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There is a growing interest in researching materials to produce wear-resistant composites. The current study 

aims to investigate the impact of adding 2.5 vol% diamond on the wear behavior of the WC-6% wt. Co 
composite. The samples were first fabricated using the spark plasma sintering method at 1300 °C for five 

minutes under the pressure of 40 MPa. The pin-on-disk method was employed to study the wear behavior, 

followed by evaluating the worn surfaces using SEM analysis. According to the results from the worn 
surfaces analysis, addition of diamond to the WC-Co composite reduced the wear rate from 

0.34×10-4 mm³/N·m to 0.25×10-4 mm³/N·m. According to the SEM images, abrasive wear was the main 

wear mechanism in the WC-Co composite while the abrasive, adhesive, and oxidation mechanisms were 
the primary wear mechanisms in the WC-Co sample reinforced with diamond phase. The presence of 

diamond as a hard phase within WC-Co composite significantly improved the wear resistance of the 

composite. 
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1. INTRODUCTION 
Modern industries are keenly interested in materials 

that exhibit enhanced wear resistance since these 

materials provide significant advantages including 

prolonged lifetime and ability to withstand heavy 

tribological conditions, to name a few (Holmberg, et al., 

(2007), Van Acker, et al., (2005), Bonny, et 

al.,(2009)). WC-Co composites are extensively used in 

the aerospace industry and mechanical engineering 

sectors due to their outstanding properties such as high 

hardness and fracture toughness, resulting in exceptional 

wear resistance. To achieve optimal sintering results in 

the WC-Co composites, SPS method is preferred. This 

technique employs high-pulsed electric current and Joule 

heat to sinter the powder compact, ensuring efficient and 

effective consolidation (Ma, et al., (2017)). 

Extensive research has been carried out to enhance the 

wear characteristics and investigate the wear mechanisms 

of WC-Co composites (Beste & Jacobson, 

(2008))(Saito, et al.,(2006)) (JY & JA, (1999)) (Gant 
& Gee, (2006)). Studies indicate that the wear 

characteristics of WC-Co can be improved by 

incorporating carbides like Ta, Nb, Cb, Ti, Mo, V, and 

Cd into the hardmetals (Bonny et al., (2010)) (Brookes, 

(1998)) (Pirso, (2006)). 

Pirso et al., (2006) conducted a study on sliding wear 

and friction behavior of WC–Co, Cr3C2–Ni, and 

TiC–NiMo composites. The results of block-on-ring test 

https://en.merc.ac.ir/
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showed that the wear behavior of the Cr3C2–Ni cermet 

was influenced by their composition while the wear 

response of the WC-Co and TiC-NiMo cermet was 

determined by the amount of binder present. 

Bonny et al., (2009) investigated WC–Co–Cr3C2–VC 

composites, remarking that addition of Cr3C2–VC to 

WC-Co decreased the composite friction. Quercia et al., 

(2001) studied the wear properties of WC–Co–(Ta,V)C 

composites under sliding, abrasion, and erosion 

conditions, proving that the mechanical properties and 

tribosystem configuration were the key factors affecting 

the wear behavior of these composites. Moreover, 

addition of TiC to cemented carbides enhanced the 

abrasion resistant of WC-Co composite due to the higher 

hardness of TiC than that of WC (Quercia, et al., 

(2001)) (Budinski & Budinski, (2002)). 

van der Merwe  & Sacks (2013) studied how TaC, TiC, 

and NbC could affect friction and dry sliding wear in 

WC–6 wt.% Co composite when interacting with steel 

surfaces. They found that incorporating less than 1 wt.% 

TaC resulted in enhanced wear resistance. The primary 

wear mechanisms observed for the carbides were 

preferential removal of the binding material, grain 

cracking and fragmentation, carbide grain pull-out, and 

formation of a protective film on the contact surfaces. 

One way to enhance the wear resistance of the WC-Co 

composites is to incorporate super-hard and wear-

resistant materials such as diamond and cubic-BN 

(Grasso, et al., (2011)) (Yaman & Mandal (2014)) . 

Incorporation of the diamond particles into the WC-Co 

composites is expected to improve their wear behavior, 

and this improvement is attributed to the extremely low 

friction coefficients, approximately 0.1, observed in 

diamond and chemical vapor deposition diamond 

coatings under dry running conditions (Habig, (1995) 

(Hollman, et al., (1998)) (Hayward, (1991)). 

Belji Yaman et al. demonstrated that the wear 

properties of tungsten carbide would be improved by 

adding cBN and using the SPS method (Yaman & 

Mandal, (2014). Salvatore Grasso et al., (2011) 

conducted the ultrafast SPS process to fabricate diamond 

binder less WC composites. The presence of diamond as 

an additive resulted in a reduction in the wear rate and a 

decrease in the friction coefficient of these composites 

from 0.328 to 0.117.  

Fabrication of diamond hard-metal composites at low 

pressures poses significant technological challenges due 

to the thermodynamic instability of diamond under these 

conditions, leading to the graphitization of diamond 

(Ganta, et al., (2018)). 

The cemented carbide composite are renowned for 

their remarkable wear properties. In previous studies, 

high percentages of diamond with larger grain sizes were 

commonly used as reinforcement for these composites. 

However, it is anticipated that even low percentages of 

diamond can enhance the wear properties of cemented 

carbide owing to the remarkable properties of diamond. 

Therefore, it is essential to investigate the role of even a 

small amount of diamond in the wear mechanism of 

composites that contain finer-grained diamond. The 

present research primarily focused on the effect of 

diamond presence on wear mechanisms, using the SPS 

method for consolidation. The worn surfaces were 

analyzed through scanning electron microscopy.   

 

2. MATERIALS AND METHODS 
The aim of the current study is to evaluate the effect of 

using diamond as an additive on the wear properties of 

the WC-Co composite. To this end, two samples were 

prepared, one with 2.5 Vol% diamond additive and 

another without the additive. 

High-purity commercial powders WC (Almase Saz 

Co., 0.5µm, 99.9%), Co (Almase Saz Co.,1µm, 99.9%), 

and diamond (Henan Huanghe whirlwind Co., China, 

10µm, 99 %) powder as the reinforcements were mixed 

in a planetary mill with cemented carbide balls in an 

ethanol environment at the rotation speed of 120 rpm for 

3 hours. After drying the mixture and passing it through 

a sieve with a 50 μm mesh, it was poured into a graphite 

mold with the inner diameter of 30 mm. The sintering 

process was carried out in an SPS-20T-10 machine from 

China. The samples were spark plasma sintered in 1300 ˚C 

under 40 MPa for 5 min. Finally, the samples cooled to 

room temperature under a pressure of 40 MPa. After 

sintering, the samples were cleaned of graphite using a 

cubic-BN disk, polished with SiC papers and finally, 

mirrored with 2, 1, and 0.5 µm diamond paste. 

To investigate the wear behavior of the samples, pin-

on-disk wear test was done. Figure 1 shows the schematic 

of the sample and wear device used for the wear test. The 

wear test was conducted at room temperature in dry 

condition, using a SiC abrasive pin with the sliding speed 

of 0.07 m/s, normal load of 38.2 N, and sliding distance 

of 800 m. The wear rate is defined as follows [22]: 

 

Wear rate =
V

N.S
 (1) 

 

where V, N, and S are the volume loss of the specimen 

(mm3), normal load (N), and sliding distance (m) 

respectively. The volume loss was obtained from the 

following equation (ASTM-G99-05(2010)):  

 

Volume loss (V) = 
(πRd3)

6r
 (2) 

 

where R, d, and r are the wear track radius (mm), wear 

track width (mm), and pin radius (mm) after wear tests, 

respectively. 

The worn surfaces of samples were investigated by 

scanning electron microscope (FESEM; TESCAN 

MIRA3), and their elemental composition was analyzed 

using Energy Dispersive Spectroscopy (EDX). The phase 

composition of the SPSed sample was determined using 
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a Philips-PW3710 X-ray diffractometer with Cu Kα 

radiation (λ=0.15406 nm). 

 

 

Figure 1. Schematic of the wear device and sample for the 

pin-on-disk test 

 

3. RESULTS AND DISCUSSION 
In Figure 2, the worn surfaces after 800 m wear are 

shown in low magnifications SEM images to better 

understand the wear behavior of the prepared samples.  

An inverse relationship exists between the width of the 

worn surface and wear resistance of the sample. In the 

D2.5 sample, the width of the worn track decreased, 

indicating an improvement in the wear resistance of the 

sample. 

Figure 3 shows the changes of width of worn surfaces 

and wear rate (as two main parameters to evaluation of 

wear resistance) for samples with diamond reinforcement 

and without diamond. 

Upon comparing the worn surface widths of the 

samples, it was found that the sample without diamond 

has the lower wear resistance than that with diamond. 

The worn surface width and wear rate for the sample 

without diamond were obtained as 795 µm and 0.34×10-

4 mm3/N.m, respectively. 

Followed by incorporating 2.5 Vol% diamond into the 

WC-Co matrix, significant improvements were observed 

in the wear resistance. The worn surface width and wear 

rate decreased by 722 µm and 0.25×10-4 mm3/N.m, 

respectively, indicating an enhancement in the wear 

resistance compared to the previous condition. 

According to the previous study (Pirmohammadi, et 

al., (2023)), hardness increased from 21.2 to 21.7 GPa 

by adding 2.5Vol% of diamond reinforcement to the 

matrix due to the reinforcing effect of diamond particles. 

Suh increase in the hardness can positively affect the 

wear resistance of the samples. In order to investigate the 

underlying wear mechanisms, the worn surface of the 

samples was studied using high-magnification SEM 

images and EDS analysis in more detail.  

 

 

Figure 2. SEM images (Low magnification) of worn surfaces 

of a) D0, and b) D2.5 

 

 

Figure 3. Variation of average width of worn surface, and wear 

rate for sample contained diamond and sample free diamond 

Figure 4 depicts an SEM micrograph of the worn 

surface of D0 sample where ploughing grooves 

mechanism in the sliding direction, indicating the 

abrasive wear throughout the worn surface caused by the 
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continuous movement of high hardness pin on the surface 

of the sample.  
 

 

Figure 4. SEM micrograph and EDS analysis related to the 

worn surface of D0 sample 

Some of the soft cobalt phase was apparently removed 

from the sample, and the tungsten carbide grains 

experienced wear. Furthermore, due to the continuous 

movement of the pin, a portion of the soft cobalt phase 

underwent plastic deformation and stretched across the 

sample surface. 

EDS analysis confirmed the presence of tungsten, 

carbon, and cobalt as the sample constituents. 

Additionally, there is a very small amount of silicon 

(approximately 0.28 Wt%) which is related to the pin 

used for the wear test. This silicon was pull out from the 

pin and then attached to the sample during the interaction. 

Moreover, there is a small amount of oxygen 

(approximately 0.62 Wt%), resulting from the partial 

oxidation during the wear test. 

The XRD of the diamond-reinforced composite sample 

is presented in Figure 5. The primary peaks observed in 

the sample are attributed to tungsten carbide. In addition 

to the peaks corresponding to tungsten carbide, cobalt 

and diamond peaks are also evident. The comparatively 

lower intensity of the cobalt and diamond peaks is due to 

the high absorbtion of WC and lower amount of diamond 

and cobalt compared to the WC phase. 

 

 

Figure 5. The XRD of D2.5 sample 

 

As shown in Figure 6 of the SEM analysis of the 

fracture surface of the D2.5 sample, a dark phase is 

evenly distributed in the WC-Co matrix. According to the 

EDS analysis, this dark phase consists of diamond. The 

presence of tungsten and cobalt in the EDX spectrum is 

attributed to the presence of tungsten carbide and cobalt 

within the matrix. 

Figure 7 depicts the SEM image displaying the worn 

surfaces of the D2.5 sample. Examination of these worn 

surfaces confirms the presence of pin elements through 

analysis using EDS. The presence of pin elements is a 

clear indication of the adhesive wear mechanism 

occurring in the D2.5 sample. 

Additionally, the EDS results reveal the detection of 

oxygen on the worn surface of the composite samples, 

implying the involvement of an oxidation mechanism 

during the wear process. 
Diamond exhibits higher thermal conductivity than 

tungsten carbide. This elevated thermal conductivity 

facilitates increased heat transfer to the sample during 

wear, unlike the sample without additives. As a result, the 

temperature of the sample rises more significantly during 

wear, thereby enhancing the oxidation reaction compared 

to sample without additives. Therefore, the presence of 

diamond in the sample is more advantageous for oxide 

layer formation. 
The presence of an oxide layer on the worn surface has 

a positive effect on wear resistance as it acts as a 

protective barrier. This oxide layer prevents direct 

contact between the pin and the sample, thereby reducing 

friction and wear between the two surfaces. 
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Figure 6. SEM image of fracture surface of D2.5 sample a) low 

magnification, and b) high magnification 

 

Figure 7. SEM micrograph related to the worn surfaces of D2.5 

sample 

The higher content of Si element observed in the worn 

surface of the D2.5 sample can be attributed to the 

increased interaction between the pin and the sample 

surface. This higher interaction would likely lead to the 

pull out Si from the pin and cause adhesion on the sample 

surface during the wear process. Hence, addition of 

diamond to WC-Co composites will result in a change in 

the wear mechanism from abrasion mechanism to a 

combination of oxidation, adhesion, and abrasion 

mechanisms. This change in wear behavior can be 

attributed to the enhanced hardness of the composite 

samples achieved through the addition of diamond and 

uniform distribution of reinforcement. The increased 

hardness promotes greater interaction between the 

counter surface and the composite sample, leading to the 

observed alteration in the wear mechanisms 

As illustrated schematically in Figure 8-a, the main 

wear mechanisms observed in the D0 sample is abrasive 

mechanisms that include the removal of a portion of the 

soft cobalt phase from the surface and ploughing of the 

tungsten carbide phases. Additionally, a partially 

adhesive mechanism is observed. As depicted 

schematically in Figure 8-b, the main wear mechanisms 

observed in this sample involve abrasive and adhesive 

mechanisms. These mechanisms involve the removal of 

a portion of the soft cobalt phase from the surface and 

partial ploughing of the tungsten carbide phases. 

Furthermore, an increased occurrence of adhesive 

mechanism is observed, particularly on the diamond 

phases present on the surface of the sample, compared to 

the free diamond sample. 
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Figure 8. Schematic of wear mechanism in samples a) D0 and 

b) D2.5 

4. CONCLUSION 
This study employed SPS method to fabricate 

WC-Co-2.5 vol.% Diamond and WC-Co samples, and 

the wear behavior of these samples was examined. The 

results from wear test confirmed a significant 

improvement in the wear resistance for the WC-Co 

sample reinforced with diamond particles, compared to 

the pure WC-Co sample. The wear rate of the 

unreinforced WC-Co sample was 0.34×10-4 mm³/N·m, 

which decreased  by 0.25×10-4 mm³/N·m after 

incorporating 2.5 vol.% diamond. In the pure WC-Co 

sample, abrasive wear was the predominant wear 

mechanism. However, incorporation of the diamond 

particles into the WC-Co matrix led to a complete change 

in the wear mechanism. The reinforced samples were a 

combination of oxidation, adhesive, and abrasive 

mechanisms during the wear process. The results 

revealed that diamond can be effectively used as a 

reinforcement to enhance the wear resistance of WC-Co 

composites. 
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The periodic structure of 1-3 piezocomposite phononic crystal minimize the effect of the coupling of 

parasitic modes on the deliberately excited plane modes and prevent the propagation of unwanted Lamb 

waves. In this article, the band structures of the centered square phononic crystals of PZT-5H rods in 
polyethylene terephthalate matrix was studied using the numerical method of finite elements. In particular, 

the phoninic band gaps of the system was investigated as the functions of the volume of the PZT element 

at the center of the unit cell of the considered crystal under the constant filling fraction of PZT rods. 
According to the results, the band structure of the system contains three gaps whose widths vary by the 

volume. These gaps are extended in the (normalized) frequency range of 1100-2530 m/s. Further 

observations particularly show that in case the all PZT rods of the system are of the same size, the maximum 
achievable band gap of the system will be obtained. 
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1. INTRODUCTION 
Today, piezocomposite materials are used in many 

engineering applications and smart structures. The 

concept of piezocomposite materials was first introduced 

in 1978 by Newnham et al., which garnered significant 

attention and recognition (H. Wang et al., 2022). In 

piezocomposite structure, a piezoelectric material with 

high piezoelectric properties, such as PZT and PMN-PT, 

typically serves as an active phase while a polymer 

material, such as epoxy resin, polyethylene, etc., acts as 

an inactive phase (Amanat, 2022) (Lv et al., 2022). Based 

on the connection concept proposed by Newnham, these 

materials are classified into 10 types of piezocomposites 

(Tize Mha et al., 2021). One of the most renowned and 

widely used materials is 1-3 piezocomposite.  

