LI J, ZHU Y., CHEN C., 2008, Chemical Mechanical Polishing of Transparent Nd:YAG Ceramics, Key
Engineering Materials, 375-376, 278-282.

SUZUKI H., OKADA M., NAMBA Y., GOTO T., 2019, Superfinishing of Polycrystalline YAG Ceramic by
Nanodiamond Slurry, CIRP Annals, 68, 361-364.

PENTA N.K.,, 2022, 9-Abrasive-Free and Ultra-Low Abrasive Chemical Mechanical Polishing (CMP) Processes,
Advances in Chemical Mechanical Planarization (CMP) (Second Edition), S. Babu, Ed., ed: Woodhead
Publishing, 221-237. https://doi.org/10.1016/B978-0-08-100165-3.00009-7.

LIU T., LEI H., 2017, Nd3+-Doped Colloidal Sio2 Composite Abrasives: Synthesis and the Effects on Chemical
Mechanical Polishing (CMP) Performances of Sapphire Wafers, Applied Surface Science, 413, 16-26.
GOUDARZI N., CHAMJANGALI M.A., AMIN AH., GOODARZI M., 2013, Effects of Surfactant and
Polyelectrolyte on Distribution of Silicate Species in Alkaline Aqueous Tetraoctylammonium Silicate Solutions
Using 29Si NMR Spectroscopy, Applied Magnetic Resonance, 44, 1095-1103.

DAI S, FU J., LEI H., CHEN Y., 2021, Study on the Interaction Between Sio2 and Zro2 in the Chemical
Mechanical Polishing of Zirconia Ceramic with Colloidal Silica, Ceramics International,. 47, 21642—-21649.
TWEDDLE D., HAMER P., SHEN Z., MOODY M.P., WILSHAW P.R., 2019. Identification of Colloidal Silica
Polishing Induced Contaminationi in Silicon, Materials Characterization, 152, 239-244.

HENDERSON M.A., 2002, The Interaction of Water with Solid Surfaces: Fundamental Aspects Revisited, Surface
Science Reports, 46, 1-308, 2002/05/01.

DUC L.A,, HIEU P.M., MAI N.T., TRONG T.V., QUANG N.M., 2022, Analysis of Solid and lonic Surface
Reaction form to Surface Quality when Using Chemical-Mechanical Slurry Polishing, Journal of Machine
Engineering, 22/4, 82-94, https://doi.org/10.36897/jme/149496.

SAKAR N., GERGEROGLU H., AKALIN S.A., 2020, OGUZLAR S., YILDIRIM S., 2020, Synthesis, Structural
and Optical Characterization of Nd: YAG Powders via Flame Spray Pyrolysis, Optical Materials, 103, 109819.
OHUCHI F., GHOSE S., ENGELHARD M., BAER D., 2006, Chemical Bonding and Electronic Structures of the
AlI2SiO5 Polymorphs, Andalusite, Sillimanite, and Kyanite: X-Ray Photoelectron — and Electron Energy Loss
Spectroscopy Studies, American Mineralogist, 91, 740-746.

SHUTTHANANDAN V., NANDASIRI M., ZHENG J., ENGELHARD M., XU W., THEVUTHASAN S., et al.,
2018, Applications of XPS int the Characterization of Battery Materials, Journal of Electron Spectroscopy and
Related Phenomena, 231.

MAI L., BOYSEN N., SUBASI E., de los ARCOS T., D., GRUNDMEIER G., et al., 2018, Water Assisted Atomic
Layer Deposition of Yttrium ROGALLA Oxide Using Tris(N, N'-Diisopropyl-2-Dimethylamido-Guanidinato)
Yttrium(lii): Process Development, Film Characterization and Functional Properties, RSC Advances, 8, 4987—
4994,

BARRERA A., TZOMPANTZI F.J., CAMPA-MOLINA J.,, CASILLAS J.E., PEREZ-HERNANDEZ R.,
ULLOA-GODINEZ S., et al., 2018, Photocatalytic Activity of Ag/Al 2 O 3 —Gd 2 O 3 Photocatalysts Prepared by
the Sol-Gel Method in the Degradation of 4-Chlorophenol, RSC Advances, 8, 3108-3119.

MORALES M.V., CONESA J., RODRIGUEZ-RAMOS I., ROCHA M., FREIRE C., RUIZ A., 2018, CuPd
Bimetallic Nanoparticles Supported on Magnesium Oxide as an Active and Stable Catalyst for the Reduction of 4-
Nitrophenol to 4-Aminophenol, International Journal of Green Technology, 3, 51-62.

HARDER H., 2018, Clay Mineral Formation Under Lateritic Weathering Conditions, Clay Minerals, 12, 281-
288.

YIN D., NIU X., ZHANG K., WANG J., CUI Y., 2018, Preparation of MgO Doped Colloidal SiO2 Abrasive and
Their Chemical Mechanical Polishing Performance on C-, R- and A-Plane Sapphire Substrate, Ceramics
International, 44, 14631-14637.

CADARS S., GUEGAN R., GARAGA M.N., BOURRAT X., LE L., et al., 2012, New Insights into the Molecular
Structures, Compositions, and Cation Distributions in Synthetic and Natural Montmorillonite Clays, Chemistry of
Materials, 24, 22, 4376-4389, https://doi.org/10.1021/cm302549k.



