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its application [1–5]. TiC has also other several desirable 
properties such as good thermal conductivity, and chemical 
stability. The combination of ZrC and TiC in a composite 
nanoparticle structure offers the potential for enhanced prop-
erties, such as improved sintering behavior and increased 
fracture toughness. The addition of titanium carbide to zir-
conium carbide can lower the sintering temperature, making 
it easier to process and manufacture [6–9].

ZrC and TiC can be expressed as one of the hardest 
materials known, with a hardness of up to 26 GPa and 29 
GPa, respectively. This makes them ideal for use in cutting 
tools and other applications where high wear resistance is 
required. Melting point of ZrC is 3303 K, and melting point 
of TiC is 3140 K which makes them as refractory materi-
als. This means that they can withstand high temperatures 
without melting. Also has a good thermal conductivity of 
21 W/m·K, and 40 W/m·K, respectively. This makes them 
good conductors of heat, which is useful in applications 
where heat needs to be transferred efficiently. And they 
are chemically inert, which means that they do not react 

Introduction

Zirconium Carbide possesses exceptional attributes such 
as an exceedingly high melting point, resilience to irradia-
tion, impressive hardness, and resistance to wear. Neverthe-
less, challenges in sintering, coupled with lower fracture 
toughness and flexural strength, impose constraints on 

	
 Ozan Coban
ozan.coban@gedik.edu.tr

1	 Chemical Engineering Department, Yalova University, 
Yalova 77200, Turkey

2	 Construction Technology Department, Istanbul Medipol 
University, Istanbul 34810, Turkey

3	 Gedik Vocational School, Machinery and Metal Technologies 
Department, Istanbul Gedik University, Istanbul  
34913, Turkey

4	 Metallurgical and Material Engineering Department, Istanbul 
Technical University, Istanbul 34000, Turkey

Abstract
This study investigated the production of ZrC-TiC composite nanopowders by SHS process in TiO2-ZrO2-C-Mg/Al sys-
tems. Mg and Al charge stoichiometries and composite charge stoichiometries were optimized for SHS processes. The 
most precise procedural stages were identified for refining the SHS product; acid concentrations were optimized for Mg 
usage and an innovative chemical method was developed to eliminate and/or decrease the amount of Al2O3 by-product, 
enabling the utilization of Al. Thermochemical simulations were conducted for thermodynamic evaluations (adiabatic 
temperature and specific heat) and characterizations were performed by XRD and SEM-EDS analysis. The findings indi-
cated that utilizing both reductants allowed for the synthesis of ZrC-TiC-(Al2O3) particles that have considerable surface 
area and commercial purity. The outcomes demonstrated that Magnesium is a more effective reductant, yet Aluminium, 
also serves as a viable reductant, even though leading to an increase in process steps, but enabling in-situ formation of 
sinterability and toughness enhancing Al2O3. A novel chemical route including pre-acid leaching, NaOH fusion, water 
leaching, HCl leaching was identified for the synthesis of ZrC-TiC-Al2O3 composite powder where the amount of Al2O3 
could be organized (according to the desired mechanical properties) by optimization.
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with most chemicals. This makes them desirable choice 
for applications where corrosion resistance is important. 
TiC is a good electrical conductor, with a conductivity of 
1.47 × 104 S/cm. This makes it a desirable choice for appli-
cations where electrical conductivity is important [10–19]. 
The production of ZrC-TiC composite is important for the 
combination of these superior properties. The conducted 
researches have demonstrated that the mechanical proper-
ties can be improved significantly in the production of com-
posite structures. It has been reported that the addition of 
20% TiC by volume increased the hardness by 25% in con-
ditions where ZrC and TiC were synthesized together. Also, 
the results showed that with the addition of over 10% TiC, 
fracture toughness was also increased. It was also stated 
that it is significant to determine the rate at which spinodal 
decomposition, which reduces the fracture toughness, does 
not occur [20].

