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A B S T R A C T

In this study, Al2O3-TiB2 coating was successfully deposited on steel substrates by in situ plasma spraying (IPS) 
using H3BO3, Al, and TiO2 reactants. Beside TiB2 and Al2O3, Al18B4O33 was formed as a by-product with ratio of 
about 13 wt%. The effect of milling time of reactant and the reaction behavior was also explored. Milling process 
for at least 10 h can promote efficiency of reaction and milling for efficient production of Al2O3-TiB2 composite. 
Wear behavior was examined in terms of hardness, wear track width, and wear rate of the coatings with 
respective measured values of 797.6 HV, 1061.3 µm, and 4.2 × 10− 3 mm3/N.m. Based on the FESEM obser
vations, the thickness of abrasive coating was 417 µm, delamination and adhesion were the main wear mech
anisms in Al2O3-TiB2-coated specimens.   

1. Introduction

Diverse coating processes have been discussed in the literature.
Chemical vapor deposition (CVD) is a low-efficiency method for the 
deposition of mostly thin films (not coatings) with thicknesses less than 
100 µm. Laser cladding is another method for applying coatings, but this 
method fails in providing uniform and controlled thickness. Another 
coating method is vacuum plasma spraying which is not cost-effective. 
Atmospheric plasma sprayed coatings can offer several advantages 
such as high efficiency, high final thickness, high temperature, and user- 
friendly operation. However, this method can result in high number of 
pores and cracks due to poor sinterability of ceramic powders due to low 
plasma contact time and high melting point of the powders. In-situ 
plasma spray is a reliable method which combines the benefits of SHS 
process with APS. IPS method provides more heat through the 
exothermic combustion reactions which can promote melting of pow
ders, preventing residual unmelted particles, resulting in better densi
fication and decreasing defects. Submicron and nanoscale 
microstructure can be obtained through this method. Better reinforcing 
agent-matrix bonding, low production cost, thermodynamically stable 
final products and acceptable high temperature application are among 
the other features of the IPS method [1–3]. 

IPS also enables the formation of coatings through the reaction 

between the introduced raw materials and the reactive gases in the 
plasma. For example, TiN IPS coating is manufactured by reaction be
tween titanium powder and nitrogen carrier gas. Compositions like TiN, 
AlN, etc are also produced with the aid of Ar/N2 plasma gas. Thus, this 
method relies on the formation of thermodynamically favorable phases 
through the reaction between raw materials. In other compositions like 
Al2O3-TiB2, the raw materials and plasma gas do not react with each 
other and plasma gas provides necessary energy for combustion reaction 
between raw materials [4]. 

Alumina is characterized by its high melting point, high hardness, 
thermal stability, and corrosion resistance [5]. However, the use of 
alumina as a ceramic material is accompanied by some limitations due 
to its low fracture toughness, poor strength, minor impact resistance, 
and poor thermal shock resistance. As one of the most important engi
neering ceramic oxides, alumina failed to offer sufficient strength, 
impact resistance, toughness, and hardness in many applications. 
Therefore, huge efforts have been made to resolve these issues by 
compositing and dispersing hard fine particles such as borides [6–8]. 
Moreover, alumina has been recently combined with a second compo
nent to improve its properties. 

Among the ultra-high temperature ceramics, TiB2 is of great interest 
due to its high electrical conductivity, chemical stability against molten 
non-ferrous metals, high melting point (3225◦C), and good mechanical 
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properties such as strength, hardness, and wear resistance along with 
relatively low specific weight [9]. 