The superior properties of piezocomposites, namely 

low acoustic impedances (ranging from 5 MRayl to 27 

MRayl), high coupling coefficients (usually in the range 

of 0.61 to 0.75), high bandwidth and lower Qm, have 

made these materials widely applied in high frequency 

ultrasound transducers, medical imaging, and sonar 

systems (Behera, 2022) (Zhou et al., 2021). The periodic 

structure of piezocomposites causes the formation of 

specific stop bands or band gaps in the frequency 

spectrum of these structures. The presence of these band 

gaps drawn the attention of numerous scientists in recent 

years to the propagation of elastic waves in 

heterogeneous media (Y.-Z. Wang et al., 2009). In fact, 

the large band gaps in piezocomposites find applications 

in elastic and acoustic filters, transducer structures, 

https://doi.org/10.30501/acp.2023.416606.1131
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control of noise, and vibration shields (Vatanabe & Silva, 

2011). For instance, by tuning the frequency of the 

thickness mode of piezocomposites within these band 

gaps, it is possible to minimize coupling with parasitic 

modes, such as lateral modes, and prevent the 

propagation of Lamb waves. Consequently, substantial 

research efforts have been devoted to broadening the 

band gap widths (Sigmund & Jensen, 2003) (Wu et al., 

2009), a characteristic which strongly depends on the 

physical properties, size, and shape of constituent phases 

(Miranda & Dos Santos, 2022). 

Hou et al. (Hou et al., 2004) investigated the elastic 

band gap structure of a two-dimensional acoustic crystal 

containing piezoelectric materials and analyzed the 

piezoelectric effects on the band gaps. Qian et al. (Z. Qian 

et al., 2004) studied the dispersion relations of horizontal 

shear wave propagation in a periodic layered 

piezoelectric structure for cases of wave propagation in 

normal and tangential directions to the interface. Silva et 

al. (Vatanabe et al., 2014) attempted to maximize the 

absolute elastic wave gap width in designed 

piezocomposite materials using topology optimization. 

Zheng Hua et al. (Z.-H. Qian et al., 2008) compared the 

band gaps in two-dimensional piezocomposite with 1-3 

connection family of piezoceramic rods, which had 

circular and square cross-sections. Sigmund (Sigmund & 

Jensen, 2003) (Thompson & Sigmund, 2000) applied the 

topology optimization to design periodic materials and 

structures with acoustic band gaps to minimize the 

structural response along the boundaries or maximize the 

response at certain boundary points. Halkjer et al. 

(Halkjaer et al., 2005) maximized the acoustic band gap 

for infinite periodic beam structures modeled based on 

Timoshenko beam theory, considering alternating, thick 

and medium thickness plates, and finite thick plates. 

Jensen et al. (Halkjær et al., 2006) extended the bandgap 

size for shear waves in the Mindlein plane. Evgrafov et 

al. (Rupp et al., 2007) applied topology optimization to 

the design of 2D and 3D phononic (elastic) materials, 

focusing on the surface wave filters and waveguides. 

Other different aspects related to the propagation of 

sound waves in two- and three-dimensional piezoelectric 

periodic structures have been addressed in several 

research studies (Vashishth & Gupta, 2009) (Y.-Z. Wang 

et al., 2007) (Y.-S. Wang, 2008) (Vu Quoc et al., 2021). 

Most of the past research projects were primarily based 

on three main axes: a) adjusting the piezoceramic filling 

fraction, leading to changes in the piezocomposite 

parameters such as coupling coefficient, characteristic 

impedance, effective density, and longitudinal velocity; 

b) altering the geometric shape of piezoceramics and 

using different geometric shapes (this method lacks 

precise control over the band gap adjustment); c) 

modifying the constituents of the piezocomposite, which, 

like the second case, results in a sudden change in the 

band gap parameters, hence the challenge of precise 

control over the band gap adjustment. 

This research aims to propose a 1-3 piezocomposite of 

centered cubic crystal structure and investigate the effect 

of the volume fraction of different phases of piezoelectric 

rods on the band gaps while maintaining a constant 

ceramic filling fraction. In this analysis, Bloch-Flocke 

theory (Comi & Marigo, 2020) and finite element 

analysis were employed to study the dynamic behavior of 

two-dimensional piezocomposite unit cells for 

calculation of the band gap. A structure was also 

presented in this paper that allows control over the width 

of band gaps without altering the filling fraction, solely 

by changing the ηs. According to the observations, the 

maximum gap bandwidth was achieved in the case of 

η=50%. 

 

2. Problem explanation and finite element 
modeling 

The system under study is a 1-3 piezocomposite 

structure consisting of a square lattice of lattice constant 

“a”. The unit cell comprises a pair of rods made from 

PZT-5H with circular cross-section and different radii, 

distinguishable by white and gray color, as shown in 

Figure 1. These PZT rods are embedded in a polymer 

matrix of polyethylene terephthalate. 

 

 

Figure 1. According to the schematic, (a) the proposed 1-3 

piezocomposite network model, (b) the unite cell of the 

network, (c) the first Brillouin zone. Gray circles represent rode 

A and white circles rode B. we change the size of the gray and 

white circles while maintaining the filling fraction of the 

piezocomposite constant. 

 

Due to the crystal periodicity and its infinite size along 

the x and y axes, the mechanical displacements (ui) and 

electric potential (φ) follow the Bloch relation (Equations 

(1-2)) [15]: 

 

ui(x+ma1,y+pa2) = ui(x,y,z) exp(- jkxma1) 
                                       exp(- jkypa2) 

(1) 

 

φ(x+ma1,y+pa2) = φ(x,y,z) exp(- jkxma1) 
                                      exp(- jkypa2) 

(2) 

where “kx” and “ky” represent the components of the 

Bloch wave vectors in the x and y, respectively, while m 
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and p are integers. 

These periodical boundary conditions allow us to 

confine the calculations just to a single unit cell. The 

square unit cell of the system is also taken into account, 

as depicted in Figure 1-b. The cell consists of two 

different rode: rod A, represented by four quarter circles 

with the radius RA at the corners, and rod B, a full circle 

with the radius RB in the center. The polarization axis of 

the piezoelectric rods is considered perpendicular to the 

unit cell plane. 

For the considered piezocomposite, the filling fraction 

of the piezoceramics phase, defined as the ratio of the 

volume of the piezocomposite rods in the unit cell to the 

total volume of the unit cell, is given by Equation (3). 

 

(π(RA
2 + RB

2 )/a2) (3) 

 

Additionally, we define the volume fraction of the rod 

B as the ratio of the volume of rod B to the summation of 

the volume of the rods A and B in a unit cell, denoted by 

η (Equation (4)). Based on the radius of the rods, we 

have: 

 

η =
RB

2

RA
2 + RB

2  (4) 

 

The main objective of this paper is to investigate the 

band structures of the mentioned phononic crystal as a 

function of η in order to determine the optimal value of η 

for achieving the maximum band gap. To simplify the 

analysis, the filling fraction is held constant at 50% 

throughout this research. In other words, as the Rb 

increases by increasing η, Ra must decrease in such a way 

that the filling fraction remains constant.   

Given the complex topology of this structure, a 

numerical method, such as the Finite Element Method 

(FEM), is essential to analyze the vibrational properties 

of the structure.  

The finite element numerical method is well 

established for linear piezoelectric materials and has been 

widely used in the analysis of piezocomposites. For this 

reason, FEM was employed in this study to investigate 

the band structures of the considered composite. To this 

end, the unit cell is divided into a mesh of triangular 

elements connected by nodes as represented 

schematically in Figure 2. 

In the absence of external forces and considering a 

monochromatic time dependent exp(jωt), the general 

piezoelectric problem is expressed by Equation (5) [14]. 

 

[
Kuu − ω2Muu Kφu

Kφu Kuu
] (

u
φ) = (

0
0

) (5) 

where Kuu and Muu denote the stiffness and mass 

matrices of the fully elastic part of the problem, 

respectively. In addition, Kφφ and Kuφ represent the pure 

dielectric part and piezoelectric coupling matrix, 

respectively. As mentioned earlier, the translational 

symmetry of the lattice allows us to mitigate the problem 

of the first Brillouin zone, as depicted in Figure 1 (b). To 

obtain the dispersion diagrams, the wave vector varies 

within the first Brillouin zone for a given propagation 

direction which as usual can be reduced using the 

symmetry properties of the system to the first irreducible 

Brillouin zone. For a square lattice of constant “a”, the 

first Brillouin zone is defined by -π/a<kx<π/a and 

-π/a<ky<π/a. The band structures are calculated along the 

M-Γ-X-M path (see Figure 1(c)). To ensure the accuracy 

of the results, the mesh sizes have been refined repeatedly 

until the angular frequency convergence is achieved. 

 

 

Figure 2. A view of a meshed unit cell 

 

2. NUMERICAL SIMULATION AND DISCUSSION 
This section presents and discusses the results of 

varying the volume fraction η and its effects on the band 

structure of the piezoelectric phononic crystal, 

introduced in the previous sections. We maintain the total 

filling fraction of the PZT-5H rods at a constant value of 

50% while altering the η from 0 to 50%. The band 

structures are obtained by calculating the lowest 20 bands 

of the system using the finite element analysis. The 

material parameters used in the calculations are tabulated 

in Table 1, the results of which are as follow. It should be 

noted that since the rods within a unit cell consist of the 

same type of piezoceramic material, i.e., PZT-5H, we 

expect  that the band structure for η values greater than 

50% will resemble those for  η<50%. In the other words, 

for example, the band structure of η=70% matches that 

of η=30% because the only difference between the unit 

cell in this case lies in the volumes of rods A and rods B. 

The bands are calculated along the path M-Γ-X-M about 

the irreducible Brillouin zone of the square lattice and are 

plotted in terms of the product of frequency and lattice 
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constant f × a versus the wave vector K along the first 

irreducible Brillouin zone, as seen in Figure 1-c. It is 

evident that the existing band gaps extend across the 

Brillouin zone, as stated by Vasseur et al. [24]. 

 

TABLE 1. Characteristics of the materials used in the 

calculations (Vasseur et al., 1994) (Z.-H. Qian et al., 2008) 
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Figure 3 illustrate the band structures of the considered 

1-3 piezocomposite in the limiting case η=0, which 

corresponds to a simple square lattice. As observed in 

Figure 3, there is a single complete band gap between the 

third and fourth bands. The gap extended in the frequency 

range 1100<f.a<1500 with relative bandwidth 31%. 

As the η values exceeds zero, the volume of rod B 

starts to grow from zero as well, and due to the constant 

filling fraction 50%, the volume of rod A decreases.  

Figure 4 (a) depicts the band structure for η=5%. In this 

case, the magnitude of the band gap between the third and 

fourth bands decrease to 209m/s. This band spans from 

1105 m/s to 1314 m/s with the relative bandwidth 17%. 

Although this gap narrows as η increases from zero, 

another band gap begins to appear between the tenth and 

eleventh bands. This new gap falls within the frequency 

range of 2296 m/s to 2527 m/s with the relative band gap 

of 9.8%. The presence of the later gap can be attributed 

to the emergence of rods B in the middle of the unit cell, 

rather than a decrease in the volumes of rod A. To 

confirm this, we evaluated the band structures for very 

small values of η, not shown here, and observe that the 

later gap starts to grow immediately as η increases from 

zero. Given that for these small values of η, the volume 

of rod A does not change considerably, it is reasonable to 

attribute this band gap to the new scattering center 

produced in each unit cell. (The number in the right of 

each figure is the bandwidth of band gap)  

 

 

Figure 3. Dispersion diagram and elastic band structure for XY 

vibration modes in a typical 1-3 piezocomposite in 50% 

piezoceramic filling fraction, which does not have rode A 

circles (η=0) 

 

TABLE 2. Specifications of materials used and different values 

of η 

Piezoceramic 

filing fraction 
piezoceramic 

material 
Polymer 

material 
  Figure  

50 

P
Z

T
-5

H
 

p
o

ly
et

h
y

le
n

e 
te

re
p

h
th

al
at

e
 

(P
E

T
) 

0 3 

5 2-(a) 

10 2-(b) 

20 2-(c) 

30 2-(d) 

40 2-(e) 

50 2-(f) 

 

Upon increasing η up to 10%, a third gap begins to 

emerge, as presented in Figure 4 (b). As indicated in this 

figure, this gap lies between the 6th and 7th bands with a 

lower edge at 1737m/s and relative bandwidth of 0.4%. 

In this case, while the lower limit of first band gap 

remains unchanged compared to the η =5% case, its band 

width decreases by 95m/s due to the descending 4th band. 

Contrarily, the second band gap now grows to 262m/s 

with the relative bandwidth of 10.9% due to the 

descending 10th and ascending 11th bands.  

With a further increase in η up to 20%, the first band 

gap is closed completely as a result of the downward 

movement of the fourth band (in addition to the fifth and 

sixth bands), although the first, second, and third bands 

remain almost unchanged. As presented in Figure 4c, the 

bandwidth of the 2nd band gap shrinks symmetrically to 
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131 m/s, with its lower edge increasing up to 2362 m/s. 

On the other hand, although both the maximum of 6th 

band (1597m/s) and the minimum of 7th band (1791m/s) 

have decreased, the width of the 3rd band width increases 

up to 194m/s. 

 

 

Figure 4. Dispersion diagram and elastic band structure for XY 

vibration modes in a typical 1-3 piezocomposite in 50% 

piezoceramic filling fraction 

 

The width of the 3rd band gap grows continuously as η 

increases up to 50% and reaches its maximum, as 

depicted in Figures. 4-b, c, d, e, f. At η=50%, the 3rd gap 

extends in the frequency range of 2122<f.a<1558 with 

the band width of 564m/s and relative bandwidth of 31%. 

Since the 5th and 6th bands remain almost unchanged, the 

widening of this gap occurs as a direct result of the shift 

of 7th band to the higher frequencies. In addition, there is 

a narrower band gap just above the 7th band from   η=10% 

to η=40%, as depicted in Figure 4-b, c, d, which is faded 

as η increases up to 40%. The maximum relative 

bandwidth of this gap is 4.3% while its minimum relative 

bandwidth at 2234m/s occurs at M point of Brillouin 

zone for η=35% (show in Figure 6). An interesting 

feature of the case η=50% is the dual degeneracy of each 

band in the X-M range. In other words, the six bands in 

the range of M-Γ to Γ-X converge in such a way that only 

three bands are observable in the X-M range. This 

happens mainly because for η=50%, the centered square 

lattice under consideration is transformed into a simple 

square lattice of lattice constant  𝑎/√2 whose axis rotates 

π/4 with respect to the axis of the centered square lattice 

considered so far. Figure 5 depict the Brillouin zones of 

this lattice as well as the original centered square. 

Calculation of the band structure of the simple square 

lattice mentioned above along with the (unconventional) 

directions of Figure 5 shows complete match with the 

η=50% case.  

 

 

Figure 5. According to the schematic, (a) the unit cell of simple 

square lattice associated with = 50% (solid line), (b) The B.Z. 

corresponding to the simple square in addition with the B.Z. of 

a centered square lattice constant a of Figure 1 (The dotted lines 

show the Brillouin zone in Figure 1) 

TABLE 2. Specifications of each band gap for different η 
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In short, information of the gaps in the above-

mentioned phononic crystals has been accumulated and 

plotted as functions of η in Figure 6. As shown in this 

figure, the maximum width of the first band gap, equal to 

400m/s, occurs at η=0, and the gap dissolves above 

η=20%. In the mid-range, the second band gap dominates 

from η =5% up to η≈18%, with a maximum of 262m/s at 

η=10%. The third and the long-lasting gap start at η=10% 

and exists until η=50% with a maximum of 564 m/s at 

η=50%. The width of latter gap grows continuously with 

η, making it the dominant gap above η≈18%. There is 

also a minor gap which appears above η=10% with a 
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maximum not exceeding 98m/s. Finally, it should be 

noted that despite the nearly equal maximums of the first 

and second band gaps, the largest band gap, achievable 

by modifying the volume ratio of rode A with respect to 

rode B, belongs to third gap at η=50%. 

 

 

Figure 6. The width of the first five bands in terms of different 

values of η at the filling fraction F=50% 

 

This property is detailed in Figure 7 which depicts the 

upper and lower boundaries corresponding to each gap as 

a function of η. As shown in this figure, the first and 

second band gaps lies in the frequency ranges of 1500 

m/s-1100 m/s and 2268 m/s-2530 m/s, respectively, with 

the third gap in between ranging from 1558 m/s to 2122 

m/s. Of note, no gap exists below the lower frequency 

limit of first gap and above the higher frequency limit of 

the second band gap (although it has been tested but not 

presented here by considering 50 bands in our 

calculations).  