There are several methods for the production of both 
materials separately. These can be listed as carbothermic 
reduction, mechanical alloying, synthesis from elements, 
sol-gel, mechanochemical synthesis, solvothermal synthe-
sis. However, combustion synthesis is the most prominent 
method in terms of ease of industrial application, cost, and 
product quality. Self-propagating high temperature syn-
thesis (SHS), a method within the category of combustion 
synthesis methods, has been extensively investigated for the 
fabrication of such materials in recent times, presenting sig-
nificant advantages [21–23].

The SHS method used in the production of ZrC-TiC com-
posite nanoparticles allows for the direct synthesis of these 
materials without the need for additional steps or additives. 
The method involves the rapid combustion of a mixture of 
reactants (oxides and reductant), which can generate high 
temperatures and pressures. These conditions facilitate the 
formation of the desired composite nanoparticles through 
reactions between the TiC and ZrC powders [24–35]. This 
is achieved through the SHS method in ZrO2-TiO2-Mg-C 
system. The use of SHS allows for the direct synthesis of 
ZrC-TiC composite nanoparticles [36–41]. Acid leaching 
process is applied to remove undesired phases as a result of 
SHS processes with magnesiothermic reduction [42].

Another reductant that can be used instead of magne-
sium is aluminum for SHS systems. However, it is exceed-
ingly difficult to remove the alumina formed after SHS. On 
the other hand, the formed alumina positively affects the 
mechanical properties of the 3-component composite mate-
rial system. It has been seen in the literature that alumina has 
a positive effect on TiC-Al2O3 and ZrC-Al2O3 composites. 
In TiC-Al2O3 composites, it has been reported that the Al2O3 
additive improved the flexural strength, fracture toughness 
and thermal shock resistance of the material [43–45]. The 
reason for this was explained as secondary phase particles 

can blunt cracks, form microcracks and prevent cracks 
from propagating by deflecting them [43]. Similarly, stud-
ies have shown that Al2O3 additive significantly increased 
the mechanical properties of ZrC-Al2O3 composite [46, 47]. 
There are studies reporting that Al2O3 additive improves 
mechanical properties for 3-component ceramic compos-
ites [48–52]. On the other hand, controlling the amount of 
alumina in the SHS product, which is performed by alumi-
nothermic reduction, is important in terms of mechanical 
properties. It is shown in some studies that as the amount 
of alumina exceeds a certain value, the mechanical proper-
ties of the material were deteriorated [53, 54]. Furthermore, 
while the mechanical alloying method is generally used in 
the production of alumina-based or alumina-added com-
posites using pre-produced Al2O3 [55], in situ synthesis is 
provided during the process with SHS and compounds con-
taining Al2O3 can be produced in a single step.

Typically, the SHS method employs Mg reductant. This 
study focused on optimizing the charge stoichiometry for 
ZrO2-TiO2-Mg-C systems, determining the maximum ZrO2 
charge stoichiometry required for successful SHS, and also 
focused on the optimization of Mg reductant stoichiometry. 
Despite the challenge for reduction of ZrO2 due to its high 
oxygen affinity, this research illustrated that the obstacle 
can be overcome through composite structure production. 
Aluminum is also considered suitable for SHS systems. A 
novel chemical route was established to optimize the prod-
uct obtained through the reduction process involving Al in 
the ZrO2– TiO2– Al– C system, marking the first application 
of such a method. The novelties of this study are: (i) opti-
mization of the reductant and charge stoichiometry for the 
ZrC-TiC composite for the SHS method performed with Mg 
reductant, (ii) the comparison of the use of Al reductant and 
the use of Mg reductant, and (iii) development of an innova-
tive chemical route for the control of the amount of Al2O3 
in the ZrC-TiC-Al2O3 composite formed with Al reductant.

Experimental study

Composite structured particles of ZrC-TiC and ZrC-TiC-
Al2O3 were synthesized by the utilization of oxide raw 
materials of which purity and particle sizes are presented 
in Table  1. Based on the chemical reactions indicated in 
Eqs. 1–2, Mg and Al reductants and carbon black were used.