Al2O3-TiB2 in-situ composites are used both in the bulk and coating 
forms in the advanced structural applications to improve the wear 
properties of various substrates. Al2O3 coatings prepared by PVD and 

CVD methods have been studied and investigated for engineering ap
plications [10,11]. Several methods such as exothermic dispersion, 
reactive hot pressing, carbothermal reduction, and aluminothermic 
reduction have been used to form these composites through the reaction 
between molten metal and powders such as TiO2 and B2O3 [12–15]. A 
limited number of studies have reported the simultaneous formation of 
these coatings. However, Tekmen et al. [4] produced the Al2O3-TiB2 
coating through in situ reaction, using the plasma spraying method. 
According to them, spraying conditions affects the intensity of the re
action. Moreover the resulting coating showed high hardness, making it 
a suitable option for wear-resistant coatings. Also Lili et al. [16] pro
duced TiB2- Al2O3 composite coatings on steel HT200 by in-situ melting 

Table 1 
Characterization of the starting materials.  

Materials Company Average particle size (µm) 

TiO2 SDfine Art: 40446 < 44 
H3BO3 Merck- 100165 < 100 
Al Avl metal- FLPN25 < 25  

Table 2 
Parameters of the APS coating process.  

Gun Type Argon flow rate (SCFH) Hydrogen gas flow rate (SCFH) Current (A) Voltage (V) Powder feed rate (Lbs./Hr.) Spray distance (Cm) 

3MB Metco 80 15 500 55 25 8  

Fig. 1. XRD patterns of raw materials.  
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reaction and reported two regions; 1) TiB2 aggregates and intermixed 
area of TiB2 and Al2O3 with respective microhardness values of about 
2400–3800 HV and 1800–3200HV. Cheng et al. [17] deposited Al2O3- 
30 wt% TiB2 composite powder (commercially available) on medium 
carbon steel substrate with proper wear resistance. 

In this article, the reactions behavior and the effect of milling time of 
H3BO3 +TiO2 +Al mixtures on the formation of in-situ TiB2-Al2O3 
coatings are investigated during the air plasma spraying process. 
Moreover, the properties of the prepared coatings such as their hardness 
and wear behavior are evaluated. 

2. Experimental procedure 

2.1. Preparation of raw materials and coatings 

Table 1 lists the specifications of the raw materials used in this study. 
Definite weights of powders according to the stoichiometric ratios of 
reaction 1 [18] were milled using a planetary ball mill.  

10Al + 3TiO2 + 6 H3BO3 → 3TiB2 + 5Al2O3 + 9 H2O                       (1) 

ΔH(298) = − 2518.9(KJ
/

mol)

Both balls and milling medium were made of stainless steel. The 
mixture of titanium oxide (TiO2), boric acid (H3BO3), and aluminum 
(Al) powders were milled for 0–10 h at a speed of 250 rpm with a ball-to- 
powder ratio of 15:1. The mixed powder (0 h) and powder milled for 
1.5, 3, 6 and 10 h (which are respectively labeled as AT1, AT3, AT6, and 
AT10) were used in the coating preparation. These four batches were 
granulated to prepare coatings by atmospheric plasma spray (APS) 
method. 

The size of granules ranged between 45 and 75 µm. Before spraying, 
the substrate was sand blasted and cleaned by acetone to enhance the 
adherence between the ceramic coating and metallic substrate. Details 
of the processing parameters can be found in Table 2 which were opti
mized in a previous work [19]. 

2.2. Characterization of the Coatings 

After plasma spraying, microhardness of the samples was measured 
using Vickers indentation method with the load of 200 g and holding 
time of 15 s. At least 5 indentations were performed for each sample and 
the average result was reported. The wear behavior was investigated by 
pin-on-disk method with a tungsten carbide (WC) pin (diameter =
5 mm, hardness = 75 HRC) as a counterbody [20]. The sliding speed and 
distance were set 0.07 m/s and 200 m, respectively; while the applied 
normal load was 3 N. The WC pin was located 10 mm (internal diam
eter: 20 mm) apart from the center of samples. 