 

 

Figure 7. The open points, close points and width of the band 

gaps at the filling fraction F=50% versus η 

 

We calculated the density of states in the entire 

Brillouin zone, which is shown as an example of the 

results obtained for a filling fraction=50% and eta = 50% 

in Figure 8. According to the obtained results, this gap is 

spread throughout the Brillouin zone. The presence and 

magnitude of this gap in the elastic band structure and 

density of state clearly show that this band gap extends 

throughout the Brillouin zone. 

 

 

Figure 8. The density of states at the filling fraction F=50% 

versus η=50% 

The bandwidth, lower and upper limits, and opening 

and closing points of each band gap in different η values 

are easily detectable in Figure 7. In the first and third 

band gaps, the lower limit of the band gap is almost 

constant, and their changes are mainly caused by changes 

in their upper limit. According to Figure 4, the first, 

second, and third bands remain stable and unchanged and 

with the movement of the fourth, fifth, and sixth modes, 

the first band gap closes. After the first band gap closes, 

these modes remain almost constant and unchanged, thus 

playing a role as the lower limit of the third band gap. 

With the stability of these modes, the main changes in the 

bandwidth of the third band result from the upward 

movement of the higher bands. In other words, in case 

the bandwidth of the third band gap increases, the first to 

sixth modes remain constant and unchanged, and the 

main change of this band gap results from the upward 

movement of the seventh, eighth, ninth, and tenth bands. 

In general, it can be concluded that addition of the rode 

A creates new boundary conditions and excites lateral 

modes, and these new boundary conditions lead to 

changes in the band gaps. 

As shown in Figure 4, by changing the η while 

maintaining the filling fraction of the piezoceramic rods, 

the dispersion diagram of the piezocomposite changes, 

showing that the band gaps are highly sensitive to these 

changes, and this parameter can be adjusted to obtain a 

larger relative bandwidth in the desired frequency range. 

Upon comparing Figure 3 (η=0) with other figures, it 

can be concluded that this method allows us to create 

band gaps in different frequency ranges and different 

widths. In addition, in the η=50 (Figure 4 (f)), the 

bandwidth of the band gap is 1.43 times that of the mode 

without rode B (η =0) (Figure 3). In some values of η, we 

have two or three bands at the same time at different 

frequency ranges. According to the diagrams, the 

changes in the bands are attributed to the displacement of 

higher modes and their movement towards higher or 
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lower frequencies. In this respect, it can be concluded that 

the non-uniform volume distribution of piezoceramic 

rods cause these changes. 

With the increase of η, phase b elements appear from 

zero while their effect gradually increases. These 

elements are located between the elements of phase A, 

reducing the distance between then, and as a result. As a 

result, it is expected that the forbidden gap at low 

frequencies will gradually disappear and shift to higher 

frequencies. As observed in Figure 4, this effect occurs 

by transferring the frequency modes to the forbidden gap. 

While the energy of the lowest three frequency bands 

remains almost constant, the frequency of its upper edge 

gradually decreases. 

The first energy gap is caused by the destructive 

combination of waves moving in the x or y direction and 

being partially reflected from the plates containing the 

phase A elements. Reducing the volume of phase A 

elements and increasing the effect of phase B elements 

on these reflections upon increasing η reduces the size of 

this gap until finally it disappears for η=15 by decreasing 

the energy of the fourth frequency band. 

On the other hand, the second frequency gap appears 

immediately with an increase in η from zero. Due to the 

high frequency of this gap, its creation can be attributed 

to the destructive combination of waves that move 

perpendicular to the planes of phases a and b (along the 

x or y axes) and are partially reflected from these phases. 

Initially, the width of this gap increases with an increase 

in η bit it ultimately closes by reducing the frequency of 

its upper edge and increasing the energy of its lower edge 

at η=0.25. 

The third energy gap, which is the main focus in this 

research, starts to appear from η=10. This gap is created 

by the destructive superposition of waves that move 

along the bisector of the x and y axes and being partially 

reflected from the phase elements A and B. Increasing 

the volume of phase B and the simultaneously decreasing 

the volume of phase A with an increase in η bring the 

volume of these two elements closer together. As a result, 

the width of the gap increases continuously with the 

increase of η until at η=50, where the volume of the two 

elements becomes equal, the gap reaches its maximum 

value. At η=50, the final grid is a simple square grid, 

rotated by 45 degrees relative to the initial grid at η=0, 

and the distance between its elements is a/sqrt (2). Hence, 

the width of the gap in this case is sqrt (2) times that of 

η=0. 

We calculated the entire inverted space and observed 

that this gap has extended throughout entire inverted 

space. 

In previous research, such as the study by Zhang Hua 

et al. [15], changes in the filling fraction of piezoceramic 

were typically used to alter the bandgap, resulting in 

changes in the functional characteristics of the 

piezoceramic, such as effective electromechanical 

coupling coefficient, characteristic impedance, 

longitudinal velocity, and density. However, in this case, 

without changing the piezoceramic filling fraction, the 

bandwidth and location of the band gaps can be 

controlled without changing the piezoceramic filling 

fraction, allowing for the desired bandwidth and location 

based on practical needs. 
 

3. CONCLUSION 
In the current research, the phononic band structures of 

a two-dimensional body center 1-3 piezocomposite 

consisting of PZT-5H rod and polyethylene terephthalate 

polymer matrix were theoretically investigated. The 

volume fraction of the PZT rods was assumed to be 

constant as 50% to examine the band structure of the 

system as a function of the ratio η, representing the 

volume fraction of the PZT rod at the center of a unit cell 

relative to the total volume of the PZT rods in the unit 

cell. The results revealed that in the whole range of 

variation of η, there was at least one complete band gap 

in the band structure of the considered structure while 

detecting no gaps below f.a=110 m/s and above f.a=2530 

m/s. Moreover, the band structure contained three main 

band gaps (in addition to two minor ones) that reached 

their maximum values at η=0% (first band gap), η=20% 

(second band gap), and η=50% (third band gap), the latter 

is the largest band gap (equal to 564m/s) of the 

considered system. 
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 This study employs density functional theory (DFT) in order to investigate the fluorine doping effects on 

the structural, electrochemical and electrical, properties of LiCoO2 cathode materials for LIBs. The research 

reveals that fluorine substitution with oxygen can significantly enhance the performance and stability of 
LiCoO2 in multiple aspects. Investigation show that the fluorine doping results in n-type doping and Fermi 

level increases in electron density of states, which may enhance the electrical conduction. The substitution 

of fluorine modifying the cycling life of battery and improves the structural stability by suppressing the 
expansion rate of volume and increasing the lattice parameter along the c-axis during full delithiation. The 

findings demonstrate that the fluorine doping improves the structural stability of LiCoO2 by decreasing 

volume shrinkage during the delithiation. Accordingly, the study identifies the most stable fluorine 
substitution site, located furthest from the lithium layer. Consistent results from calculations using different 

approaches (internal and Fermi energy) and methods (GGA and GGA+U) confirm that LiCoO2-xFx exhibits 

lower voltage compared to LiCoO2, making it desirable for electrolyte tolerance and prolonged battery 
lifetime. Evaluation of electrical properties demonstrates that the fluorine doping enhances the electrical 

conductivity of LiCoO2 by reducing the band gap and charge carrier transfer barrier (CCTB). The 

examination of intrinsic and extrinsic band gaps, as well as Delta and CCTB approaches, consistently 
reveals that LiCoO2-xFx exhibits a lower band gap and CCTB, indicating improved rate-capability and 

electrical conductivity. 
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1. INTRODUCTION 
In the present era, lithium-ion batteries (LIBs) have 

emerged as the predominant power source for portable 

electric devices (Kim, Song, Son, Ono, & Qi, 2019). 

However, the current commercially utilized cathode 

materials suffer from limited reversible capacity, 

exemplified by Layered LiNi1/3Mn1/3Co1/3O2 (150-160 

mAhg-1), LiCoO2 (~140 mAhg-1), olivine LiFePO4 

(~160 mAhg-1 and spinel LiMn2O4 (~120 mAhg-1),) 

(Barkholtz et al., 2019; Blomgren, 2016; Ellis, Lee, & 

Nazar, 2010). This constraint poses a significant obstacle 

to the advancement of Li-ion cathode materials. 

Among the existing cathode materials, lithium cobalt 

oxide (LiCoO2) is widely employed in the current LIB 

industry (Mizushima, Jones, Wiseman, & Goodenough, 

1980; Nagaura, 1990). Its layered structure offers 

advantages such as satisfactory energy and power 

densities, high rate capacity, and reasonable reversibility. 

Nonetheless, the structural stability of LiCoO2 cathodes 

during charging and discharging poses a substantial 

challenge. Recent investigations have revealed notable 

https://doi.org/10.30501/acp.2023.425848.1139
https://en.merc.ac.ir/
https://creativecommons.org/licenses/by/4.0/
http://journals.merc.ac.ir/
https://www.acerp.ir/
https://www.acerp.ir/
mailto:kalantarian@gmail.com
mailto:m.kalantarian@merc.ac.ir
mailto:Afshinn@iust.ac.ir
https://www.acerp.ir/article_184372.html
https://doi.org/10.30501/acp.2023.425848.1139
https://orcid.org/0000-0003-4903-4562
https://orcid.org/0000-0003-2105-1619
https://orcid.org/0000-0002-0876-0034


16 H. Yousefi Mashhour et. al. / Advanced Ceramics Progress: Vol. 9, No. 4, (Autumn 2023) 15-21  
 

lattice expansion along the c axis during delithiation, 

while the contraction rate reaches up to just 10% for 

complete deintercalation (G. Amatucci, Tarascon, & 

Klein, 1996; Momeni, Mashhour, & Kalantarian, 2019; 

Reimers & Dahn, 1992). This non-uniform variation of 

lattice exceeds the elastic strain tolerance of cobalt 

oxides, which is approximately 0.1%, resulting in 

mechanical fractures that adversely affect battery 

capacities over prolonged operation periods (Dokko et 

al., 2000; Thackeray, 1995; H. Wang, Jang, Huang, 

Sadoway, & Chiang, 1999). 

To address this issue, substitutional doping sites of Co 

with various transition metals has been explored to 

improve the structural stability of LiCoO2 during the 

deintercalation process (Fergus, 2010; Jones, Rossen, & 

Dahn, 1994; Kobayashi et al., 2000; Needham, Wang, 

Liu, Drozd, & Liu, 2007). Notably, the substitution of Co 

species with Mg and La has demonstrated effective 

retention of the layered structure, suppression of phase 

transitions during Li lithiation/delithiation, and 

significant improvements in performance of cycling for 

LIBs (Zhu et al., 2014). Materials with doping showed 

minor capacity fade and much higher columbic 

efficiency compared to pristine LiCoO2 (Thirunakaran, 

Kim, & Yoon, 2014). Conversely, doping with V, Cr, 

Mo, and Zr leads to a deficient LiCoO2 structure and 

irreversible capacity loss in the initial cycle (Needham et 

al., 2007). 

On the other hand, substitutional doping of oxygen 

sites with anionic elements, such as halogens, has 

received not as much of attention, while it can be 

promising strategy. Studies have indicated that fluorine 

substitution with oxygen also impacts the structural 

properties of cobalt and nickel oxides (G. G. Amatucci & 

Pereira, 2007; Naghash & Lee, 2001). F-doped LiNiO2 

was found to remove abrupt changes in distortion of 

lattice and remarkably improve the cycling life of LIBs 

(Kubo, Fujiwara, Yamada, Arai, & Kanda, 1997). Also, 

LiNixCoyMn1-x-yO2-zFz (0 ≤ z ≤ 0.1) compounds show 

improved structural stability without phase transitions 

during deintercalation, demonstrating excellent cycling 

performance and rate capacity compared to fluorine-free 

compounds (Lee et al., 2015). 

Utilization of DFT in battery research has 

revolutionized the field by providing a influential tool for 

the rational characterization and design of materials 

(Cohen, Mori-Sánchez, & Yang, 2011; Guillén-López, 

Espinosa-Torres, Cuentas-Gallegos, Robles, & Muñiz, 

2018; Perdew et al., 2017; Ullah, Majid, & Rani, 2018). 

Its ability to predict material properties, investigate 

electrochemical processes, and analyze interfaces have 

significantly accelerated the development of high-

performance batteries. By combining theoretical 

predictions with experimental validation, researchers can 

drive the discovery of next-generation battery 

technologies, leading to more efficient, longer-lasting, 

and safer energy storage devices. (Assat & Tarascon, 

2018; A. Wang, Kadam, Li, Shi, & Qi, 2018; Yu & 

Manthiram, 2018) 

In this study, we investigate the effects of fluorine 

substitution at oxygen sites in LiCoO2 (hereinafter call 

LCO) systems using density functional theory (DFT) 

calculations. Our analysis encompasses variance of 

lattice during delithiation, electrode voltage, electronic 

state, and its influence on rate capability. Through these 

investigations, our goal is achieving a better 

understanding of the implications of fluorine substituted 

LiCoO2-xFx (hereinafter call LCOF) cathode materials. 

2. Methodology 
In this work all of the calculations were performed by 

employing full- potential linear augmented plane wave 

(FP-LAPW) method as used in the WIEN2K code 

(Blaha, Schwarz, Madsen, Kvasnicka, & Luitz, 2001) by 

the frame-work of DFT.  

Using PBE-GGA full relaxation was performed.  

Also, we applied GGA plus an on-site Coulomb self-

interaction correction potential (USIC) (hereinafter called 

GGA+U) to obtain more accurate electrical properties, 

for more comprehension. The U value was calculated to 

be equal to 5.87 eV for Co atom int the LCO structure, 

which it was equal to the used U value in literature, 6 eV 

(M. M. Kalantarian, Asgari, Capsoni, & Mustarelli, 

2013; Meng & Arroyo-de Dompablo, 2009, 2012). The 

calculations were carried out as ferromagnetic (FM) in 

GGA and GGA+U methods. 

For each atom, in the Wien2k code, a sphere radius 

around it should be considered. It is called as muffin tin 

radius, and denoted as RMT. The RMT values of 1.84, 

1.76, 1.42 and 1.35 a.u. were used for Co, Li, O, and F 

atoms, respectively. 

In this study, hexagonal structured with the 𝑅3̅𝑚 

space group was considered as initial structure of LiCoO2  

cathode material. The primitive structure (atomic 

positions and structural characteristics) was taken from 

ref. (Akimoto, Gotoh, & Oosawa, 1998). For the 

structure, calculated integrals were over the Brillouin 

zone with k-points based on 11×11×2  Monkhorst–Pack 

(MP) (Monkhorst & Pack, 1976) mesh for hexagonal 

structure. 

3. RESULTS AND DISSCUSSION 
3.1. Structural properties and structural stability 

In layered LCO cathode material, lithium atoms and 

transition metal are positioned in octahedral positions in 

the evaluated hexagonal structures. There are three unit 

formulas in each cell. The three parallel planes M, O, and 

Li make up the material structure, and each atom is 

arranged into a hexagonal shape. Lithium diffusion is 

aided by this formation. All of the planes are parallel to 

the c-axis, since the c-axis is crucial for our 

considerations. Accordingly, in order to substitute the 

fluoride with oxygen sites there would be three 

symmetric sites denoted as A, B, and C. We calculated 

the substitution of each site and find the energies and 
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forces. The most stable with low amount of forces and 

energies was found in site of C. Figure 1 illustrates the 

structure of LiCoO2-xFx(x=
2

3
) and the mentioned atomic 

sites for fluorine. It is equal to 12.6 %wt of F-doping and 

about 16.6 of atomic percentage. 

 

Figure 1. Schematics of intercalated (unite cell) structures 

of the assessed LiCoO2-xFx cathode materials with 

demonstrated symmetric substitution sites A, B, and C. 

The calculated structures in their lithiated and 

delithiated states, as well as the changes in the parameters 

following Li extraction, are shown in Table 1. By 

noticing the volume cells, it can be concluded that doping 

caused about 4% volume increase which is mostly 

effected by the increasing of c axis. As expected, axis c 

can tolerate the most shrinkage. A stable structure for this 

cathode material during charge/discharge is predicted by 

considering the maximum shrinkage of the cell volume 

after delithiation (structure remains stable in less than 

10% change (M. M. Kalantarian, Asgari, & Mustarelli, 

2013)). According to Table 1, in terms of volume 

shrinkage and subsequently the structural stability, 

fluorine doping not only does not harm the structure but 

also make structure a little more stable.  

TABLE 1. Calculated structural data for delithiated (Delith.) 

and lithiated (Lith.) LiCoO2 and LiCoO2-xFx (per Angstrom), 

structural changes are in percent. In the table x is related column 

value and ∆x/x is equal to (x delithiation – x lithiation)/ x 

lithiation. 

Material  a c Vol. 