ZrO2 + TiO2 + 4 Mg + 2 C → ZrC + TiC + 4 MgO� (1)

3 ZrO2 + 3 TiO2 + 8 Al + 2 C → 3 ZrC + 3 TiC + 4 Al2O3� (2)

Experimental workflow chart is presented in Fig. 1. A total 
of 100  g of raw materials were blended using a turbula 
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mixer for 20  min and then subjected to a 2-hour drying 
period before charged inside a crucible made of copper 
with the thickness of 5  mm and inner radius of 60  mm. 
Activation was accomplished through the application of a 
voltage ranging from 20 to 30 V with a duration of 4–5 s 
through a direct current power supply, aided by a Cr-Ni 
filament partially submerged in the charge. Due to the ini-
tiation of an exothermic reaction at the upper part of the 
charge, a combustion wave was generated that propagated 
downward, extending across the reaction environment. This 
entire process was finalized within a span of 15–20 s. The 
porous product obtained was subsequently pulverized using 
an agate mortar.

Charge stoichiometry optimization was performed to 
determine the minimum TiO2 or maximum ZrO2 stoichiom-
etry required for the SHS reaction to occur. The given ZrC 
charge stoichiometry values were calculated according to 
the amount by mass that should be formed in the product 
theoretically. The reductant stoichiometry has also under-
gone optimization for SHS involving Mg. Parameters were 
kept constant in SHS using Al. The outlined experimental 
methodology is provided in Table 2.

Chemical treatment procedures were implemented 
to eliminate undesirable phases present in the products 
acquired through SHS processes. In the case of reduction 
using Mg, the specific process employed is acid leaching. 
SHS products resulting from aluminothermic reduction 
were subjected to purification through a sequence involv-
ing pre-leaching, caustic fusion, water leaching, and finally 
HCl leaching. The chemical reactions occurring during the 
implemented processes are illustrated in Eq. 3 to 7.

MgO(s) + 2 HCl(aq) → MgCl2 (aq) + H2O(l)� (3)

HCl leaching was applied to remove MgO, which is the 
main undesirable phase formed as a result of reduction with 
Mg. Unreacted ZrO2 and TiO2 and MgTiO3 phases, which 
may have formed in very small amounts, were similarly 
removed from the product. Acid leaching is not sufficient to 
remove Al2O3, which is the main undesirable phase formed 
after the reduction with Al. Because Al2O3 is a stable phase, 
and it is difficult to dissolve in acid. For this reason, it 
was first converted into water-soluble sodium aluminate 
by caustic fusion method. (Eq.  4). For this, 200% of the 
stoichiometrically required amount of NaOH and 10  g of 
SHS product were mixed and ground together and charged 
to the furnace, allowing the reaction of molten NaOH and 
Al2O3 at 1000 0C. When the obtained sodium aluminate 
was leached with water, Aluminum Hydroxide was formed 
and precipitated as fine particles and filtered together with 
the ZrC-TiC product. (Eq.  5). Then, purification was car-
ried out by applying HCl leaching. (Eq. 6). However, as the 
amount of water increases during HCl leaching, Al(OH)3 
crystals will form and precipitate again, so the concentrated 
acid was heated and the water was evaporated, and the pro-
cess was carried out by keeping the amount of water low 
and adding gradually during the leaching process at 90 0C. 
In addition to Al2O3, the same process steps take place to 
remove unreacted ZrO2. (Eq. 7). However, the removal of 
unreacted TiO2 does not occur in the same way because the 
sodium titanate (Na2TiO3) that will be formed is insoluble 
in water. For this, before caustic fusion, TiO2 removal with 
HCl leaching was applied.

Table 1  The raw materials used in the experimental study
Raw Materials Purity, wt % Particle Size, µm
ZrO2 99.5 < 30
TiO2 99 < 75
Mg 99.7 75–150
Al 99.8 75–150
C 98 < 30

Table 2  Experimental design for SHS processes
Reductant 
type

Reductant 
stoichiometry

Charge Stoichiometry 
(for ZrC)

Speci-
men 
code

Mg 90% 50 Mg0.9-50
100% 50 Mg1.0-50
110% 50 Mg1.1-50
120% 60 − 50–40– 30 − 20 Mg1.2-X