The sensors in the pin-on-disk apparatus documented the coefficient 
of friction during the experiment. The wear rate was calculated 
following the verification of the worn area width based on this pro
cedure: Wear rate = V / (N.S), In which, V is the volume loss of the 
specimen (mm3), N denotes the applied load (N), and S represents the 
sliding distance (m). The volume loss was determined based on the 
following equation:  

Volume loss (V) = (πRd3) / 6r                                                           (2) 

Where R is the wear track radius (mm), d refers to the wear track width 
(mm), and r is the pin radius (mm) after the wear tests [21]. 

Fig. 2. XRD pattern of raw materials after milling for a) 0, b) 1.5, c) 3, d) 6, and 
e) 10 h. 

Fig. 3. XRD pattern of samples after coating by APS: a) 1.5(AT1), b) 3(AT3), c) 
6(AT6) and d) 10 h(AT10) milling. 

Table 3 
Quantitative evaluation of composite coatings calculated by Rietveld refinement technique.  

Sample  Weight fraction (%)   

AT10 Identified phases Before PS After PS Crystal system Space group 
Al 30.64 0 cubic Fm-3 m 
H3BO3 42.14 0 _ _ 
TiO2 27.22 0 tetragonal P42/m n m 
Al2O3 0 57.77 trigonal R-3c:H 
TiB2 0 28.69 hexagonal P6/m m m 
Al18B4O33 0 13.53 orthorhombic CmC21  
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2.3. Characterization methods 

The phase of the coatings was identified by X-ray diffraction (XRD) 
method using a Siemens D-500 X-ray diffractometer equipped with CuKα 
radiation (λ = 1.54 Å at 20 kV and 30 mA). 

Field emission scanning electron microscopy (TESCAN MIRA3, 
Czech Republic) was also employed to evaluate the morphology of the 
coatings. Moreover, the worn surfaces were studied by FESEM equipped 
with an energy dispersive X-ray (EDX). EDS detector was used to 
investigate the transfer of elements between samples and WC pin during 
wear, which can be effective in determining wear mechanisms. 

3. Results and discussion 

3.1. Milling of raw materials 

XRD patterns of starting materials can be seen in Fig. 1. Milling 

process was carried out to boost the contacts between starting particles 
and activate in situ reaction during plasma spray [4]. It is reported that 
ball milling for 60 h can lead to the formation of final products through 
mechanical alloying [22]. 

Fig. 2 shows XRD pattern of raw materials after milling. As seen, 
there is no change in the composition of starting material even after 
milling for 10 h and the expected products i.e. Al2O3 and TiB2 did not 
form. After milling, H3BO3 peaks disappeared probably due to three 
reasons: the amount of H3BO3 is lower than Al according to stoichio
metric ratios of reaction 1. Secondly, the intensity of H3BO3 peak 
remarkably decremented due to the lower mass absorption coefficient of 
H3BO3 (8.92) compared to Al (48.67) and TiO2 (121.97). Thirdly, 
milling process lowered the crystallite size of H3BO3. 

Fig. 3 shows the XRD pattern of the samples after coating by APS. The 
required activation energy for the reaction, during the coating process, 
can be provided by the exposure of the starting powder to high tem
perature conveying gas during the APS process. No changes were 

Fig. 4. DTA analysis of a) unmilled and b) milled raw materials.  
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Fig. 5. a) Gibbs Free energies of possible reactions between raw materials vs temperature b) Gibbs Free energies of oxidation of Al and B.  

Fig. 6. Hardness of the samples.  Fig. 7. Wear track width of the substrate and coated samples.  
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detected in the XRD pattern of AT1 and AT3 after coating (Fig. 3. a and b 
compared to Fig. 2. b and c), suggesting that the milled raw materials did 
not react with each other. In the case of AT6 sample, the raw materials (i. 

e. Al and TiO2) remained after the formation of Al2O3, TiB2, and 
Al18B4O33 phases, (Fig. 3. c). The reaction completed in the AT10 (Fig. 3. 
d) showing no residual primary phases of Al, TiO2, and B2O3. Based on 
these results, the necessary ball milling duration for in-situ reaction, 
significantly decreased from 48 h to 10 h [4]. By-product of the reaction 
i.e. Al18B4O33 is a middle phase, which is a member of borate family 
with a melting point, density, low linear expansion coefficient, hardness, 
and elastic modulus of 1440 ℃, 2.94 g/cm3 [23], (4.2× 10− 6 K− 1) [24], 
12, and 400 GPa, respectively [25]. 