LiCoO2 

Lith. 2.85 14.16 99.89 

Delith.. 2.84 13.67 95.58 

Δx/x(%) -0.35 -3.46 -4.31 

LiCoO2-xFx 

Lith. 2.81 15.22 104.04 

Delith. 2.85 14.15 99.83 

Δx/x(%) 1.6 -7.0 -4.0 

3.2.  Cell voltages 
The calculated voltages obtained from two distinct 

approaches, namely internal and Fermi (Haghipour, 

Momeni, Yousefi Mashhour, & Kalantarian, 2022) 

energy, and produced by the GGA and GG+U methods 

are shown in Table 2. The main idea of Fermi energy 

approach is to replace Fermi energy changes with internal 

energy changes. This method considers the change of 

Fermi level during the delithiation process. According to 

the results all approximations and approaches predict that 

LiCoO2 has the higher voltage and LiCoO2-xFx has the 

lower voltage. However, in such a range of cell voltages, 

the lower value is more desirable regarding electrolyte 

voltage tolerance. 

TABLE 2. Obtained reaction voltages (V) calculated in 

GGA/+U methods of the evaluated materials, resulted from 

Fermi and Internal energy approaches.  

Material 

Voltage (V) 

Internal Fermi 

GGA GGA+U GGA GGA+U 

LiCoO2 3.36 3.78 3.53 3.43 

LiCoO2-xFx 3.44 3.66 3.17 3.13 

3.3.  Electrical properties 
By studying calculated DOS diagrams, here, we 

evaluate the Electrical properties, i.e. rate-capability and 

band-gap, of the considered materials. We used two main 

methods for each property to assess the band-gap (BG) 

and the electrical rate-capability of each material. We 

report the BG by using the density of states (DOS) 

diagrams to show the intrinsic (ILBG) and extrinsic 

(ELBG) bands. The electrical rate-capability was 

examined using two approaches called as Delta (M. M. 

Kalantarian, Mashhour, & Barjini, 2020) and CCTB 

(charge carrier transfer in DOS bands) (Yousefi-

Mashhour & Kalantarian, 2021). 

Intrinsic and extrinsic band gap 

By noticing the resulted 3d bands as donor and 

acceptor, we have established that there should be two 

kinds of BG, i.e. intrinsic- and extrinsic-like BG (ELBG 

and ILBG, respectively) (M. Kalantarian & Yousefi 

Mashhour, 2019; M. M. Kalantarian, Mashhour, et al., 

2020; Momeni et al., 2019). The BG depends on the spin 

of each electron, which is a natural property of the 

electron. Therefore, we have to look at the spin-up and -

down of a material separately when we evaluate the BG. 

The lower energy is more desirable, so the lower BG is 

the dominant value (M. M. Kalantarian, Mashhour, et al., 

2020). For each pair of structures of a material, one with 

intercalation and one without, the higher BG value 

determines the electron transfer (M. M. Kalantarian, 

Mashhour, et al., 2020). So, we first compare the spin-

down values of the delithiated and lithiated structures, 
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and we report the higher one as the spin-down BG of the 

pair. 

In Figure 2, ILBG values of the considered materials 

are shown in DOS diagram calculated with GGA. Also, 

resulted ILBGs are given in Table 3. Accordingly, both 

approximations predicted that LCOF has better 

conductivity (lower ILBG) than LCO.  

Evaluation of ELBG is usually more significant than 

ILBG, at least for electrode materials (Hatef Yousefi-

Mashhour, 2023). 

As far as the extrinsic BG (ELBG) was considered as 

the electrical conductivity criterion, according to Table 4, 

both approximations show that LCOF has the superiority 

over LCO and its electrical conductivity is much better. 

This indicates that the F-doping of LCO has significant 

modification on electrical conductivity.  

TABLE 3. Calculated ILBG for the evaluated LCO and LCOF 

materials by GGA/+U approaches. The controlling BG (Ctr.) 

are shown in the right column. 

Method Electrode 
spin-up spin-down 

Ctr. 
int. deint. int. deint. 

GGA 

LiCoO2 8.7 11.6 8.7 9.9 9.9 

LiCoO2-xFx 8.3 5.1 8 7.9 8 

GGA+U 

LiCoO2 6.9 0 8.2 9.5 6.9 

LiCoO2-xFx 4.1 7.3 4.2 6.5 6.5 

TABLE 4. Calculated ELBG for the evaluated materials by 

GGA/+U approaches. The controlling BGs (Ctr.) are shown in 

the right column. 

Method Material 
spin-up spin-down 

Ctr. 
int. deint. int. deint. 

GGA 

LiCoO2 1.2 1.3 1.2 0 1.2 

LiCoO2-xFx 1.2 1 0.4 0 0.4 

GGA+U 

LiCoO2 6.9 0 2.4 1.7 2.4 

LiCoO2-xFx 4.1 7.3 0 0.2 0.2 

Electrical rate-capability 

We used two main approaches to assess each 

material’s electrical rate-capability , which are Delta (M. 

M. Kalantarian, Mashhour, et al., 2020; Momeni et al., 

2019) and CCTB (Yousefi-Mashhour & Kalantarian, 

2021; Yousefi-Mashhour, Namiranian, & Kalantarian, 

2023). The Delta method compares the difference 

between the intrinsic conduction/valence bands of the 

structures with and without intercalation, which are 

called ∆CB/∆VB (M. M. Kalantarian, Mashhour, et al., 

2020; Momeni et al., 2019). This difference indicates the 

rate-capability criterion. We have to consider the spin-up 

and spin-down separately and choose the lowest value 

among the Delta results as the dominant one. The other 

method, called CCTB, which is based on how the charge 

carriers transfer in the density of states (DOS) bands 

(Yousefi-Mashhour & Kalantarian, 2021; Yousefi-

Mashhour et al., 2023). In the both methods, we have to 

align the Fermi level in the structures with and without 

intercalation, which shows the behavior of the 

semiconductor junction. 

Delta approach 

Figure 2 illustrates DOS diagram in view of the Delta 

approach for GGA method for the considered cathodes. 

The resulted Delta values for both calculation methods as 

well as the governing values are shown in Table 5. 

According to the table and making comparison by its 

resulted values between these two electrode materials, 

our calculations show that, as far as intrinsic rate-

capability criterion is considered, both materials are in 

the same range and show suitable rate capability.  

 

Figure 2. DOS diagrams calculated for intercalated and 

deintercalated structures via GGA, spin-up, spin-down of a-

b) LiCoO2, c-d) LiCoO2-xFx. The intrinsic bands are colored. 

ILBG, and ΔCB/VB values are shown in the diagrams. The 

pink and orange colored bands are intrinsic conduction and 

valance bands, respectively. The lower value among delta 

values becomes the governing value of the electrode. The 

Fermi levels set to zero and are aligned for each reacted-

unreacted joint structure. The light and dark colors are for 

spin –up and –down, respectively. 
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TABLE 5. Calculated values of the Delta criterion via GGA, 

per eV. The governing (Gvr.) value is the lowest amount in each 

row.   

Method Material 
∆CB ∆VB Gvr. 

up dn up dn  

GGA 
LiCoO2 2.2 2.5 0.7 1.3 0.7 

LiCoO2-xFx 5.2 0.9 2 1 0.9 

 

Figure 3. Calculated DOS diagrams via GGA+U for the 

deintercalated and intercalated structures spin –up and spin-

down of a-b) LiCoO2, c-d) LiCoO2-xFx. Path of the electron-

hole and electron transfer is shown by black and gray arrow, 

respectively. The generated bands by 3d-Co orbitals are 

assumed as acceptor/donor bands. The pink and orange 

colored bands are intrinsic conduction and valance bands, 

respectively. The lower value among delta values becomes 

the governing value of structure. The Fermi levels set to zero 

and are aligned for each reacted-unreacted joint structure. 

CCTB values are denoted as Eel and Eh for electron and 

electron-hole energy, respectively. The light and dark colors 

are for spin –up and –down, respectively. 

Charge carrier transfer in DOS bands (CCTB)  

Details of the CCTB approach were explained in Ref. 

(Yousefi-Mashhour & Kalantarian, 2021). However, 

here, we explain one case study to recall the concept. 

Figure 3 displays the DOS diagrams of the studied 

cathodes computed by the GGA+U method with spin 

polarization up and down.  

Unlike the Delta approach (M. M. Kalantarian, Hafizi 

Barjini, & Momeni, 2020; M. M. Kalantarian, Mashhour, 

et al., 2020; Momeni et al., 2019), we use the extrinsic-

like bands (ELBs) for CCTB. Therefore, obviously, 

GGA+U should be more trustworthy. The transfer paths 

for the electron and electron-hole are indicated in Figure 

3 by the black and gray dash-line arrows, respectively. 

We can explain the CCTB idea with an example. 

Figure 3c shows the junction between the structures with 

and without intercalation (reacted and unreacted) for the 

spin-up LCOF cathode material, which we calculated 

using GGA+U. An electron from the valence band of the 

unreacted structure, COF, can cross the junction and 

conduct only if the two structures have overlapping 

electron states in DOS. The electron needs an energy of 

7.3 eV to overcome the barrier. However, if we look at 

Figure 3b, we can see that both structures have 

overlapped 3d bands that can help the electron to conduct 

easily. Therefore, the electron only needs 2.2 eV to 

overcome the gap barrier and participate in conduction. 

As for the electron-hole transfer, we can see from 

Figure 3b that when an electron has an energy of 2.4 eV. 

It goes to the conduction band of the intercalated 

structure and leaves an electron-hole in the valence band. 

The electron-hole can then move to the valence band of 

the unreacted structure because these two bands have an 

overlap. For having a better explanation and information 

please see Ref. (Yousefi Mashhour & Kalantarian, 2021). 

The method gives four values to each electrode, 

where two of them show how an electron (spin-up and -

down) and the other two show how an electron-hole 

(spin-up and -down) can transfer through junctions. The 

lowest number is the governing one in this method, 

because a lower barrier is better. The governing numbers 

are used to compare the electrodes and see how good they 

are for the rate-capability. Table 6 shows all and 

dominant numbers of CCTB method for the electrodes 

that we studied from the DOS diagrams (Figure 3). In the 

table, Eh is the energy that is required to transfer an 

electron-hole, and Eel is the energy that is required to 

transfer an electron from an unreacted to a reacted 

structure. The lowest energy among the Eel/Eh spin-

up/down is the criterion value. 

According to Table 6, CCTB approach predicted that 

LCOF has the superiority over LCO and it has much 

higher rate-capability. Generally, as far as considering 

the CCTB approach, it can be concluded that 12.6% 

dopant of fluorine can remarkably improve the electrical 

rate capability of LCO cathode material.  

TABLE 6. The calculated required energy values for 

transferring holes (Eh) and electrons (Eel) crossways 

deintercalated-intercalated junction, gained from DOS 

diagrams (Figure 3) by different methods for the considered 

case studies. The values are in eV unit. The lowest value in each 

row is the criterion value (C.V) (underlined). Also, the major 

charge carriers (MCC) are shown in the right column. 

Method Material 
Spin-up Spin-down 

C.V/MCC 
Eel Eh Eel Eh 

GGA+U 
LiCoO2 8.8 6.9 2.1 2.4 2.1 / el 

LiCoO2-xFx 7.3 4.1 0.2 0.2 0.2 / el-h 
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4. CONCLUSION 
In this work, we studied the structural, electrical, and 

electrochemical properties of LiCoO2 and LiCoO2-xFx 

cathode materials for LIBs using DFT. We found that 

fluorine-doping can improve the performance and 

stability of LiCoO2 in several aspects. 

It was revealed that fluorine-doping can improve the 

structural stability of LiCoO2 by reducing the volume 

shrinkage after delithiation. We also found that the most 

stable fluorine substitution site was C, which is the 

farthest from the lithium layer. 

It was shown that fluorine doping can decrease the 

cell voltage of LiCoO2 by lowering the Fermi level and 

the internal energy. We calculated the cell voltages using 

two different approaches, namely internal and Fermi 

energy, and two different methods, namely GGA and 

GGA+U. We obtained consistent results that LiCoO2-xFx 

had a lower voltage than LiCoO2. This makes it more 

desirable regarding electrolyte tolerance to have a better 

lifetime of cell. 

Evaluations showed that fluorine doping can improve 

the electrical properties of LiCoO2 by reducing the band 

gap and the charge carrier transfer barrier (CCTB). We 

assessed the band gap and the electrical rate-capability 

using two main methods, namely intrinsic and extrinsic 

band gap, and Delta and CCTB approaches. We showed 

that LiCoO2-xFx has a lower band gap and a lower CCTB 

than LiCoO2, which indicates a better electrical 

conductivity and rate-capability. 

In conclusion, we demonstrated that fluorine doping 

can be an effective strategy to modify and optimize the 

stability and performance of LiCoO2 cathode materials 

for LIBs. We also provided a comprehensive analysis of 

the electrochemical, electrical, and structural properties 

of LiCoO2 and LiCoO2-xFx, using DFT. We hope that our 

study can provide useful insights and guidance for the 

development and design of novel cathode materials for 

LIBs. 
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 Given the strategic importance of pure titanium in sensitive industries, such as healthcare, and the existing 

weaknesses in the mechanical and physical properties of this metal, the present study aims to investigate 
the enhancement of its mechanical properties through the composite fabrication of pure titanium with 

Reduced Graphene Oxide (RGO) nanoparticles based on Spark Plasma Sintering (SPS) method. During 

the fabrication process, the mechanical properties of the samples were evaluated and compared using 
specialized tests. Composite fabrication is one of the effective and common methods for improving the 

material properties. As demonstrated in the results obtained in this study, the SPS method can be proposed 

as a reliable method for producing high-quality composites. Further evaluation of the mechanical properties 
of the samples reinforced with RGO indicates that the optimal presence of this reinforcement significantly 

enhances the mechanical properties compared to those of the pure samples. Moreover, the analysis of the 

behavior of the produced samples during the sintering process indicates a significant increase in the force 
and pressure in samples containing reduced graphene oxide, with no observed significant changes in 

displacement and temperature. 
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1. INTRODUCTION 
As cases of tooth loss due to accidents continue to 

increase and population aging becomes a global issue, the 

demand for dental implant surgery is rising annually 

worldwide (Barootchi, S et al., 2020). To meet the rigid 

biological and mechanical requirements, dental implants 

must possess high strength, good corrosion resistance, 

and excellent biocompatibility. A variety of implant 

materials have been designed over the past decades, 

ranging from precious metals (Au, Pt, etc.) to stainless 

steel, CoCr alloys and titanium alloys, etc. Due to their 

relatively high strength, low density, low elastic 
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modulus, and high corrosion resistance, titanium and its 

alloy have become popular dental implant materials 

among all metals (Pałka, K et al., 2018). To date, Ti and 

Ti alloys have been widely applied in dental implants. 

However, most of these implants rely on commercial 

pure Ti (cp-Ti), whose low strength (300 MPa) has 

greatly restricted its reliability in load-bearing implants 

such as dental screw etc., despite of its excellent 

biocompatibility and corrosion resistance (Niu, J et al., 

2021).  Some specific reinforcing particles such as TiB 

(Zhou, Z et al., 2023), TiC (Wang, J et al., 2024), SiC 

(Wang, L et al., 2024), ZrO2 (Dwivedi, S et al., 2024), 

Al2O3 (Kaykilarli, C et al., 2024), and Y2O3 (Barootchi, 

S et al., 2020)have been introduced to improve the 

mechanical properties of titanium-based composites 

using different manufacturing technologies. Graphene 

and its allotropes are one of these materials. This valuable 

material, first synthesized by Andre Geim and Konstantin 

Novoselov in 2004 (Novoselov, K et al., 2004), can be 

used as a suitable reinforcement for composite materials 

due to its unique properties such as electrical (Schedin, F 

et al., 2007) , thermal properties (Balandin, A et al., 2008) 

, and tensile strength of 130 GPa (Lee, C  et al., 2008) . 

In recent years, significant achievements have been made 

regarding the factors affecting the mechanical properties 

of titanium (Cao, H et al., 2020) , copper (Dong, L et al., 

2017) , aluminum (Khodabakhshi, F et al., 2017) , and 

magnesium (Khodabakhshi, F et al., 2017)  composites. 

Hang et al. (Cao, H et al., 2020) employed the same 

method and process of rolling during heat treatment to 

produce graphene-reinforced titanium composites and 

reported that increasing the sintering temperature from 

600 to 900 CO increases the density of composites from 

84 up to 98 percent. In addition, the optimal solid-phase 

reaction temperature under the optimum spark plasma 

sintering parameters was 850 C0, and the tensile strength 

could reach 1206 MPa for composites with a weight 

percentage of 0.3 after annealing and rolling at room 

temperature. Dong et al. (Dong, L. L et al., 2018)  

fabricated titanium-based composites with 0.6 wt% RGO 

using the spark plasma sintering method at temperatures 

ranging from 800 to 1100 CO and studied the effects of 

sintering temperature on the microstructural changes and 

mechanical properties of the composites. They showed 

that the density of composites was improved upon 

increasing the sintering temperature. The optimal 

sintering temperature with a 5-minute duration under a 

pressure of 45 MPa was 1000 CO, which created a good 

connection between the RGO reinforcement and the 

titanium matrix. Currently, skeletal bone diseases and 

related injuries have become more prevalent worldwide. 