Al 120% 50 Al1.2-50

Fig. 1  Flowchart of experimental 
study
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in 1972, stating that the adiabatic temperature should exceed 
1800 K (Tad > 1800 K) (Tad > 1527 0C) for successful com-
pound formation through combustion synthesis. Over the 
years, this criterion has been further developed to incorpo-
rate melting temperatures of components and kinetic consid-
erations by researchers such as Su et al. in 2014 and Tan et 
al. in 2021. Evaluating the adiabatic temperature according 
to Merzhanov et al.‘s criterion is the primary requirement in 
the powder synthesis method utilizing SHS. Another ther-
modynamic evaluation criterion for the self-propagation 
mechanism is the specific heat value. It has been revealed 
that the specific heat value should be 2250–4500 J/g to per-
form SHS in a controlled manner [56, 57].

The results of the thermochemical simulations performed 
for the SHS processes, both separately and together, to pro-
duce ZrC-TiC composite with SHS are presented in Figs. 2 
and 3. Adiabatic temperature changes according to varying 
mole ratios for Mg and Al reductants are given in Fig. 2. 
It is also given in Table 4 for 100% stoichiometry values. 

Al2O3 (s) + 2 NaOH(s) → 2 NaAlO2 (s) + H2O(g)� (4)

NaAlO2 (s) + 2 H2O →(l)Al(OH)3 (s) + NaOH(aq)� (5)

Al(OH)3 (s) + 3 HCl(aq) → AlCl3 (aq) + 3 H2O(l)� (6)

ZrO2 (s) + 2 NaOH(s) → Na2ZrO3 (s) + H2O(g)� (7)

The detailed experimental procedure for the chemical treat-
ment methods is presented in Table 3. The acid concentra-
tion was optimized for the refinement of the SHS product 
obtained by magnesiothermic reduction, and 12 M HCl was 
used for the SHS products obtained by Aluminothermic 
reduction.

The acquired products were subjected to characteriza-
tion through XRD and SEM-EDS analysis. PANalyti-
cal Aeris X-Ray powder Diffractometer (with parameters 
40 kV– 15 mA) and Zeiss GeminiSEM 500 Field Emission 
Scanning Electron Microscope equipped with EDS were 
employed for this analysis.

Thermodynamic background

The adiabatic temperature (Tad) refers to the maximum tem-
perature achievable under adiabatic conditions through the 
release of heat energy during a reaction. It serves as a cru-
cial parameter in combustion synthesis for obtaining com-
pounds. Merzhanov et al. initially introduced this criterion 

Table 3  Experimental design for chemical treatment processes
Reductant Processed 

Specimen
HCl Concentra-
tion (M)

Product

Mg Mg1.2–50 8 Mg1.0–50 − 8
10 Mg1.1–

50 − 10
12 Mg1.2–

50 − 12
Al Al1.2–50 12 Al1.2–50 − 12

Fig. 2  Thermochemical 
simulation results for adiabatic 
temperature change over varying 
reductant moles (a) ZrC synthesis 
with Al, (b) ZrC-TiC synthesis 
with Al, (c) ZrC synthesis with 
Mg, (d) ZrC-TiC synthesis with 
Mg
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reduced. With the formation of ZrC above about 60% reduc-
tant stoichiometry, TiC and free C decreased and Zr-Ti-C 
(Zr/Ti = 1) composite carbides increased. This increase con-
tinues slightly above the 100% stoichiometry value (4 mol). 
It is seen that the complete reduction of ZrO2 is completed 
slightly above 4 moles. For this reason, it is predicted that 
the yield will increase above 100% stoichiometry.