Crystallographic data of the phases formed by APS coating of the 
AT10 sample can be examined by Rietveld refinement technique as 
summarized in Table 3. According to this table, for AT10, all the raw 
materials were consumed and final composite consisted of 57.77% 
Al2O3, 28.69% TiB2, and 13.53% Al18B4O33 after plasma spray coating. 

3.2. Investigation of reaction behavior 

TG-DTA analysis was performed to examine the effect of milling on 
reaction behavior of in-situ synthesis of Al2O3-TiB2 composite from Al, 
TiO2 and H3BO3 powders. Fig. 4. a and b illustrate DTA graphs of 

Fig. 8. Wear rate of the substrate and coated samples.  

Fig. 9. Wear track of the substrate and EDS analysis.  
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unmilled and milled specimens for 10 h. As it can be seen, both graphs 
show three endothermic peaks. The first one at about 131 (Fig. 4. a) or 
140 ℃ (Fig. 4. b) is related to the removal of absorbed water which led 
to a severe drop in the TG curve. The next peak emerges at about 169 ℃ 
which can be assigned to the decomposition of H3BO3 to B2O3 and water 
vapor or disintegration of some unsteady compounds [26,27]. The last 
endothermic peak at about 658 ℃ (Fig. 4. A) or 656℃ (Fig. 4. B) can be 
attributed to melting of Aluminum powder in the specimen. The 
exothermic peak at 683 ℃ (in Fig. 4. A) and 671℃ (in Fig. 4. B) can be 
ascribed to the following reaction [26]. 

B2O3 + 2Al→2B+Al2O3ΔG0
(298) = − 389.053(KJ) (3) 

The next exothermic peak of unmilled specimen emerged at about 
1094 ℃ (998 ℃ for milled sample) due to the formation of TiB2 through 
the following two steps [26]: 

4Al+ 3TiO2→2Al2O3 + 3TiΔG0
(298) = − 495.488(KJ) (4)  

Ti+ 2B→TiB2ΔG0
(298) = − 278.391(KJ) (5) 

Based on the results, milling promoted the reactions at lower tem
peratures and increased the DTA peak intensity, implying more 
efficiency. 

Fig. 5. (a) depicts Gibbs free energy of possible reactions between 
reactants up to 1273 K. The temperature of the carrier gas exceeds 
10,000℃ [28], but regarding the ultra-short contact time between the 
powder and gas in the IPS process, true temperature cannot be deter
mined, therefore, the thermodynamic data of the reaction are not 
available. Melting point of B2O3 is about 450℃. Thus, at this tempera
ture, the reactants will be molten B2O3 and dispersed Al and TiO2 par
ticles. It seems that the feasibility of reaction 1 is more than other 

Fig. 10. Wear width track of coated samples: a) AT1, b) AT3, c) AT6, and d) AT10.  
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reactions at temperatures below 1273 K and molten B2O3 reacts with Al 
particles, leading to the formation of an alumina shell around Al parti
cles [15]. Then, alumina shell will react with molten B2O3 and forms 
Al18B4O33 byproduct based on Reaction 5.  

9Al2O3 + 2B2O3 = Al18B4O33                                                          (6) 

On the other hand, plasma spray can result in Al evaporation as re
ported for Mg in a combustion synthesis process [29]. According to 
Reaction 1, a part of B2O3 will remain unreacted in the Al-B2O3-Al2O3 
system which can react with Al2O3 product through the above reaction. 