Assessments have shown that over 50% of women and 

20% of men over the age of 50 experience bone fractures 

during their remaining lifetime. Such bone defects may 

require surgery for complete knee and hip replacements 

or temporary and permanent implantation of 

components. This had led many researchers to pursue the 

development of a biological material that could mimic 

real bone properties such as flexibility and strength for 

repetitive use. Weihong Jin et al. (Jin, W et al., 

2017)observed that medical materials cannot withstand 

loads in biological processes. Viktor Baltrus et al. 

referred to the significant role of these biological 

materials in the biological replacement of reconstructed 

alveolar bone insofar as some metals are now widely 

recognized as substitutes for natural bones. Over time, 

metallic materials lose their properties and fail to 

withstand pressure loads, thus making them susceptible 

to fractures. Additionally, metallic structures tend to 

weaken over time, leading to unintended effects such as 

toxicity and undesirable reactions. In the past two 

decades, implants for biomedical applications have 

undergone rapid and remarkable advancements. 

Titanium, due to the formation of a stable inert layer of 

titanium oxide on its surface, has superior 

biocompatibility compared to other metallic materials. 

With its low elastic modulus, lightweight, and reduced 

artifact production in computer tomography and 

magnetic resonance imaging compared to other metals, it 

has gained more popularity in the orthopedic field. 

Although Ti-6Al-4V is the most widely used titanium 

alloy for surgeries, despite its excellent performance and 

corrosion resistance, a high concentration of metal ions 

has been identified in the tissues surrounding the 

implants, questioning the long-term safety of the 

biological applications of this alloy. An alternative 

approach to overcoming the problem of harmful ion 

release is the application of pure titanium. However, the 

mechanical properties of commercial pure titanium are 

not as good as those of Ti64 alloy. In 2021, in one of the 

most interesting recent studies on graphene oxide-

reinforced titanium-based composites, Sedehi et al. 

(Sedehi, S. M. R et al., 2021) successfully enhanced the 

mechanical properties and biocompatibility of 

commercial pure titanium through a combination of 

spark plasma sintering composite fabrication and severe 

plastic deformation methods. Despite the fact that 

relatively limited information is available on the effect of 

reduced graphene oxide presence on the behavior of 

titanium-based composites during spark plasma 

sintering, it has been established that the presence of this 

type of nanoparticles significantly contributes to the 

enhancement of composite properties. This research 

primarily aims to investigate these behaviors in titanium-

based composites reinforced with different percentages 

of RGO during spark plasma sintering. 

2. MATERIALS AND METHODS 

The reduced graphene oxide was prepared from Nano 

part Aseman Company in Gonabad County. Spherical 

pure titanium powder, with the features given in Table 1, 

was also used as the primary material in this study. To 



24 S. M. Sedehi et. al. / Advanced Ceramics Progress: Vol. 9, No. 4, (Autumn 2023) 22-31  
 

achieve an optimal and uniform composite structure, the 

following four stages were followed based on powder 

metallurgy principles: a) Initially, RGO nanosheets with 

the weight percentages of 0.05% and 0.1% were added to 

pure ethanol and sonicated until a dark and homogeneous 

solution was obtained. This physical property indicates 

that RGO is fully dispersed in ethanol . b) Pure titanium 

powder was also mixed with ethanol and vigorously 

stirred at room temperature. Then, both solutions were 

mixed for 30 min to achieve a homogeneous slurry. c) 

The mixed slurry was completely dried using a vacuum 

furnace and then ball-milled under argon gas protection 

for 5 h at the speed of 350 rpm with a powder-to-ball ratio 

of 1:10 (zirconia balls). d) The prepared powders in the 

previous stages were loaded into graphite molds with an 

inner diameter of 25 mm and a height of 50 mm and then, 

they were subjected to spark plasma sintering at the 

temperature of 900 Co and pressure of 45 MPa. The 

displacement rate during the sintering process is 

described as follws (Sugita, T et al., 1970): 

ε =  
𝑑𝜀

𝑑𝑡 
= 𝐴 

𝜑𝜇𝑏

𝐾𝑇
  (

𝑏

𝐺
)

𝑝

 (
𝜎

𝜇
)

𝑛

                                                 (1) 

where ε is the displacement rate, t the time (sec), A 

the constant coefficient, φ the diffusion coefficient, μ the 

shear modulus, b the Burgers vector, K the Boltzmann 

constant (1.38 × 10-23 j/K), T the sintering temperature 

(Kelvin), G the grain size (nm), σ the microscopic stress 

(MPa), P the grain growth rate, and n the effective stress. 

Generally, material displacement during spark plasma 

sintering process is directly proportional to the sintering 

time at high temperatures. In this regard, the kinetic 

equation of the process can be written as (Ting, C et al., 

1999) : 

1

𝐷
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where D denotes the relative density percentage, B a 

constant coefficient, σ the instantaneous compressive 

stress (MPa), and μeff the instantaneous shear stress 

(MPa). As described by Ashbi (Chaim, R et al., 2010) , 

the applied pressure is determined based on Formula 3: 

𝜎𝑒𝑓𝑓 =  
1 − 𝐷

(𝐷 − 𝐷0)𝐷2  𝜎𝑚𝑎𝑐                                                           (3) 

where σ mac = 45 MPa and D0 represent the initial 

relative density (40%). The Young's modulus of the 

porous material can also be calculated through the 

following equation [23]: 

𝐸𝑒𝑓𝑓

𝐸𝑡ℎ
= 1 − 

𝑃

𝑃0
                                                                               (4) 

where Eeff represent the effective Young's modulus 

(GPa), Eth the Young's modulus of the compacted 

material (gigapascals), p = 1-D the actual porosity, and 

P0 = 1-D0 the initial porosity (percentage). Here, μeff can 

be expressed using Equation 5 (Dong, L. L et al., 2018): 

𝜇𝑒𝑓𝑓 =  
𝐸𝑒𝑓𝑓

2(1 − 𝑉𝑒𝑓𝑓)
                                                                   (5) 

The kinetic equations of the spark plasma sintering 

process can also be expressed as follows [23] : 

1
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Ln (
 1

𝜇𝑒𝑓𝑓

1

𝐷

𝑑𝐷

𝑑𝑡
 ) = 𝑛 ln (

𝜎𝑒𝑓𝑓

𝜇𝑒𝑓𝑓
) + 𝐾1                                             (7) 

where K is the constant coefficient, R the gas constant 

(8.314 J/(mol.K)), and Qd the activation energy for 

surface diffusion (joules). Therefore, the above equation 

can be rewritten as Y = nX + K1. Based on the results 

from the previous research studies [5] as well as the 

equations provided, the optimal sintering temperature for 

titanium is chosen to be between 900 to 1000 Co. In the 

following, for more convenience, the experimental 

samples are labeled as follows: pure sintered sample, 

sintered sample containing 0.5% weight fraction RGO, 

and sintered sample containing 1.0% weight fraction 

RGO. The experimental procedures are illustrated in 

Fig.1. 

TABLE 1.  Specifications of RGO powder 

Ash 
(%) 

Volatile 
(%) 

True 
density 

)3(g/cm 

Aver. 
part. size 

(lm) 

Purity 
(%) 

0/05 0/67 2/23 4/81 99/28 

TABLE 2. Specifications of the Ti powder used 
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Element Weight% Atomic% 

C K 28.35 44.36 

O K 34.14 40.10 

S K 6.51 3.82 

Ti K 23.04 9.04 

Fe K 7.96 2.68 

Totals 100.00  

 
Figure 1. a) Schematic of the fabrication cycle, b, c) SEM images of the produced composite and RGO . 

Characterization 
To further investigate the existing phases and 

determine the presence and nature of RGO in the 

composite, X-Ray Diffraction (XRD) was conducted 

using an Explorer device manufactured by GNR Italy. In 

addition, to examine the morphological changes of the 

initial powders and produced samples, a Field Emission 

Scanning Electron Microscope (SEM) model MIRA3 

from TESCAN, Czech Republic, with a resolution 

capability down to 1.5 nm at 15 kilovolts voltage, was 

employed. Further, the hardness of the samples was 

measured using a Vickers hardness tester model 

KOOPA-UV1 under a load of 30 kg at the dwell time of 

10 sec. To obtain the average value, at least 3 repetitions 

of the hardness test were performed for each sample, and 

the Vickers microhardness value was calculated using the 

following equation : 

HV =   1/8544 
𝑃

𝑑2 

The tensile test was also conducted using an MTS810 

testing machine at the speed of 1 mm/min at room 

temperature (ASTM E8M/E8-16a). 

3. Results and discussion 

Hardness 

Incorporation of RGO into titanium matrix 

composites and application of  Spark Plasma Sintering 

(SPS) can significantly enhance the hardness of these 

materials. RGO, with its two-dimensional structure and 

strong carbon-carbon bonds, acts as an excellent 

reinforcing material. When RGO is incorporated into the 

titanium matrix, its sheets are uniformly distributed that 

prevents dislocation motion and crack propagation, 

thereby increasing the overall hardness of the composite. 

The strong bonds formed between RGO and titanium 

particles also facilitate effective load transfer. The SPS 

method, due to its short processing time and relatively 

low temperatures, ensures uniform distribution of RGO 

and reduces the likelihood of defect and internal void 

formation. This method employs rapid electrical pulses 

to compress and sinter the powders at lower 

temperatures, compared to traditional methods, reducing 

the grain growth, maintaining fine grain sizes, and 

ultimately contributing to enhanced hardness. Such 

enhanced hardness of titanium composites resulting from 

addition of RGO and implementation of the SPS method 

can have a significant impact on improving the 

mechanical properties of the medical implants. Titanium 

implants are widely used in the medical field due to their 

excellent mechanical properties and biocompatibility, yet 

there is a need to improve their hardness and wear 
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resistance to increase their longevity and performance. 

Incorporating RGO into the titanium composites not only 

enhances the hardness but also improves the fatigue and 

wear resistance of the implants. Owing to these features, 

the RGO-reinforced titanium implants become more 

durable and exhibit a better performance in the body, 

which is particularly of high importance in orthopedic 

and dental applications. The results of Vickers 

microhardness tests on the specimens at various stages 

are shown in Fig.2 . 

 

Figure 2. Hardness results 

XRD 
The figure below shows the X-Ray Diffraction 

(XRD) spectrum under the conditions of V=40 kV, 

Current=30 mA, and Detector type: Dectris. Evidently, 

titanium (Ti) and titanium carbide (TiC) phases are the 

main phases in the composite, whose peaks correspond 

to pure titanium powder serving as a reference; hence, the 

peak at 40 degrees is considered the strongest peak 

present in titanium. Additionally, weaker peaks are 

identified at the angles 34, 38, 53, 63, 71, 77, and 78 

degrees. The Ti phase alone can only be observed in the 

pure titanium sample. The weak peak labeled (002) at an 

angle of 5.26° is attributed to the reduced graphene oxide. 

This peak is exclusive to components containing RGO. 

Changes in the intensity and position of the peaks are also 

observed in subsequent stages of the experiment, with the 

most significant peaks attributed to TiC at 43 degrees 

during the sintering stage. As a result of using a graphite 

mold and carbon infiltration, the formation of the TiC 

phase is observed in both pure and RGO-containing 

samples. The intensity of the TiC phase increases with an 

increase in the sintering time and temperature, which has 

been reported in previous studies when the sintering 

temperature exceeds 800 CO [19]. The standard Gibbs 

free energy (ΔG) of TiC formation from the reaction 

between Ti and carbon can be expressed as (Sedehi, S. 

M. R et al., 2021)  : 

△G = -184571.8 + 41.382T  -5.042TlnT + 2.425 × 10-3T2 - 

9.79 × 105/T (T＜1939 K)  

where ΔG represents the Gibbs free energy in 

kilojoules per mole, and T the reaction temperature in 

Kelvin. Given the sintering temperature of 900 CO in this 

study, it can be concluded that TiC particles were formed 

during the spark plasma sintering process, as shown 

below (Sedehi, S. M. R et al., 2021) : 

△G = -184571.8 + 41.382(1173.15)-

5.042(1173.15)ln(1173.15)+ 2.425 × 10-3(1173.15)2 - 9.79 × 

105/(1173.15) = -175325.641 

Therefore, all processes proved to be ideally 

controlled in terms of phase control, hence successful. To 

provide further details on carbon atom diffusion within 

the composite, the depth profile of carbon penetration is 

shown in Fig. 3. As evident in this figure, at point 6, 

which is close to the surface, the carbon content was 

approximately 19.62% by weight that decreased towards 

the center of the sample. In this regard, the carbon content 

at point 5 was found to be approximately 5.5% by weight. 

As mentioned earlier, the carbon content may increase as 

a result of the formation of the TiC phase. The formation 

of the TiC (titanium carbide) phase in the titanium-based 

composites can significantly impact the mechanical 

properties and performance of medical implants. TiC, 

known for its high hardness, wear resistance, and 

chemical stability, acts as a reinforcing phase within the 

titanium matrix. Adding TiC to titanium can enhance the 

hardness and wear resistance of the medical implants, 

thereby improving their longevity and performance, 

since implants are prone to severe mechanical forces and 

wear within the body.   Additionally, the TiC phase, due 

to its integration with the titanium matrix, can improve 

the thermal properties of implants and reduce their 

thermal expansion, which is crucial under the varying 

environmental conditions within the body. Although the 

presence of this phase has not been specifically and fully 

validated for medical applications, it has gained 

significance through research on in vivo implants, hence 

considered a safe material for this field  (Gonçalves, V. R. 

M et al., 2024) . Further, higher degrees of hardness and 

wear-resistance of the TiC surface decrease the amount 

of wear particles released from the implant surface, 

which in turn leads to inflammatory responses and long-

term complications within the body. Consequently, the 

formation of the TiC phase in the titanium-based 

implants can significantly enhance their mechanical and 

biological performance, increasing their lifespan and 

efficacy in medical applications.
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Figure 3. XRD Results and Carbon Penetration in the Composite after SPS Process 

Tensile strength 
Fig.4 presents the results of the tensile strength for 

Ti/RGO composite at different percentages of RGO, 

compared to the pure sample. As expected, compared to 

the pure sample, the samples containing graphene in the 

plasma sintering stage showed an optimal increase in 

their strength, indicating uniform distribution of the 

reinforcement particles. However, in the third sample 

with the highest amount of RGO, a suitable bond between 

titanium particles and RGO nanoparticles has not been 

established, hence a decrease in strength compared to the 

second sample. At this stage, the tensile strengths of the 

samples are recorded as 670.19, 824.71, and 821.42 MPa, 

respectively, and the yield strengths are calculated as 

660, 800, and 780 MPa, respectively. According to the 

obtained results, compared to the pure sample, the tensile 

and yield strength values showed a significantly optimal 

growth upon increasing weight percentage of RGO. 
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Additionally, in Figure 5a-b, fractography images of the 

fracture surfaces of the tensile test specimens are 

displayed, indicating that the fracture surface of the pure 

sample has broader cracks than those in the sample 

containing RGO, hence the smaller crack widths. This 

factor could serve as evidence for the increased tensile 

strength of the reinforced samples. The fractographic 

analysis of the Ti/RGO composite indicates that the 

presence of the RGO nanoparticles significantly impacts 

the mechanical behavior and fracture characteristics of 

the material. Firstly, RGO ensures uniform stress 

distribution within the titanium matrix, preventing stress 

concentration at specific points and thereby reducing 

crack width. Secondly, these nanoparticles form stronger 

bonds between titanium particles, inhibiting rapid crack 

propagation. Additionally, RGO acts as a physical barrier 

along the crack propagation path, deflecting and slowing 

down crack growth, which further reduces crack width. 

Finally, the presence of RGO enhances energy absorption 

during fracture, leading to finer cracks with smaller 

widths. Collectively, these factors contribute to improved 

mechanical behavior, increased tensile strength, and 

enhanced fracture resistance of the Ti/RGO composite 

compared to the pure sample. 

For instance, in knee implants requiring high 

resistance to mechanical pressures and tensile strength, 

the presence of smaller and finer cracks in RGO-

containing samples can promote more uniform stress 

distribution within the titanium matrix, mitigating stress 

concentrations at specific points. This property may 

reduce susceptibility to failure and enhance the lifespan 

of knee implants.  Similarly, in dental implants where 

seamless integration with surrounding natural tissues is 

crucial, the presence of fewer and finer cracks in RGO-

containing samples can potentially reduce bacterial 

invasion risks and maintain surface integrity. Overall, 

these analyses demonstrate that inclusion of RGO 

nanoparticles can improve the mechanical behavior and 

fracture resistance of Ti/RGO implants compared to pure 

titanium samples. 