Results and discussion

Optimization of Composite Charge Stoichiometry

Thermodynamically, the standard free energy of ZrO2 for-
mation is very low, so its reduction is difficult. In particular, 
the yield of spontaneous combustion synthesis with metal-
lothermic reduction is low. The SHS process, which enables 
to benefit from the heat energy released as a result of TiO2 
reduction in the composite structure, is significant. In this 
sense, optimization of charge stoichiometry calculated on 
the product to be obtained is important. The XRD results for 
varying charge stoichiometries are presented in Fig. 4. The 
findings indicated that the SHS reaction could not take place 
in the prepared charged state (Mg1.2-60) designed for 60% 
ZrC. As the reaction enthalpy increased due to the higher 
TiO2 ratio, the combustion wave advanced, leading to the 
successful realization of SHS. In case of Mg charge up to 
120% of the theoretical Mg value and charge preparation for 
obtaining 50%TiC-50%ZrC (Mg1.2-50), a notable quantity 
of TiC and ZrC were obtained, even though an important 
amount of unconverted ZrO2 and some TiO2 and unreacted 
Mg remained. The predominant phase observed was MgO, 
followed by TiC. In the Mg1.2-40 sample, that is, in the 
case of decreasing ZrO2 and increasing TiO2 charge, it was 
determined that there was a reduction in the Mg content, 
while the concentration of TiC increased due to the energy 
generated owing to the increased TiO2 reduction state. Mag-
nesium Titanate (Mg2TiO4) increase was also realized. In 
the Mg1.2-30 sample, on the other hand, the slight increase 

As can be seen from Fig. 2a; Table 4, while the adiabatic 
temperature (1630 0C) is slightly above the critical value at 
100% stoichiometry (1.25 moles) in the use of Al reductant 
for ZrC formation, it is 1900 0C for the SHS process for 
ZrC-TiC combined synthesis (Fig. 2b). It is also seen that 
this increase is low for Mg use (Fig. 2c, d). It has been pre-
dicted that the combined SHS application is more important 
for Al reductant. In addition, for the ZrC-TiC synthesis for 
the use of Al (Fig. 2b), it is seen that the adiabatic tempera-
ture continues to slightly increase up to 120% (3.19 moles) 
of the Al stoichiometry and begins to decrease above this 
value. For Mg (Fig. 2d), it is seen that the adiabatic tem-
perature drops to 1800 0C for a stoichiometry value of 120% 
(4.8 moles). Therefore, the reductant stoichiometry has been 
investigated experimentally for the 90–120% range.

Since ZrO2 is difficult to reduce thermodynamically and 
the adiabatic temperature is low, it is predicted that the SHS 
reaction will occur with increasing TiO2 charge. In Table 4, 
the calculated specific heat and the adiabatic temperature 
values determined by thermochemical simulation are given 
for the reactions for the SHS processes to be conducted 
using Magnesium and Aluminium reductants. Accordingly, 
while the specific heat value in the reduction of ZrO2 with 
Mg remains below 2250 J/g, it rises above the critical value 
in the case of SHS with TiO2. The same is true for reduc-
tion with Al. It is predicted that SHS will be realized experi-
mentally by increasing the reductant stoichiometry while 
approaching the critical value.

Thermochemical simulation results for the phases pre-
dicted for the use of Al and Mg reductants for ZrC-TiC 
synthesis are given in Fig.  3a and b, respectively. With 
the usage of Al reductant, it is predicted that Al2O3 will be 
formed as well as Zr-Ti-C (Zr/Ti = 1) composite carbides in 
the structure. In addition, it is expected that the mole ratios 
of these phases will remain constant above the 2.66  mol 
value, which is 100% stoichiometry, and Aluminum will 
remain in the structure. For reduction with Mg, on the other 
hand, it is predicted that in low reducing stoichiometries, 
primarily TiO2 will be reduced to TiC, but ZrO2 will not be 

Fig. 3  Thermochemical simula-
tion results for estimated phases 
change over varying reductant 
moles (a) ZrC-TiC synthesis with 
Al, (b) ZrC-TiC synthesis with 
Mg
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in TiC phase, increase in Mg2TiO4 and no increase in ZrC 
ratio show that SHS efficiency did not increase despite 
the increasing TiO2 charge. The same is the case with the 
Mg1.2-20 sample, and due to the low SHS efficiency and 
ZrO2 charge, the amount of ZrC decreased and the amount 
of TiC remained constant. When the results were evaluated, 
it was determined that Mg1.2-50 and Mg1.2-40 samples had 
suitable charge values for the SHS process.