Moreover, during plasma spray, B2O3 can be extracted from the 
mixture by vaporization. Consequently, Al cannot be completely 
consumed by Reaction 1 due to a decline in B2O3 content during in the 
milling process. Therefore, Al2O3 product, molten B, Al, and oxygen of 
atmosphere are present in the reaction medium. Based on Fig. 5. (b), 
oxidation of Al is more thermodynamically favorable than oxidation of 
B. Thus, Al18B4O33 byproduct is formed due to Al oxidization through 
the following reaction:  

Al + 3⋅75 O2 (g) + 4B + 8⋅5Al2O3 = Al18B4O33                                 (7) 

When the temperature reaches Al melting point, molten alumina reacts 
with TiO2, leaving free Ti to react with B and form TiB2. 

3.3. Investigation of wear behavior 

Hardness measurements of the samples versus the milling time are 
shown in Fig. 6. Accordingly, the hardness of the coating is associated 
with in-situ phases, and hence, the milling time. The expected phases did 
not form completely in AT1 to AT6 specimens, thus, the hardness did not 
show a significant variation. Maximum coating hardness was achieved 
in AT10, which was milled for 10 h, giving rise to the complete forma
tion of the Al2O3-TiB2 phases. Compared to previous works, the hardness 

of the coating considerably improved from 517 to 797.6 HV200 [4]. 
Although higher milling time leads to finer particles and lower poros
ities, the hardness did not change remarkably from 1.5 h to 6 h milling 
time. Hardness evaluation test in ceramics often depends on two pro
cesses: plastic deformation and microcracking. By decline of the grain 
size to the nanometer scale, elastic module decreases which enhances 
the hardness [30]. In the case of micro-scaled grain size, the effect of 
grain size on the hardness can be neglected [31]. Therefore, the hardness 
is associated with porosity of the coating. AT1 and AT3 samples are 
constituted from Al, TiO2, and H3BO3 which do not have high hardness 
values. It seems that more milling time did not significantly reduce the 
porosities. In the AT6, Al2O3, TiB2, and Al18B4O33 are partially created 
and presence of raw materials (i.e. Al metallic phase with the hardness of 
160–350 MPa [32]) beside Al2O3 and TiB2 led to lower hardness values 
compared to AT10. Difference between linear expansion coefficients of 
these phases can lead to microcracking which also lowers the hardness. 
In the AT10, the complete formation of hard phases of Al2O3 and TiB2 
dramatically improved the hardness of the coating. 

Fig. 7. shows width of wear track versus the milling time. The wear 
width of the substrate is 1949.3 µm; while AT1 and AT3 exhibited wear 
with of 3130 µm. Wear width reaches 1808.6 µm in AT6 which contains 
both TiB2 and Al18B4O33. The minimum wear width of 1061.3 µm was 
also observed in the AT10, which agrees with the complete formation of 
the main phases of Al2O3 and TiB2. It can be concluded that wear 
resistance of substrate remarkably improved by in-situ coating. Based on 
the wear rate calculations (Fig. 8), 10 h of milling led to the best out
comes, where Al2O3-TiB2 composite coating can significantly improve 
wear resistance of the steel substrate and decrease wear rate by 
approximately 84%. Wear resistance is not only attributed to hardness, 
but also associated with the hardness/elastic modulus ratio [33,34]. 
Longer milling time led to smaller grain size and lower elastic modulus 
[30]. Despite the similar hardness of AT1, AT3, and AT6, the elastic 
modulus of the AT6 sample was lower than the others due to its smaller 
grain size. It can be concluded that H/E ratio and wear resistance of AT6 
is higher than AT1 and AT3. 

EDS analysis and FESEM observations were also considered to 
investigate the wear mechanisms. Fig. 9. shows higher magnification of 
wear track of the substrate with two distinct phases. According to the 
EDS analysis, the presence of W element on the surface implies the 
dominance of the adhesive mechanism in the wear process. The presence 
of oxygen in dark regions is also a sign of the oxidation mechanism. 