 

Figure 4. Tensile Test Results and Fractography Images a) Pure Sample b) Sample Containing RGO  

 

 

 
 

Analysis of the Behavior of Produced Samples Based 

on the Output Variables of the SPS Device during the 

Fabrication Process 

In previous research with a main focus on the 

implementation of spark plasma sintering for composite 

fabrication, little attention has been paid to the outputs of 

the device as well as the behavior of the produced 

composites during the process. Given the high 

importance of analyzing the behavior of RGO-reinforced 

composites, this study focused on the behavior of the 

pure and RGO-reinforced samples at different 

percentages of RGO during the process, yielding 
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interesting results. Fig.5 illustrates the displacement, 

force, pressure, and temperature of the three produced 

samples in this study: the first sample was pure titanium, 

and the next two samples contained RGO with different 

percentages. As observed in this figure, no significant 

changes were observed in the displacement parameter for 

the three produced samples. However, in terms of force 

and pressure, it is quite evident that while the pure 

titanium sample undergoes a descending trend during the 

process, the other two samples containing RGO possess 

an optimum level of force and pressure during the 

process. To be specific, the force imposed on the pure 

titanium sample reached its minimum level of 1450 N, 

while that on the second and third samples reached 1850 

and 1780 N, respectively. Similarly, the minimum 

pressure before loading completion for the three samples 

was 29, 37, and 36 MPa, respectively, indicating the 

significance of analyzing the output parameters of the 

behavior of the produced composite with the SPS 

method . The temperature variable was also recorded 

continuously during the process using sensors embedded 

in the device and mold. However, no significant changes 

were observed in temperature for these three samples 

throughout the process. In summary, the output results 

from the device regarding the analysis of the behavior of 

the produced samples show that the recorded force and 

pressure are consistent with the results from the tensile 

test. It can be concluded that although the presence of 

RGO increases the force and pressure imposed on the 

mold during the process, the good connection between 

the matrix and reinforcement achieved after sintering has 

also increased the tensile strength and yield strength of 

the samples. 

 

Figure 5. Behavior of different produced samples using output variables during the SPS process 

Conclusions 

Composite synthesis method is a common and 

effective method for enhancing various properties. In this 

study, titanium samples reinforced with reduced 

graphene oxide nanoparticles were fabricated using spark 

plasma sintering method at the temperature of 900 Co, 

pressure of 45 MPa, and time of 6 min. The effect of 

RGO presence on the mechanical properties and behavior 

of the samples during the sintering process was 

investigated, and the following conclusions were drawn  

1.  Based on the summary of the research results, 

Spark Plasma Sintering (SPS) method was proposed 

introduced as a reliable technique for producing high-

quality composites. However, due to the sensitivity of the 

method to phase formation, it may adversely affect the 

quality of produced components, especially in certain 

medical applications. Additionally, unlike conventional 

manufacturing processes, the SPS method had some 

limitations in the size and complexity of parts it 

produced. Considering these advantages and 

disadvantages, application of SPS for titanium 

component production for medical applications required 

precise evaluation and thorough understanding of the 

properties and requirements of the intended products to 

achieve the optimal outcomes and efficiency . 
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2.  The formation of the TiC (titanium carbide) 

phase in titanium-based composites could significantly 

affect the mechanical properties and performance of 

medical implants due to its high hardness, wear 

resistance, and chemical stability. Additionally, once 

integrated with the titanium matrix, the TiC phase 

enhanced the thermal properties of implants and reduced 

their thermal expansion, which is crucial under the 

variable environmental conditions within the body. 

3.  The results of the mechanical properties of 

RGO-reinforced samples indicated that although the 

presence of this reinforcement increases the mechanical 

properties compared to the pure sample, a diminishing 

return trend was observed among the samples with 

different RGO concentrations . 

4.  The analysis of the behavior of the produced 

samples during the sintering process, conducted using 

precise sensors installed in the device and mold, indicates 

that in samples containing RGO, the force and pressure 

increase significantly and maintain a relatively constant 

level, whereas in the pure sample, a noticeable 

descending trend is experienced.  

5.  Regarding the output values of the samples' 

behavior during the process, displacement and 

temperature did not show specific sensitivity to the 

presence of graphene, and all three samples exhibited 

similar behavior . 
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The production of ceramic floor tiles requires experimentation to achieve acceptable quality and ensure the 

successful application of the final product. The strength of ceramic floor tiles depends on various 
parameters, some of which are controllable, while others are beyond the control of production processes. 

The design of experiments (DOE) is a cost-effective and efficient method for evaluating the production 

process through controllable variables. However, poorly designed experiments can lead to incorrect results, 
causing significant costs and waste. In this paper, we investigate the effects of pressure, firing temperature, 

and firing time on the strength and quality of ceramic floor tiles using the DOE methodology. The samples 

were tested for compressive strength following Iran's national standards. Optimal conditions were 
determined using a model and compared with results obtained from Minitab software. The final results 

show that the optimal compressive strength derived from Minitab's experimental design is 331 MPa, with 

parameters of 200 N pressure, 1120°C temperature, 48 minutes, and a 0.02 mesh size. In contrast, GAMS 
software produced an optimal compressive strength of 338 MPa under conditions of 200 N pressure, 

1150°C temperature, 48 minutes, and 0.02 mesh size. The 8 MPa difference is attributed to rounding and 

the specialized analytical capabilities of both GAMS and Minitab. 
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1. INTRODUCTION 

Quality is a concept that has been important to 

humans since ancient times. Quality is a term that has 

different meanings and concepts. According to ISO 

(2005), it refers to the personal characteristics of products 

that meet customers' needs. The British Standards 

Organization (1991) defined product and service quality 

as the use of high-quality materials, high performance, 

and the highest reliability to meet customer satisfaction 

and needs. Hatoush (1997) defines quality as a set of 

characteristics in products or services that meet specific 

requirements. Barrett (2000) observes that quality in 

manufacturing can satisfy a broad array of stakeholders. 

Additionally, Sanvido et al. (1992) emphasize that 

quality manufacturing projects, when successfully 

implemented, can lead to customer satisfaction and meet 

their expectations. Improving quality and efficiency is 

integral to the design cycle as well as to product and 

process development.  
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Employing the design of experiments (DOE) method 

early in new product development cycles, as well as in 

improving existing products and optimizing 

manufacturing processes, is crucial for achieving product 

success. DOE, or Design of Experiments, has been 

recognized as a method for quality improvement since 

the late 19th century, gaining prominence as a 

competitive advantage in Japan and Western countries 

around 1990. DOE helps identify critical variables 

influencing product characteristics, systematically 

modifies controllable input parameters, and impacts the 

final product features. This statistical approach 

significantly reduces variations in quality characteristics 

and determines optimal levels for controllable variables 

to enhance process performance. Frequently employed in 

the preliminary stages of production as a quality control 

method, DOE is particularly valuable in industries like 

ceramic floor tile manufacturing, where achieving 

customer satisfaction and meeting specific needs are 

crucial. Thus, conducting foundational experiments is 

essential to ensure the quality and successful application 

of ceramic floor tile products.  

The strength of ceramic floor tile products depends 

on several parameters, some of which are controllable 

and some of which are beyond production control. When 

the effectiveness of controllable variables on strength is 

measured, it can play an important role in improving the 

quality of ceramic floor tile end products and ultimately 

customer satisfaction. Overall, the main tile 

manufacturing process includes the following steps: 

• Homogenization and grinding of primary 

materials 

• Drying of slurries and production of granules 

• Shaping by pressing 

• Drying 

• Application of slipware and glaze 

• Printing of the pattern on the tile 

• Firing of the products 

In each production step, there are controllable 

variables that can affect the quality of the final product. 

In addition, there are various tests at the end that ensure 

product quality. Compressive strength testing is one of 

the tests that ensure the quality of the final product in this 

industry. In brittle materials, fracture occurs at maximum 

load, so tensile strength and breaking strength are 

combined. In very brittle materials, which include most 

ceramics, yield, tensile, and fracture stress are united. 

The bending test is an experiment in which a piece of 

ceramic (see Figure 1) is loaded at three points. The 

center shaft on the ceramic is a loading jaw, and the other 

two shafts on the sides are support bearings. In this test, 

the standard bending test is set at 300 for floor tiles and 

115 for wall tiles.  

 

Figure 1. Bending test experiment 

In the current article, we propose an innovative 

approach to examining the compressive strength of tiles 

in a new environment. This research utilizes a 

mathematical model tailored to this new environment and 

its corresponding parameters. Ultimately, the optimal 

value under the conditions of this new environment was 

obtained using GAMS software. The experimental 

design was also conducted using Minitab software, and 

its results were compared with the outcomes obtained 

from GAMS. The methodology employed in this 

research contributes to enhancing the accuracy and 

efficiency in evaluating the compressive strength of tiles 

in the studied environment.  

The remainder of this paper is organized as follows: 

Section 2 provides a literature review of related studies. 

Section 3 outlines the objectives and assumptions of this 

study. Section 4 describes the research methodology. 

Section 5 presents the experimental results and 

discussion. Finally, Section 6 concludes the study. 

2. Literature Review 

Porcelain tiles are prepared from kaolin, silica sand, 

feldspar, clay raw materials, and various additives. 

Ceramic powders are calcined at different temperatures 

after grinding, drying, and sieving. After the powders are 

formed and dried, they are sintered at different 

temperatures. Firing shrinkage (FS), water absorption 

(WA), and three-point flexure tests of the samples are 

compared (Durgun & Abalı, 2022). As mentioned earlier, 

the quality of the final tile and ceramic products is 

affected by controllable and non-controllable variables at 

different levels of manufacturing. Since the non-

controllable variables are outside our scope of 

monitoring and control, we focus mainly on the 

controllable variables. Soil meshing is a measure used to 

sort soil grains. Soils are graded according to the obtained 

results from meshes or different sizes of their grains. Soil 

meshing is an important part of soil mechanics, 

especially in foundation engineering, because the size of 

soil grains explicitly affects the behavior and properties 

of soil, such as shear stress, compressibility, and 

permeability (Jordán et al., 2009). The powder used for 

the production of body cookies has a specific formula and 

consistent moisture content, which is obtained from the 

spray dryer and formed by the powder pressing process 

at defined pressures. Evaluations of the body properties 
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show that the powder sizes in the finished body and the 

amount of pressing pressure have a significant effect on 

the strength of the tile (ASTM, 2009). We describe that 

the powder particles displace and move during the 

formation of the tile body due to compressive forces, 

which are important parameters for the compressibility of 

the tile body. The increase in particle distribution in a 

cookie is accompanied by a decrease in porosity and is an 

important variable for increasing flexural strength. Hao 

(1999) studied the effect of hydraulic device pressure on 

the compressibility of the cookie body in the molding 

area and also the effect on the strength of the final product 

based on finite element analysis. Jiang Ing (2001) also 

described the effect of the compression area on the 

improvement of product quality based on the standards 

available in this industry. In the articles published in the 

field of pressing range, the standard pressure is set at a 

maximum of 250 bar (Croseck & Jung, 1982; Silva et al., 

2014; Thiers et al., 2018). 

In addition to the controllable variables mentioned 

above, there are others that can affect the quality of the 

final product. Ceramic parts have low strength after 

drying and can be crushed with a minimum of force or 

turned into clay by reabsorption of water and destruction. 

To increase the strength of the body, the parts must be 

fired. The firing of ceramics is done in a kiln, for which 

there are different models, but usually, a roller kiln is 

used because it has the necessary flexibility for short 

cycles, in which, due to the action of heat, clean particles 

combine and increase the strength of the part. When 

firing ceramic parts, each composition has specific run-

out temperature ranges. Depending on the composition, 

the run-out temperature varies with the heat temperature. 

The following table shows the temperature ranges. The 

declared temperatures may differ for different 

compositions (Baccour et al., 2009; Edelson & Glaeser, 

1986). 

TABLE 1. Removed Compositions in different temperatures 

from tile biscuit 

Carbonates, 
Sulfates, 

Crystallized water 

Carbon and Organic 

Compositions 
Humidity 

Carbonates 400-

1000 C 

Some of Organic 

compositions Between 

200-300 C 

About 

200 C 

Sulfates Over than 

1000 C 
Carbon up to 1000 C  

Crystallized Water 

Over than 400 C 
  

Manfredini and Romagnoli (1999) presented a 

suitable temperature for baking brick cookies between 

1050 and 1180 degrees Celsius. They also studied the 

existing compositions in clay and their effects on the 

flexural strength of bricks. Finally, they introduced clay 

with the appropriate number of compositions to produce 

bricks with suitable strength. Hamisi et al. (2014) studied 

the effects of firing temperature on the physical 

properties of bricks and ceramics. They described a 

suitable temperature for baking tiles between 1100 and 

1150 degrees Celsius, noting that all compositions that 

need to leave the cookie come out at this temperature. 

The duration of the baking cycle in the oven is another 

controllable variable in the manufacturing process of the 

tiles, which depends on the type of tiles. For example, the 

cycle for baking single-wall tiles is less than 50 minutes. 

From the studied articles, the importance of paying 

attention to the bottom grid, the correct pressure during 

pressing, the firing time in the kiln, and the temperature, 

which significantly impact the strength of the tiles and 

the final ceramic product, can be seen. We can use 

statistical methods to evaluate the influence of these 

parameters on bending strength, which are also used to 

improve the production process. One of the most 

important statistical methods is the DOE method. DOE is 

used to determine the relationships between the effective 

parameters of a process and its results. In the final 

analysis of the results of these experiments, the 

parameters that significantly impact the results are 

identified (Montgomery, 2017). In similar research, we 

can refer to the work of Hınıslıoğlu and Bayrak (2004), 

in which the flexural strength of concrete is improved by 

using the DOE. 

Many studies have been conducted on the influence 

of different parameters on the resistance of floor tiles. For 

example, Meena et al. (2024) introduce innovative 

bamboo and marble dust ceramic systems, highlighting 

their superior qualities and significant impact on 

crystalline phase composition. By partially replacing 

marble powder with bamboo dust, it offers a novel 

approach to ceramic tile production, demonstrating 

promising results in terms of rupture modulus and 

meeting or exceeding specifications for water absorption, 

loss of ignition, tile strength, and linear shrinkage. 

Castillo et al. (2021) gathered informative insights into 

various variables influencing the compressive strength of 

floor ceramic tiles, such as temperature and baking time, 

type and concentration of alkaline activator, water 

content, and impurity effects. Tahiwa et al. (2023) 

evaluated the effect of high temperatures up to 800 

degrees Celsius on the compressive strength of ceramics. 

Ercioglu Akdogan et al. (2023) contend that process 

control in tile baking is highly challenging, considering it 

the most crucial stage in ceramic production. In their 

research, they employ manufacturing technology and 

statistical methods together to produce low-cost, high-

quality products at optimal baking temperatures and 

times. Eren Gültekin (2018) investigated the effects of 

heating rate and sintering temperature on the strength, 

shrinkage, and apparent density of ceramic tiles. In their 

study, experiments were designed as a 32-factor full 

factorial design, where the individual effects of the two 

main factors and their interaction were determined. The 

values of resistance, shrinkage intensity, and apparent 
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density were analyzed using MINITAB 17 statistical 

software. They concluded that the interaction effect of 

heating rate and sintering temperature influences 

strength, shrinkage, and apparent density, and as a main 

factor, the effect of sintering temperature is significant. 

Ochen et al. (2021) addressed the investigation of quartz 

particle size (larger than 45 micrometers) and its 

detrimental effects on the physical and mechanical 

properties of ceramic tiles. They believe this adverse 

effect is due to various factors, including the 

microstructure (pores) post-sintering. In their study, they 

examined the influence of quartz particle size (QPS) on 

the firing behavior and flexural strength of ceramic tiles 

made from raw materials. Zamani et al. (2023) conducted 

a study on the investigation and optimization of the 

composition and firing temperature of ceramic tiles using 

statistical analysis techniques. In their research, they 

employed a full factorial design, which included model 

adequacy assessment, analysis of variance, Pareto charts, 

interaction plots, regression modeling, and response 

surface optimization. Key factors included Seger ratios 

of SiO2/Al2O3, Na2O/K2O, MgO/CaO, and firing 

temperature. Their research findings indicate that optimal 

properties, such as maximum strength, can be achieved 

with SiO2/Al2O3 = 5.2, Na2O/K2O = 1.50, MgO/CaO = 

3.0, and a firing temperature of 1180 degrees Celsius. 

The response data were analyzed using ANOVA 

(analysis of variance) by the Taguchi method. According 

to the ANOVA table, the water and silicate vapor 

contents play an important role in the primary flexural 

strength. Balak and Zakeri (2016) also used DOE to 

improve the flexural strength of composites. They 

analyzed nine parameters, such as temperature, time, and 

pressure, in four stages using statistical analysis of 

variance. In the current article, we propose an innovative 

approach to examining the compressive strength of tiles 

in a new environment. This research utilizes a 

mathematical model tailored to this new environment and 

its corresponding parameters. Ultimately, the optimal 

value under the conditions of this new environment was 

obtained using Gams software. The experimental design 

was also conducted using Minitab software, and its 

results were compared with the outcomes obtained from 

Gams. The methodology employed in this research 

contributes to enhancing the accuracy and efficiency in 

evaluating the compressive strength of tiles in the studied 

environment.  