Optimization of Mg stoichiometry

After the charge stoichiometry was optimized, SHS reac-
tions were carried out with a Mg charge of 90 − 120% to 
determine the optimum Mg stoichiometry. Obtained results 
are given in Fig. 5. To see the phases obtained as a result of 
SHS, the results of the Mg1.2-60 sample are also given. It 
was determined that when the Mg ratio was 90%, the main 
phase was MgO, a significant amount of unreacted TiO2 and 
ZrO2 phases were present in the structure, and low amounts 
of carbide phases were formed. In 100% stoichiometry, it 
was determined that there was a significant increase in the 
amount of TiC and especially of ZrC. The reduction of the 
charged oxide phases also shows that the SHS efficiency 
has increased significantly. At 110% stoichiometry, there 
was a significant increase in the amount of TiC due to the 
increased SHS yield, but at the same time the amount of 
Mg2TiO4 has increased. The amount of ZrC also increased 
significantly. At a stoichiometry of 120%, the reduction 
of the Mg-titanate (Mg2TiO4) phase underscores the sig-
nificance of maintaining a minimum Mg stoichiometry of 
120%. This phase presents challenges in terms of its kinetic 
removal during the leaching process. Therefore, the Mg1.2-
50 sample was determined as optimum. Likewise, Li et al. 
[8] identified the optimal stoichiometry of magnesium as 
120% in the research focused on the SHS production of ZrC 
within the ZrO2–Mg–C system.

The XRD analysis outcome of the product derived from 
the SHS process (TiO2-ZrO2-Al-C) conducted with Al as 
the reductant is presented in Fig. 6, alongside the product 
obtained using Mg for comparison. While the primary phase 
comprised Al, notable quantity of TiC and ZrC has also 
been generated. As anticipated, because of SHS, there was a 
significant amount of Al2O3 formation and some unreacted 
TiO2 and ZrO2 formation. Furthermore, it was established 
that complex carbide (ZrAlC2) and intermetallic phases 
(Al3Ti and Al3Zr) were also formed. Mehrizi et al. [60] and 
Wang et al. [17] also reported this formation, which is con-
sistent with our findings. The formations of these phases are 
given in Eqs. 8–16. The formation of these carbides takes 
place progressively along with the development of inter-
mediate phases [17, 60–62]. Although temperatures much 
higher than the temperatures specified in the Equations are 
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Zr2Al3C5 + 2ZrAl3 = ZrAlC2 + 3ZrC + 8Al
(

11500C
)
� (16)

The comparison between reduction with Al and reduction 
with Mg revealed that the product resulting from reduc-
tion with Al contained a higher amount of ZrO2 and a lesser 
amount of ZrC and TiC. This observation is consistent with 
the notion that the adiabatic temperature and specific heat 
values formed because of the reduction of ZrO2 with Al are 
quite low compared to Mg (Table 2).

Chemical Treatment

Following SHS processes involving Magnesium, atmo-
spheric acid leaching processes were conducted using 
varying concentrations of HCl at a temperature of 90  °C. 
Obtained XRD analysis results are given in Fig.  7. The 
sample result of Mg1.2-50, that is SHS product, is also 
given for comparison. By leaching at 8  M concentration, 
it was observed that the amount of ZrO2 decreased slightly, 

reached during the SHS process, it is expected that stable 
intermediate phases are in the SHS product.

4Al(l) + 3C(s) = Al4C3(s)� (8)

Ti + C = TiC� (9)

13Al + 3TiO2 = 2Al2O3 + 3Al3Ti� (10)

3Al3Ti + Al4C3 = 3TiC + 13Al
(

900 0C
)

� (11)

4Al + 3TiO2 = 2Al2O3 + 3Ti� (12)

13Al + 3ZrO2 = 3ZrAl3 + 2Al2O3 � (13)

6ZrAl3 + 5Al4C3 = 3Zr2Al3C5 + 29Al
(

900 0C
)

� (14)

Zr2Al3C5 + ZrAl3 = 2ZrAlC2 + ZrC + 4Al� (15)

Fig. 4  XRD analysis results of SHS products for varying charge 
stoichiometry
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leaching process was deemed suitable for achieving thor-
ough purification.