Wear width track of the AT1, 3, 6 and 10 coatings are shown in 
Fig. 10. The appearance of the wear track in the AT6 and AT10 samples 
is different from AT1 and AT3 which can be due to their constitutive 
phases as discussed earlier. The presence of threads on the wear track of 
the AT1 specimen suggests the possibility of abrasive mechanism. 

Fig. 11. depicts further investigation of the worn surface of AT10 in 
which the cracks were raised, resulting in the delamination mechanism. 
As stated in the previous studies, low fracture toughness of ceramic 
material leads to the growth of the cracks in sub-surfaces of the spec
imen. The cracks are generated in lower surfaces following the contin
uous motion of the wear test pin on the coating surface due to the 
tensions. Cracks grew and finally meet each other, giving rise to the 
separation of a sheet and delamination [35]. 

Fig. 12 displays wear width track of the AT10 sample at higher 
magnification. MAP analysis indicates the presence of W on the AT10 
surface which is extracted from WC pin, suggesting the existence of the 
adhesive mechanism [36]. Thanks to its ionic-covalent bonding, the 
hardness of TiB2 is more than WC [37]. When the WC pin moves on the 
Al2O3-TiB2 coating, it faces TiB2 phase and this interaction can lead to 
the removal of WC particles. Moreover, detached WC particles on the 
wear track can serve as an abrasive and take more particles from WC pin; 

Fig. 11. Worn surface of AT10.  
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finally, the segregated WC particles adhere to the wear surface [35]. 
Fig. 13. (a) shows AT10 cross-section microscopic image. Fig. 13. (b) 

depicts the higher magnification of the interface between the coating 
and steel substrate. No cracks can be found on the surface of the coating 
due to lack of thermal tension. However, there are some porosities. 
Based on Fig. 13. (b) there is no gap between the substrate and plasma- 
sprayed coating, reflecting a their proper adhesion. The coating is ho
mogenous throughout the substrate with the thickness of 417 µm. 
Fig. 13. (c) shows the microstructure of the AT10 coating in higher 
magnification. Map analysis reveals existence of Al,O,Ti,B and Fe ele
ments. Fe element probably originates from milling media and balls. 

4. Conclusions 

In this paper reports the use of the in-situ air plasma spray method to 
fabricate Al2O3-TiB2 composite coating on steel substrates to achieve a 
H3BO3-Al-TiO2 system. After the optimization of milling time, reaction 
behavior and wear behavior of the coated samples were studied. The 
main results of this research can be summarized as follows:  

1. The final Al2O3-TiB2 composite coating consisted of 57.77% Al2O3, 
28.69% TiB2, and 13.53% Al18B4O33. By this procedure, all of the 
reactants were consumed and participated in the reaction. 

2. Study of Al18B4O33 by-product showed that this phase can be origi
nated from three main routes: the formation of Al-alumina core-shell 
structure, reduction of Al or B2O3 reactants by vaporization during 
IPS.  

3. The milling process promoted the reactions at lower temperatures. 
Furthermore, milling time was optimized. At least 10 h of milling is 
needed to form complete composite after IPS. Compared to previous 
studies, this method considerably reduced the milling time from 48 h 
to 10 h.  

4. Compared to previous works, the homogeneous 417 µm thick Al2O3- 
TiB2 coating showed favorable mechanical properties including 
hardness of 797.6 HV, wear track width of 1061.3 µm, and wear rate 
of 4.2 × 10− 3 mm3/N.m. Al2O3-TiB2 composite coating can signifi
cantly decrease wear rate of steel substrate by approximately 84%.  

5. Based on FESEM observations, abrasion, delamination, and adhesion 
are the major active wear mechanisms, governing the wear perfor
mance of the Al2O3-TiB2-coated specimens. 

Fig. 12. Map analysis of wear width track of AT10.  
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Fig. 13. (a). AT10 cross section, (b). Higher magnification of coating-substrate interface (c) Higher magnification of coating microstructure and its map analysis.  
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