3. Objectives and Assumptions 

In this paper, we intend to study the compressive 

strength of ceramic floor tile products based on the 

effective parameters (amount of bottom mesh, suitable 

pressure during pressing, firing time, and temperature in 

the kiln) identified in previous research. Our goal is to 

select the best-optimized conditions. Using a two-step 

DOE approach, we will sort all the necessary tests and 

then evaluate the strength quality of the products with the 

assistance of the strength testing laboratory. It is 

important to note that this laboratory operates within the 

quality control department of Birjand Niloufar Tile 

Company in collaboration with the factory. The 

quantities provided in Table 2 of the DOE align with all 

company restrictions and established standards for the 

ceramic tile industry. 

TABLE 2. Effective Parameters range in research 

Level 
A B C D 

Pressure (N) Temp.(C) 
Time 

(Min) 
Mesh 

1) Low - ) 200 1120 45 0.02 

High (1 )+ 220 1150 48 0.04 

4. Research Methodology 

Quality improvement and industrial manufacturing 

efficiency are only effective when integrated into every 

part of the design and production cycle. The precise 

application of statistical methods like DOE can 

streamline production processes, enhance safety, and 

improve system functionality. Moreover, these methods 

allow for significant portions of product design, 

development, and related activities to be reusable, thus 

enhancing overall efficiency and innovation. 

The DOE approach was utilized to analyze and model 

the process, incorporating full factorial designs, 

fractional designs, and central composite designs. 

Factorial designs investigate the impact of two or more 

variables on a response variable. When these variables in 

the factorial designs have two levels, the number of trials 

required is represented as 2k, where k is the number of 

variables. Full factorial designs establish a linear 

relationship between the independent variables and the 

response variables. As the number of independent 

variables increases, the number of experiments required 

for full factorial designs also increases. 

As mentioned earlier, four effective independent 

variables for the strength of ceramic floor tile products 

were identified and used in this article: floor mesh, 

appropriate pressure during pressing, baking time, and 

temperature in the oven. To study the effects of the 

identified parameters, the experiment must be conducted 

randomly. These experiments were conducted using a 

four-factorial design with four factors: suitable pressure 

during pressing (A), baking temperature in the oven (B), 

baking time in the oven (C), and amount of bottom mesh 

(D), each at two levels with two iterations. The high level 

(the highest amount for a factor, considering the 

constraints available in the company) and the low level 

(the lowest amount for each factor, considering the 

constraints available in the company) for each variable 

are shown in Table 2. After configuring the samples for 

the strength experiment, a product sample is prepared 

according to the specified amounts for the variables, and 

the flexural strength is tested. The results are presented in 

Table 3. 
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TABLE 3. Tile strength in exchange for different levels of study 

10 pattern 

Independent 

Variables 

Response 

Variable 

A B C D R1 R2 

1 1 -1 -1 -1 -1 278 287 

2 A 1 -1 -1 -1 224 245 

3 B -1 1 -1 -1 343 318 

4 AB 1 1 -1 -1 245 253 

5 C -1 -1 1 -1 328 334 

6 AC 1 -1 1 -1 290 267 

7 BC -1 1 1 -1 276 243 

8 ABC 1 1 1 -1 232 254 

9 D -1 -1 -1 1 340 302 

10 AD 1 -1 -1 1 220 290 

11 BD -1 1 -1 1 280 298 

12 BAD 1 1 -1 1 330 266 

13 CD -1 -1 1 1 356 300 

14 ACD 1 -1 1 1 296 265 

15 BCD -1 1 1 1 178 232 

16 ABCD 1 1 1 1 234 289 

 

 

The overall approach to statistical analysis 2k 

includes the following: 

1. Evaluation of factor effects, resistance and 

variable index 

2. Running the primary model 

3. Statistical test 

4. Running the final model 

5. Analysis of the residuals 

6. Analysis of the results 

5. Experimental Results 

5.1. Evaluation of factor effects, resistance and 

variable index 

Table 4 shows the results of these evaluations. The 

coded variable indices were used to estimate the indices 

of the regression model. Table 4 presents the primary 

number of the model: 

𝑅𝑒𝑠𝑝 =  277.90 − 15.41𝐴 − 10.97𝐵 + 11.34𝐴𝐵 − 4.53𝐶 +

7.91𝐴𝐶 − 20.16𝐵𝐶 + 6.16𝐴𝐵𝐶 + 1.84𝐷 − 7.09𝐴𝐷 −

5.41𝐵𝐷 + 24.97𝐴𝐵𝐷 − 0.34𝐶𝐷 + 0.34𝐴𝐶𝐷 + 1.03𝐵𝐶𝐷 −

2.53𝐴𝐵𝐶𝐷  

TABLE 4. Table of Resistance and Effect 

Independent Variables 

Patterns ABCD BCD ACD CD ABD BD AD D ABC BC AC C AB B A 
1 + - - + - + + - - + + - + - - 
A - - + + + + - - + + - - - - + 
B - + - + + - + - + - + - - + - 

AB + + + + - - - - - - - - + + + 
C - + + - - + + - + - - + + - - 

AC + + - - + + - - - - + + - - + 
BC + - + - + - + - - + - + - + - 

ABC - - - - - - - - + + + + + + + 
D - + + - + - - + - + + - + - - 

AD + + - - - - + + + + - - - - + 
BD + - + - - + - + + - + - - + - 

BAD - - - - + + + + - - - - + + + 
CD + - - + + - - + + - - + + - - 

ACD - - + + - - + + - - + + - - + 
BCD - + - + - + - + - + - + - + - 

ABCD + + + + + + + + + + + + + + + 

Resistance -81 33 11 -11 799 -173 -227 59 197 -645 253 -145 363 -351 -493 

Effect -5.06 2.06 0.69 -0.69 49.94 -10.81 -14.19 3.69 12.31 -40.31 15.81 -9.06 22.69 -21.94 -30.81 

Variable 

Index 
-2.53 1.03 0.34 -0.34 24.97 -5.41 -7.09 1.84 6.16 -20.16 7.91 -4.53 11.34 -10.97 -15.41 

 

5.2. Statistical test 

The analysis of variance can be found in Table 4. In 

this table, the magnitude of the F-value and the p-value 

can be used to comment on the effectiveness of the 

factors on the response variables. Since the experiments 

were conducted with an error level of 0.05, all factors 

with a p-value less than 0.05 are considered effective in 

our model. Moreover, according to the table. Moreover, 

according to the table, 𝐹0.05,1.16 = 4.49, the factors with 

f-values above 4.49 have an effect. 
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TABLE 5. Variance analysis related to a case study in tile 

industry 

Source DF Adj SS Adj MS 
F-

Value 

P-

Value 

Model 15 41785.2 2785.7 3.69 0.007 

Linear 4 12211.1 3052.8 4.04 0.019 

press 1 7595.3 7595.3 10.06 0.006 

temp 1 3850.0 3850.0 5.10 0.038 

time 1 657.0 657.0 0.87 0.365 

mesh 1 108.8 108.8 0.14 0.709 

2-Way Interactions 6 24224.4 4037.4 5.35 0.003 

press*temp 1 4117.8 4117.8 5.46 0.033 

press*time 1 2000.3 2000.3 2.65 0.123 

press*mesh 1 2831.3 2831.3 3.75 0.071 

temp*time 1 13000.8 13000.8 17.23 0.001 

temp*mesh 1 935.3 935.3 1.24 0.282 

time*mesh 1 1339.0 1339.0 1.77 0.202 

3-Way Interactions 4 5144.6 1286.2 1.70 0.198 

press*temp*time 1 1212.8 1212.8 1.61 0.223 

press*temp*mesh 1 3894.0 3894.0 5.16 0.037 

press*time*mesh 1 3.8 3.8 0.01 0.944 

temp*time*mesh 1 34.0 34.0 0.05 0.835 

4-Way Interactions 1 205.0 205.0 0.27 0.609 

press*temp*time*me

sh 
1 205.0 205.0 0.27 0.609 

Error 16 12075.5 754.7   

Total 31 53860.7    

To identify effective factors in the response variables, 

factorial effects and reciprocal effects diagrams can also 

be used (Figures 2 and 3, respectively). In Figure 2, the 

slope of each factor indicates the intensity of its effect on 

the response variable. Thus, we conclude that the effects 

of factors A and B (pressure and temperature) are 

stronger than those of factors C and D (time and mesh 

size). Moreover, a positive slope indicates a direct effect 

on the response variable, while a negative slope indicates 

an inverse effect. 

 

Figure 2. Factorial Effects 

Figure 3 shows the reciprocal effects of the factors. In 

this figure, changes in the factors lead to the intersection 

of their responses. We can assert that the simultaneous 

change in the factors is effective; however, to determine 

the level at which the two factors influence the response 

variables, we need to utilize contour plots, as illustrated 

in Figures 4 and 5. 

 

Figure 3. Interaction effects 

Figure 4 illustrates the dual effects considering the 

low level of the independent variables, while Figure 5 

depicts the dual effects at the high level of the other 

variables. The bold areas in each graph indicate the 

largest effect of these variables on the response variable 

analyzed below. 

 

Figure 4. Counter diagram at low level of the variable 

TABLE 6. Most response domains in dual effects exchange 

considering a low level of other independent variables 

 Press (N) Temp (C) Time (Min) Mesh 

Up- Left side 200 1150 45 2 

Up- Center 200 1120 48 2 

Up-Right 200 1120 45 2 

Down-left 

(two levels) 

200 1120 48 2 

200 1150 45 2 

Down-Center 200 1150 48 2 

Down- Right 200 1120 48 4,2 

 

 

Figure 5. Counter diagram in high levels of variables 
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TABLE 7. Maximum response surface in dual effects exchange 

considering a high level of other independent variables 

 
Press 

(N) 

Temp 

(C) 

Time 

(Min) 
Mesh 

Up-Left 200 1120 48 4 

Up-Center 

In other diagrams there are not bold 

green (Maximum response area) 

Up-Right 

Down-Left 

Down-Center 

Down- Right 

In Figure 5, only the upper left diagram contains the 

largest range for the response variables (bold green area), 

while the other diagrams do not. From these graphs, we 

can observe the effects of the various factors on the 

response surface, but we cannot infer the most effective 

factors. For this purpose, we will use Pareto and normal 

diagrams, as shown in Figures 6 and 7. 

 

Figure 6. Pareto diagram 

According to the Pareto diagram and the influence 

limit of the response variables (2.120), the effective 

factors are determined. This is also evident from the 

normalized diagram in Figure 9. It is important to note 

that the greater the distance between the 16 individual 

effects and the reciprocal elements in Table 2 and the 

normalized line, the greater the effect of the respective 

factor on the response variable. 

 

Figure 7. Normalized diagram 

The Pareto charts and the normalized charts show the 

results of the variance table. Therefore, we can refer to 

the table at the beginning and observe which parameters 

affect the analysis of variance. 

5.3. Model correction (Final model) 

The primary model was redesigned according to the 

previous conclusions as follows: 

𝑅𝐸𝑆𝑃 = 277.90 − 15.41(𝑃𝑅𝐸𝑆𝑆) − 10.97(𝑇𝐸𝑀𝑃) −

20.16(𝑇𝐸𝑀𝑃)(𝑇𝐼𝑀𝐸) + 11.34(𝑃𝑅𝐸𝑆𝑆)(𝑇𝐸𝑀𝑃) +

24.97(𝑃𝑅𝐸𝑆𝑆)(𝑇𝐸𝑀𝑃)(𝑀𝐸𝑆𝐻)  

5.4. Residual analysis 

After defining the regression model, estimate the 

different quantities from the experiments using this 

model and calculate the difference between the actual 

quantities and the predicted quantities. Before accepting 

the results of the analysis of variance and finalizing the 

model, check the residuals of this experiment (the 

difference between actual and predicted quantities) to 

determine if they are normal and random, ensuring valid 

results. Figures 8 and 9 show the normal plot of residuals 

(clustered around the line) and the plot validating random 

observations, respectively. 

 

Figure 8. Randomness validation of the amount of residuals 

Based on Figure 8, the p-value is validated to be 

normal (greater than 0.05). 

 

Figure 9. Normal validation test of residuals 

Based on Figure 9, the p-values confirm randomness 

(each of the four elements is greater than 0.05). The 

competency evaluation of the model shows that the 

residual analysis of this model is satisfactory. 
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5.5. Analysis of results 

To obtain the optimal answer, the Gams and Minitab 

software are used with the results compared. 

5.5.1. Analysis with GAMS software 

To obtain the optimized answer, the following model 

is used: 

Max resp: 277.90 − 15.41 ∗ x1 − 10.97 ∗ x2 −
20.16 ∗ x2 ∗ x3 + 11.34 ∗ x1 ∗ x2 + 24.97 ∗ x1 ∗
x2 ∗ x4  

−1 ≤ x1 ≤ +1 
−1 ≤ x2 ≤ +1 
−1 ≤ x3 ≤ +1 
−1 ≤ x4 ≤ +1 

The optimized answer in the software GAMS can be 

found below: 

TABLE 8. The optimized answer of the proposed model 

resp A B C D 

338.81 -1 1 1 -1 

The coded variables are converted to decoded variables 

at the end, given below: 

TABLE 9. The converted variables 

resp A B C D 

338.81 200 1150 48 0.02 

The following figure shows the subtitle of the final 

answer in the GAMS software. 

TABLE 10. Optimized answer in Gams Software 

34 Variable Z.L 338.810 

34 Variable X.L 

1 -1.000 2 1.000 3 1.000 4 -1.000 

5.5.2. Analysis with Minitab software 

According to the results from Minitab software, the 

optimized set of response variables is also 331, which 

aligns with the sets of Mesh = 2, Time = 48, Temperature 

= 1120, and Pressure = 200. 

TABLE 11. Results from Minitab software 
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1 Maximum 200 1120 48 2 331 0.839744 

6. Conclusion 

One of the competitive advantages in the ceramic tile 

industry is the emphasis on the final quality of ceramic 

floor tiles, particularly their compressive strength. To 

enhance this attribute, numerous controllable variables 

can be manipulated. The DOE approach is particularly 

well-suited for studying these specific variables. This 

study aimed to investigate the quality of ceramic floor tile 

products by identifying several critical and influential 

factors: the amount of floor mesh, the appropriate 

pressure during pressing, firing time, and kiln 

temperature. These variables were tested using 

experimental designs and factorial patterns at two 

levels—high and low. The optimized conditions for the 

independent variables were determined using the created 

model, with results analyzed through Minitab software 

and compared to those obtained from the model. Notably, 

the 8-unit difference between the optimized values from 

Minitab and those from GAMS is attributed to rounding 

when configuring the model for use in GAMS. The final 

results reveal that the optimal compressive strength 

achieved through the experimental design, as calculated 

in Minitab, is 331 megapascals. This result was obtained 

under the following conditions: a pressure of 200 

newtons, a temperature of 1120 degrees Celsius, a 

duration of 48 minutes, and a mesh size of 0.02. 

Conversely, the mathematical model solved in GAMS 

suggests an optimal compressive strength of 338 

megapascals, achieved with identical parameters except 

for a higher temperature of 1150 degrees Celsius. The 

discrepancy of 8 units between the results from GAMS 

and Minitab is due to the rounding of numbers in the 

GAMS model, whereas Minitab offers more specialized 

capabilities in analyzing and retrieving optimal solutions 

in experimental design. 
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The aim of the present research was to examine the structural and phase transformations, as well as the 

phase stability, in the 2TiC-Al-Ti system. A specific ratio of TiC, Al, and Ti powder mixture, based on the 
stoichiometric reaction for the formation of the Ti3AlC2 compound, was prepared and subjected to milling 

and annealing processes. The prepared samples were analyzed using scanning electron microscopy (SEM), 

X-ray diffraction (XRD), and differential scanning calorimetry (DSC). The results showed that milling the 
2TiC-Al-Ti powder mixture did not result in the formation of a single-phase Ti3AlC2. Instead, the final 

structure consisted of a combination of TiC and Ti3AlC2 phases. The Ti3AlC2 phase formed during the 

milling process was unstable and transformed into a single-phase TiCx structure upon further milling or 
annealing. Additionally, the effect of the partial addition of Sn and Si on the structural and phase changes 

in the 2TiC-Al-Ti system during the milling and annealing processes was investigated. It was found that 

the addition of these elements had little effect on the formation and stability of the Ti3AlC2 compound. 
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1. INTRODUCTION 

Titanium carbide (TiC) forms very stable bonds and 

does not degrade at any temperature. This carbide is 

widely used in high-efficiency electrical systems due to 

its high melting point (3373 °C), as well as its electrical 

(61 cm-1Ωµ) and thermal conductivity (33.2 Wm-1C-1) 

(Baviera, et al., 2001). However, the extensive use of TiC 

has been limited due to its inherent brittleness and 

tendency for sudden failure. To address this issue, the 

MAX phase structure has been developed in the Ti-Al-C 

system. MAX phases are defined by the general formula 

Mn+1AXn, where M represents a transition metal, A is an 

element from group A (mostly from groups 3, 4, or 5 of 

the periodic table), and X denotes nitrogen or carbon. 