The products acquired from SHS involving Alumin-
ium were subjected to the purification steps emphasized 
before. The XRD analysis of the acquired product, in con-
junction with the SHS product, is displayed in Fig. 8. It 
was ascertained that the predominant constituents of the 
obtained product were TiC and ZrC. In addition, small 
quantities of Al2O3 and intermetallic phases such as AlTi3 
and AlZr3, along with the ZrAlC2 complex carbide, were 

MgO could be removed significantly, and the amount of 
carbide increased slightly. With the increase of the acid con-
centration to 10 M, it was observed that TiO2 started to be 
removed, but the presence of MgO still showed that the con-
centration was not sufficient. It has been determined that the 
complete removal of MgO and the beginning of the removal 
of Mg can only be achieved at 12 M, and that ZrO2 and TiO2 
can be removed almost completely, and very little amount 
of Mg2TiO4 and Mg remained in the structure. The optimum 
acid concentration was determined as 12  M. A secondary 

Fig. 5  XRD results of SHS products for varying 
Mg reductant stoichiometry
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acid or alkali. Alongside particle fragmentation, chemical 
dispersion facilitates the creation of new channels, pores, 
and defects, ultimately leading to enhanced specific sur-
face area [68]. This is particularly advantageous for the 
sintering processes to be applied later.

SEM-EDS results for Mg usage as reductant are given in 
Fig. 10a, b for SHS product and leach product, respectively. 
Results revealed that SHS product mainly consisted of 
course MgO particles. Fine TiC and ZrC particles were also 
detected on the course MgO surfaces. Chemical treatment 
(HCl leaching) process removed MgO almost completely. 
2% Mg and 8% O content retained within the composition. 
Secondary leaching could be applied for complete removal. 
Leached product mainly consisted of TiC and lower amount 
of ZrC.

SEM micrographs of chemical treated products (Al 
reduced) are given in Fig.  11. Product consisted of 
agglomerates of small TiC-ZrC particles along with 
coarse Al2O3 particles. The particle size was a little 
higher than Mg usage (approx. 400–500  nm). Higher 
particle size could be caused by caustic fusion process 
conducted at 1000 0C. Temperature could be optimized 
by the considerations of particle size and chemical con-
tent. It should also be noted that it may be beneficial to 
subject these powders obtained before the sintering pro-
cesses to the ball milling process. Because in this way, 
Al2O3 agglomerates can be broken down, particle size 
can be reduced and a more homogeneous structure can 
be obtained. Here, ball mill time optimization according 
to the sinterability of powders is considered to be another 
subject to be studied.

SEM-EDS mapping analysis results for Al usage is 
presented in Fig. 12. Results revealed that product mainly 
consisted of TiC, ZrC and Al2O3. The regions where 
oxygen was concentrated are also the regions where Al 
was concentrated, and this shows that the oxides in the 
structure were largely in the form of Al2O3. In regions 
where carbon was concentrated, mainly Ti, but also Zr 
concentration was observed. This indicates the presence 
of TiC and ZrC. While Al and Zr created contrast, that 
is, they were almost absent in the regions where each 
other was concentrated, Ti was also located in the regions 
where Al was concentrated. This suggests the presence of 
Al3Ti intermetallic. In general, a heterogenous structure 
was detected. The potential presence of Al3Ti, Al3Zr and 
ZrAlC2 phases, detected as a result of XRD analysis, was 
also seen in EDS mapping results. The region where Ti, 
Al and C concentrations increased (indicated in circles) 
was seen where Al3Ti and TiC formation could take place 
in composite structure.

detected within the structure. Previous research sug-
gests that the presence of Al2O3 in these products could 
enhance subsequent sintering ability, oxidation resistance, 
and fracture toughness [63–66]. The intermetallic phases 
might decrease toughness, however elevate hardness 
and strength. Residual Aluminum Hydroxide (Al(OH)3) 
within the structure could potentially transform into Al2O3 
through heat treatment which should be applied before 
sintering in order to prevent porosity resulted by H2O 
release. Furthermore, it was appraised that any remain-
ing ZrO2 that couldn’t be eliminated might be mitigated 
by optimizing the NaOH stoichiometry or employing a 
secondary fusion process.