These materials exhibit a layered structure and possess 

unique ceramic and metallic properties (Zhang, et al., 

2021) (Kumar, et al., 2022). 

The formation of the MAX phase in the Ti-Al-C 

system has been studied by various researchers, who 

have used a range of raw materials such as Ti, Al, C, 

TiAl, TiCx, TiH, Al2O3, and Al4C3. Different synthesis 

methods have also been employed, including hot pressing 

(HP) (Li, et al., 2020) (Yoshida, et al., 2019), hot isostatic 

pressing (HIP) (Yu, et al., 2020), spark plasma sintering 

(SPS) (Eryomina, et al., 2021) (Gao, et al., 2020) and 

self-propagating high-temperature synthesis (SHS) 
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(Averichev, et al., 2019) (Pazniak, et al., 2019). For 

example, Tzenov et al. (Tzenov, et al., 2000) investigated 

the phase transformation of a Ti, Al4C3, and C powder 

mixture using hot isostatic pressing, applying a pressure 

of 70 MPa and a temperature of 1400 °C to form the 

MAX phase. Wang et al. (Wang, et al., 2003) 

successfully synthesized the Ti3AlC2 intermetallic 

compound via hot pressing (25 MPa at 1500 °C), 

followed by annealing at 1200 °C. Hongxiang et al. 

(Hongxiang, et al., 2005) synthesized the Ti2AlC 

compound using the SPS method at 1100 °C. They 

observed that increasing the sintering temperature to 

1100 °C caused the Ti2AlC phase to transform into 

Ti3AlC2, indicating the weaker thermal stability of 

Ti2AlC. The work of Łopaciński (Łopaciński, et al., 

2001) and Ge et al. (Ge, et al., 2003) on the formation of 

MAX phases using TiC and Al4C3 precursors and the 

SHS process, and the effect of TiC addition on the 

formation of the Ti3AlC2 compound in Ti/Al/C powder 

mixtures, represent other significant research efforts in 

this field. Furthermore, several studies have explored the 

effect of adding Si and Sn elements on the likelihood of 

reactions and the prevention of unwanted intermetallic 

compounds such as TiC and TixAly (Cai, et al., 2018) 

(Cai, et al., 2021) (Guo, et al., 2021).   

Despite extensive research on the formation of the 

Ti3AlC2 phase, the formation mechanisms and structural 

changes of this phase during annealing have not been 

thoroughly studied. In this regard, the present research 

aims to explore the structural and phase transformations 

in the 2TiC-Al-Ti system during milling and annealing 

processes. In addition, the effect of Si and Sn elements 

on the formation and thermal stability of Ti3AlC2 is 

investigated. 

 

2. MATERIALS AND METHODS 

In this research, raw materials with 99.8% purity and 

particle sizes of about 30 µm, including Ti, Al, TiC, Sn, 

and Si, were used to synthesize 2TiC-Al-Ti, 2TiC-Al-Ti-

xSn, and 2TiC-Al-Ti-xSi (x = 0.1, 0.2, and 0.3) 

compounds. The powder samples were prepared by 

milling using an XQM-2A (Tencan company) at a 

rotation speed of 400 rpm with a ball-to-powder ratio of 

10:1. The milling process was carried out in a tungsten 

carbide chamber using zirconia balls. The annealing 

process was performed within a temperature range of 

350–1400 °C under an argon atmosphere, with a heating 

rate of 20 °C/min, using a Nabertherm furnace model 

HTCT 03/16. 

The structural changes in the specimens were 

monitored using XRD (X-ray diffraction) analysis with a 

diffractometer (Philips PW3710) equipped with Cu Kα 

radiation (λ = 0.15406 nm, 40 kV). The measurements 

were taken with a step size of 0.05° and a time per step 

of 1 s. Morphological analyses of the powder samples 

were performed using scanning electron microscopy 

(SEM) with a VEGA-TESCAN-XMU. ImageJ software 

was used to determine the average particle sizes of the 

samples. Additionally, differential scanning calorimetry 

(DSC) was conducted to evaluate the thermal stability of 

the produced samples, using a Netzsch STA 409 PC/PG 

differential thermal analyzer. The samples were placed in 

Al2O3 pans and heated under a dynamic argon 

atmosphere (99% purity) up to 1000 °C, with a heating 

rate of 20 °C/min.  

 

3. RESULTS AND DISCUSSION 

The XRD patterns of the 2TiC-Al-Ti powder mixture 

after various milling times, up to 50 hours, are presented 

in Fig. 1. As shown, significant changes occur in the 

diffraction patterns as milling time increases. The XRD 

patterns of the powder samples at the initial stages of 

milling contain only the peaks corresponding to the raw 

materials, with no indication of a reaction. As milling 

progresses to 25 hours, the peaks related to Ti and Al 

completely disappear, and new peaks corresponding to 

the Ti3AlC2 phase appear in the XRD pattern. 

Temperature measurements within the milling 

chamber, using a wireless thermocouple monitoring 

system, indicate that the self-propagating reaction 

responsible for the formation of the Ti3AlC2 phase occurs 

after approximately 20 hours of milling. The temperature 

increase during this reaction is estimated to be around 35

°C. Fig. 2 shows the DSC heating trace of the 2TiC-Al-

Ti powder mixture after 25 hours of milling. Notably, 

there are no signs of endothermic or exothermic reactions 

in this trace. The absence of an Al melting peak near 660°C 

confirms the reaction between the initial materials and 

the formation of the intended phase during milling. This 

can be explained by the negative Gibbs free energy 

change for the formation of the Ti3AlC2 phase (ΔGo = -

540 kJ/mol (Shahin, et al., 2016)), as well as the adiabatic 

reaction temperature of 3643 K, which exceeds the 

threshold value of Tad > 1800 K. In line with this, Yu et 

al. (Ye, et al., 1997) reported that exothermic reactions in 

the Ti-Al-C system result in local temperatures 

exceeding 1900°C. 

It is important to note that the reduction in crystalline 

size and the increase in crystalline defect density (such as 

dislocations, voids, and grain boundaries) during the 

milling process are the primary factors contributing to the 

instability of the milled samples and the formation of the 

Ti3AlC2 phase (Mossino, et al., 2004). Fig. 3 shows SEM 

images of the powder particles after 25 hours of milling. 

As seen, the particles exhibit a pseudo-spherical and 

uniform morphology, with a mean particle size of 

approximately 400 nm. There is no evidence of sharp or 

crushed particles in this image, further supporting that the 

reaction occurs as a self-propagating process during 

milling (El-Eskandarany., 2015) (Whang., 2011). 
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Figure 1. The XRD patterns of 2TiC-Al-Ti powder mixture after different milling periods: a) 0, b) 5, c) 25, and d) 50 h. 

 

Figure 2. The DSC heating trace of 2TiC-Al-Ti powder mixture after 25 h of milling. 

 

  
(b ) (a ) 

Figure 3. The SEM micrographs of 2TiC-Al-Ti powder mixture after 25 h of milling (at two different magnifications). 
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Moreover, as shown in Fig. 1(d), the formed Ti3AlC2 

compound is unstable and transforms into the TiCx phase 

as the milling process continues up to 50 hours. 

According to the Ti-C equilibrium diagram, the TiC 

compound is a non-stoichiometric ceramic and remains 

stable across a wide compositional range (32 ≤ C > 50 at. 

%). The formation of a single-phase TiCx compound in 

the Ti-Al-C system during milling has also been 

confirmed by other researchers, such as Li et al. (Li, et 

al., 2006). However, the sequence of phase 

transformations in the 2TiC-Al-Ti system during the 

milling process can be described as follows: 

2TiC-Al-Ti→ TiC+ Ti3AlC2→ 

TiCx 

(1) 

To explore the thermal stability of the Ti3AlC2 phase 

produced during the milling process, as well as the 

potential phase changes during annealing, the 25-hour 

milled sample underwent heat treatment at temperatures 

ranging from 350°C to 1400°C. The XRD patterns of the 

annealed samples are shown in Fig. 4. As observed, with 

increasing annealing temperature, the intensity of the 

peaks corresponding to the Ti3AlC2 phase gradually 

decreases and is completely eliminated from the 

diffraction patterns upon reaching 1000°C. At this point, 

several peaks corresponding to the TiAl3 phase appear in 

the diffraction patterns. According to the literature and 

the Ti-Al-C equilibrium diagram, the stability region of 

the Ti3AlC2 compound is narrow (Bandyopadhyay, et al., 

2000), with this phase forming only within the 1350-

1450°C range. At other temperatures, this phase 

gradually decomposes into TiCx, Ti2AlC, and TixAly 

intermetallic compounds (Pang, et al., 2010) (Yao, et al., 

2015), which is consistent with the results obtained in this 

study. 

As the annealing temperature increases up to 1200°C, 

the intensity of the peaks corresponding to the TiAl3 

phase also increases. These results are in line with the 

findings of Yoshida et al. (Yoshida., 2012), who reported 

the formation of TiAl3 and TiAl intermetallic compounds 

within the 1100-1200°C range in the Ti-Al-C system. 

Based on Fig. 4, the TiAl3 phase is unstable and gradually 

disappears from the XRD patterns during annealing up to 

1400°C. At this temperature, the XRD pattern of the 

annealed sample includes only peaks related to the TiCx 

compound. The formation of a TiCx single-phase 

structure during annealing is similar to the structure 

produced in the 50-hour milled sample (Fig. 1(d)). This 

confirms that the stable phase in the 2TiC-Al-Ti system 

is the TiCx phase. In other words, the excess Al and Ti 

dissolve into the carbide network without forming a new 

phase. 

However, this result contrasts with Yoshida’s 

research (Yoshida., 2012), which reported the stability of 

ternary Ti3AlC2 and Ti2AlC phases between 1200°C and 

1400°C. The difference in raw materials and production 

methods likely explains this discrepancy. The SEM 

morphological images of the annealed samples at 1400°C 

are shown in Fig. 5. As seen in this figure, the primary 

morphological characteristics of the resulting powder 

particles include a relatively uniform distribution of 

pseudo-spherical particles with a mean particle size of 

300 nm. 

The sequence of phase changes in this system during 

the annealing process can be described as follows: 

TiC+ Ti3AlC2→ TiC+TiAl3→ 

TiCx 

(2) 

 
Figure 4. The XRD patterns of 2TiC-Al-Ti milled powder mixture for 25 h after annealing for 1 h: a) 350, b) 700, c) 900, d) 1000, e) 

1100, f) 1200, g) 1300 and h) 1400 oC. 
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(b) 

 
(a) 

Figure 5. The SEM micrographs of 2TiC-Al-Ti milled powder mixture for 25 h after annealing at 1400 oC for 1 h.

According to the literature (Cai, et al., 2018) (Guo, et 

al., 2021), adding small amounts of Sn and Si elements 

to the Ti-Al-C system prevents the formation of binary 

intermetallic compounds such as TiC, TixAly, and Al2O3, 

and also prevents thermal explosions. These two 

elements are incorporated into the intermetallic 

compound Ti3AlC2 as replacement elements for layer A 

(Al), increasing the density of dislocations. Since Sn and 

Si are more electronegative than Al, they strengthen the 

bond between the M-A and A-X layers. In this regard, 

increasing bond strength may contribute to the stability 

of the MAX phase. To investigate the effect of Sn and Si 

on the formation and stability of the Ti3AlC2 compound 

in the Ti-Al-C system, the XRD patterns of the 2TiC-Al-

Ti-xSn and 2TiC-Al-Ti-xSi powder mixtures (x = 0.1, 

0.2, 0.3) after 25 hours of milling are presented in Figs. 6 

and 7, respectively. As observed, the XRD patterns of the 

examined samples containing these additives consist only 

of peaks corresponding to TiCx and Ti3AlC2 phases. 

There is no evidence of Sn and Si in the XRD patterns. 

This is expected, as the percentage of these two elements 

is less than 5 vol.%, making them undetectable by XRD. 

The absence of the Al melt peak in the DSC curves 

(Fig. 8) confirms the occurrence of reactions between the 

components during the milling process. The XRD 

patterns indicate that the addition of Sn and Si has a 

detrimental effect on the formation of the mentioned 

phases in the 2TiC-Al-Ti system. As shown in Figs. 6 and 

7, the intensity of the Ti3AlC2 peaks decreases as the 

percentage of Sn and Si in the composition increases. 

These results contradict the findings of Li et al. (Li, et al., 

2008), Mingxing et al. (Mingxing, et al., 2006), and Zhu 

et al. (Zhu, et al., 2004), who reported that these elements 

stabilize the Ti3AlC2 phase. However, the formation of 

the Ti3AlC2 compound in the 2TiC-Al-Ti system occurs 

through the SHS reaction during milling. The addition of 

Sn and Si reduces the local temperature and significantly 

diminishes the intensity of SHS reactions due to heat 

absorption, thereby affecting the formation of the 

resulting phases. In fact, Sn has a more pronounced effect 

in reducing the intensity of the Ti3AlC2 peaks than Si. 

This is likely due to the lower melting and evaporation 

temperatures of Sn compared to Si, enabling Sn to absorb 

more reaction heat and hinder the formation of the 

Ti3AlC2 compound. 

The SEM morphological characteristics of the powder 

mixtures containing 0.1 atomic percent of Si and Sn are 

compared in Fig. 9. As observed, the morphology of the 

resulting powders in the presence of these additives is 

similar to the SEM images presented in Fig. 2, consisting 

of pseudo-spherical particles with an average size of 

about 400 nm. 

The XRD patterns and SEM micrographs of the 

samples containing 0.1% Sn and Si after annealing at 

1400°C are presented in Figs. 10 and 11. As seen, the 

phase and morphological structures of the examined 

samples with additives are very similar to those of the 

sample without additives, showing no significant 

differences. In this case, the phase structure consists 

solely of the TiCx compound, the particles are spherical, 

and the average particle size is estimated to be around 

300 nm. These results indicate that Sn and Si additives 

do not significantly influence the formation or stability of 

the Ti3AlC2 phase. 
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Figure 6. The XRD patterns of 2TiC-Al-Ti-xSn powder mixture after 25 h of milling: a) x=0.1, b) x=0.2 and c) x=0.3. 

 

 

Figure 7. The XRD patterns of 2TiC-Al-Ti-xSi powder mixture after 25 h of milling: a) x=0.1, b) x=0.2 and c) x=0.3. 

 
Figure 8. The DSC heating traces of a) 2TiC-Al-Ti-0.1Sn and b) 2TiC-Al-Ti-0.1Si powder mixtures after 25 h of milling. 
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Figure 9. The SEM micrographs of a & b) 2TiC-Al-Ti-0.1Sn and c & d) 2TiC-Al-Ti-0.1Si powder mixtures after 25 h of milling. 

 

 
Figure 10. The XRD patterns of milled a) 2TiC-Al-Ti-0.1Sn and b) 2TiC-Al-Ti-0.1Si powder mixtures after heat treated at 1400 oC 

for 1 h. 
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Figure 11. The SEM micrographs of milled a & b) 2TiC-Al-Ti-0.1Sn and c & d) 2TiC-Al-Ti-0.1Si powder mixtures after annealing at 

1400 oC for 1 h. 

4. CONCLUSION 

This research focused on the structural and phase 

transformations in the 2TiC-Al-Ti system during the 

milling and annealing processes, as well as the effect of 

Sn and Si additions on the formation and stability of the 

Ti3AlC2 phase. The investigation revealed the following 

key findings: 

• It was not possible to create a single-phase 

Ti3AlC2 structure through the milling process in 

the 2TiC-Al-Ti system. The structure obtained 

during milling was a combination of TiCx and 

Ti3AlC2 phases. 

• The Ti3AlC2 phase formed during milling in the 

2TiC-Al-Ti system was unstable and transformed 

into a single-phase TiCx solid solution as milling 

continued. 

• The TiC/Ti3AlC2 composite structure in the 2TiC-

Al-Ti system transformed into TiC/Al3Ti, and 

eventually into TiCx, during annealing up to 1400 

°C. Ultimately, the stable phase in the TiC-Al-Ti 

system was the single-phase TiCx solid solution. 

• The addition of Sn and Si had a negative effect on 

the formation and stability of the Ti3AlC2 

compound. 
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