SEM micrographs of SHS product and chemical 
treated products for Mg usage are given in Fig. 9. SHS 
product consists of agglomerates of small TiC-ZrC par-
ticles along with coarse MgO particles. After treatment 
by HCl leaching, MgO could be removed, and product 
almost completely consisted of ZrC-TiC particles with 
the size of approx. 300  nm. The particle size was also 
reduced through chemical treatment. Borovinskaya et al. 
[67] proposed an approach involving etching SHS pow-
ders in a suitable dilute acid or alkaline solution, which 
dissolves the inclusion-rich layers between crystallites 
and removes impurities. This method can be termed 
chemical dispersion. According to Borovinskaya et al., 
this process causes the sinter cake to break down into 
crystalline particles of the same size as primary crystal-
lites without altering composition. Therefore, the chemi-
cal dispersion process influences not only the chemical 
and phase composition of the product but also its particle 
size and surface area. The core of the method lies in the 
uniform reduction in particle volume due to dissolution in 

Fig. 6  Comparative XRD results of SHS products for both reductants
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Fig. 7  XRD results of chemical 
treated products for varying HCl 
concentration
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Fig. 10  SEM-EDS results for Mg usage as reductant 
(a) SHS product, (b) leach product
 

Fig. 9  SEM micrographs for 
Mg usage as reductant (a) SHS 
product, (b) leach product

 

Fig. 8  XRD results of SHS product and chemical treated product for 
Al usage
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stoichiometry was determined as the optimum value, 
especially in terms of removing Mg-titanate phases. The 
acid concentration was optimized for purification and 
12 M was determined as the optimum value.

	● Demonstration of ZrC-TiC synthesis through SHS 
process utilizing Al reductant has been achieved. It is 
very difficult to produce only ZrC with SHS using Al 
reductant, since the specific heat value is below the SHS 
criterion. It has been shown thermodynamically and 
experimentally that its synthesis with TiC increases the 
specific heat value of the reaction and eliminates this 
difficulty. Complex carbide and intermetallic phases 
were also identified in the product.

	● The products acquired from the SHS process using Al 
were subjected to an innovative purification method. 
This led to the synthesis of a ZrC-TiC-Al2O3 composite, 
featuring intermetallic phases and complex carbides that 
enhance hardness.

As a result of this study, it was suggested that ZrC-TiC com-
posites with superior properties can be produced by using 
both Mg and Al reductants with the SHS method. It has been 
shown that the toughness enhancing Al2O3 addition can be 
realized in the process itself by using Al reductant, and this 

Conclusion

The conducted study focused on the fabrication of ZrC-
TiC and ZrC-TiC-Al2O3 nanocomposite powders using the 
self-propagating high-temperature synthesis (SHS) method 
through combustion synthesis. The system employed oxide 
raw materials in the ZrO2 - TiO2 - Mg / Al - C system. Nota-
bly, critical phases of the processes utilizing Mg and Al 
reductants were fine-tuned for optimization. The research 
demonstrated the feasibility of reducing ZrO2, which pres-
ents challenges due to its oxygen affinity, through the SHS 
process when integrated into a composite structure.

	● Charge stoichiometry was optimized for Mg-containing 
SHS processes, and it was determined that the maxi-
mum ZrO2 charge for the propagation of the combustion 
wave should be at the stoichiometry required to obtain 
50% ZrC. This value was determined as the optimum 
value, and it was determined that 40% charge stoichi-
ometry was appropriate to increase the amount of ZrC 
in the product.

	● Mg stoichiometry was optimized, and 110% stoi-
chiometry was found to be appropriate, and 120% 

Fig. 12  SEM-EDS results of chemical treated product for Al usage as reductant

 

Fig. 11  SEM micrographs of final 
product for Al usage as reduc-
tant (a) Mag. 5000X, (b) Mag. 
10000X
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Al2O3 amount can be controlled with the developed inno-
vative chemical route. Academic and industrial information 
on the synthesis of suitable nanoparticles for the sintering 
processes to be carried out later has been presented.
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